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Microgrid (MG) concept has been emerged to enable integration of renewable energy

sources and storage devices using power electronic converters. An MG can be grid con-

nected to exchange power with the main grid, isolated that is completely separated from

the grid, or islanded that is temporarily separated from the grid. The P-f and Q-V drooping

approach is commonly used to control and achieve power sharing among the generators.

This study presents an approach for systematically modeling a class of microgrid (MG)

systems. The derived model 1) accommodates grid-connected and islanded operation of

the MG simultaneously, and 2) allows modeling of converter-based as well as directly-

interfaced resources. The originally nonlinear model is then converted to a linear model

whose eigenvalues determine local stability of the MG.

The model is used to analyze the impacts of adding cross-coupling droop terms (P-V

and Q-f) on an MG’s performance. Various performance aspects such as stability, stability

robustness, transmission power loss, voltage profile, and power sharing are considered.
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The conclusions are as follows. (1) Addition of a small portion of cross-coupling will

reduce the losses without compromising other aspects in a grid-connected MG. Larger

cross-coupling terms will compromise the system stability. (2) Large cross-coupling terms

can be added to reduce the power loss and to improve the system stability in an isolated

MG. Simulation and experimental results are presented to verify the derivations.

Key words: Droop Controls, Microgrid, Cross-Coupling Droop Terms, Transmission
Losses, Distributed Generation
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CHAPTER I

INTRODUCTION

1.1 State of Modern Electric Power System

The electric power industry in the United States (US) is undergoing major changes.

The previous utility industry had a structure of large vertically integrated monopolies un-

til the last decade of the twentieth century. This structure is being shifted toward a more

horizontal structure where utilities are classified into power generation, transmission, and

distribution as separate business facilities [14]. In 1992, the US Congress passed the En-

ergy Policy Act which allowed the deregulation of power industry and introduced the open

electricity market [1,55]. Thanks to this evolution in electric industry, it has made it easier

for new players to enter the market, and it is now possible for almost anybody to produce

electricity and export it to the power system. In addition, consumers will have the option

from which generator they purchase power. Enabling the introduction of new electricity

generation technologies is one of the main reasons for the deregulation of the electric-

ity market. This competitive market together with a diversified and increased generation

capacity will result in reduced energy prices.

The main reason for introducing new types of generation is related to environment.

Electricity generation is one of the main sources of greenhouse gas emissions in the world.

Power plants that are based on fossil fuels, such as coal, gas, and oil, or materials made

1
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from fossil fuels such as hydrocarbon gas liquids (HGL), contribute to about 40% of total

U.S. energy-related carbon dioxide [10]. The conventional power generation can impact

the environment in other ways which include the need of huge water resources to produce

steam, and provide cooling, release of pollutants into water bodies, and land use for power

generation, and transmission and distribution lines [12].

Another reason for introducing new generation is that the margin between the highest

demand and the potential available production is very small. This is clearly observed in

fast-growing economies such as Brazil, South Africa, and India. The margin is also getting

tight for some parts of North America and Europe [3]. Building large conventional power

plants is becoming less of an option due to political and environmental reasons. Moreover,

large investments are required and it can take ten years or longer to complete.

Sustainability is another reason that has encouraged to decrease the dependency on fos-

sil fuel-based electricity and to seek for alternatives. Although large conventional power

plants are mainly based on fossil fuel due to economic reasons, it is unsustainable because

of its limited reserve. Since supplies are limited and cannot be replaced in a short time,

changing from conventional production based on fossil fuels to renewable sources, such as

bio-fuels, solar and wind is a promising solution. Consequently, integration of renewable

energy resources has been growing rapidly worldwide over the past years, driven by tech-

nology progress, sharp cost reductions, and policy support in the form of incentives [25].

For instance, 70% of electricity generation in Denmark is expected to come from renew-

ables by 2022. China already surpassed its 2020 solar photo-voltaic (PV) target, and the

International Energy Agency (IEA) expects China to exceed its wind target in 2019 [24].

2
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The integration of distributed energy resources (DERs) into the electric power system

will introduce new types of phenomena which require new types of solutions. The main

changes that will be taking place are:

1. Large generating units connected to the transmission system are replaced by small

units connected at low voltage or medium voltage of the grid through power elec-

tronics converters.

2. The vertically integrated utility (with generation, transmission, and distribution mo-

nopolized) is divided such that the generation market is open to competition.

In summary, distribution grids are being transformed from passive to active networks,

in the sense that decision-making and control are distributed, and power flows are bidirec-

tional. Therefore, power grid is becoming more complex and is more difficult to manage

and control. However, experts think that there are no invincible technical challenges that

can prevent the grid restructuring, but the economic and regulatory frameworks are critical

to this achievement [25].

The realization of active distribution networks by incorporating DERs requires the im-

plementation of essentially new system concepts. A control and management architec-

ture is required in order to facilitate full integration of distributed generation into the sys-

tem. One promising way to realize the emerging potential of microgeneration is to take

a systematic approach that views a set of generation, storage, and associated loads as a

subsystem or a microgrid [19–21, 31]. Microgrids dominantly include power electronic

3
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converter-based units in their structure. This research identifies and investigates a funda-

mental control aspect related to such units.

1.2 Problem Statement and Literature Review

Environmental, economic, and political issues have increased interest in clean and re-

newable energy generation. The microgrid (MG) concept facilitates the integration of re-

newable energy resources (RES). Moreover, it improves the reliability of distribution sys-

tems, reduces emissions, and potentially lowers the cost of energy [32, 45]. An MG gen-

erally consists of distributed generators (DGs), energy storage systems (ESS), and loads.

Distributed energy resource (DER) is used to specify all these types of energy systems.

A DER may be interfaced to the grid using a power electronic converter, such as PV, and

storage systems, or can be directly coupled, such as diesel generators.

To reach the intended objectives of the MG concept, effective tools for their design,

analysis and operation are required. Efficient mathematical models are required to reach

these goals. Mathematical modeling of the MG is a challenge due to the following condi-

tions [2, 40, 54]: 1) different modes of operation including grid-connected and standalone,

2) different types of resources in terms of converter-based or directly-interfaced, and 3)

different control schemes adopted by converter-based DERs. Some existing models treat

the renewable generators as current sources such as the WECC generic models for PV sys-

tems [13]. The voltage and frequency ride-through responses require more detailed models

and cannot be accurately studied using such models.

4
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Partial small signal models of the DERs for specific working conditions are reported

in the literature. A small-signal model for a system of parallel-connected inverters is pre-

sented in [9] which neglects the inner control loops, lines, and loads dynamics. In [62], the

models of the network lines and loads are ignored too. Detailed state space representation

of multi-inverter MGs are reported in [33,42,43,46,48]. These models include the dynam-

ics of all inverters, controllers, filters, and network components. However, the dynamic

models in all [9, 33, 42, 43, 46, 48, 62] are developed for stability analysis of autonomous

MGs and they do not consider the grid-connected operation mode. A small-signal model of

a single grid-connected inverter is derived in [15,56] where the grid is represented as a stiff

ac bus, and the simplified model ignores the filter and other network dynamics. A more de-

tailed small-signal model is presented in [18, 49] for the purposes of stability analysis and

controller design of MGs in islanded and grid-connected modes. The modeling approach

handles the two operational modes separately where every mode has its own mathematical

model. Moreover, the main grid is represented as an ideal voltage source neglecting its

dynamics.

This work develops an approach to systematically model a class of multi-source MG

structures. The developed model is detailed (including current and voltage dynamics) and

can accommodate both the grid-connected and islanded modes of operation. Furthermore,

the dynamic model is applicable to MG systems that contain conventional (rotating ma-

chines) and electronically-interfaced DERs. The model is first developed by taking the

system nonlinearities in consideration. Subsequently, a linear version of the model is also

developed for eigenvalue and stability analysis of the MG.
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The proposed model is then employed to investigate the impacts of cross-coupling

droop terms on the stability and other properties of the MG. The (P; f) and (Q; V ) droop-

ing is commonly used to control conventional generators where the real power is drooped

versus the frequency (or rotor speed) and the reactive power is drooped versus the voltage

magnitude [6,38,44,63]. This method is developed based on the fact that in a synchronous

generator (SG), the real power is in direct relationship with rotor speed and the rotor speed

is directly coupled with the frequency. In other words, if more real power is drawn from an

SG, its speed will drop. Moreover, when more reactive power is drawn from it, its voltage

magnitude will drop. The governor and automatic voltage regulator (AVR) control systems

modify and linearize these two natural characteristics of the SG into the linear (P; f) and

(Q; V ) droops expressed by

P = Pset + kf (fn � f); 
(1.1)

Q = Qset + kv(Vn � V ) 

where f and V are the frequency and amplitude of the output voltage, fn and Vn are their

nominal (or rated) values, P and Q are the output real and reactive powers, Pset and Qset are

the set-points of active and reactive powers, and kf and kv are the frequency and voltage

droop coefficients, respectively. The (P; f) and (Q; V ) droop characteristics are shown

graphically in Fig. 1.1.

Problem Statement: In DER applications, where non-synchronous generating units are

used, is the same (P; f) and (Q; V ) drooping approach the best option? what are the

possible alternatives?

6
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! V 

!NL VNL 

!n Vn 

QP 

Figure 1.1: Conventional frequency and voltage droop characteristics

In conventional power system, power system stabilizer (PSS) adds a feedback term

from the active power loop to the AVR which modulates the terminal voltage of the gen-

erator. The PSS is used to improve local stability margins of the SG by damping the

generator oscillations [30,41,59]. This seems to be the only case that a coupling term from

the frequency loop is used in the voltage or AVR loop.

In the literature, a number of methods are proposed to improve the performance of the

droop controllers used in MGs [8, 16, 17, 22, 60]. In one category, a virtual impedance is

chosen to reduce the impacts of mismatching in the feeder lines and also to alter the output

impedances of inverters in control system. Therefore, the global reactive power sharing

accuracy and the local transient performances of the inverter can be improved. However,

the proper design and implementation of the virtual impedance to avoid stability issues or

high-frequency noise amplifications is a challenge in this approach [39, 57].

The virtual power decoupling control is one of the methods used to improve the per-

formance of the droop controller. An orthogonal linear rotational transformation matrix

Pset Qset 

7



www.manaraa.com

is used to decouple the active and reactive power flows by rotating the power vector. The

transformed real and reactive powers, also called virtual powers, are used instead of actual

real and reactive powers. In [4], the decoupled power control method is applied for par-

allel connected inverters operating in both islanded and grid-connected modes. However,

the line
X
R � ratio needs to be known to determine the transformation angle. Moreover, in

the grid-connected mode, the grid is modeled by an infinite bus which is very limiting.

A method of estimating the grid impedance is proposed in [56] and the angle of the grid

impedance is used as the transformation angle to decouple the active and reactive power

flow controls. In [28], the line parameters are assumed to be available, and the rotational

transformation matrix takes into account the capacitive nature of the medium length trans-

mission lines. An online impedance estimation algorithm of both the transmission line and

the load is proposed in [53]. The system equivalent impedance is then used in the power

transformation matrix. The limitations of [28, 53, 56] are that only a simplified MG with

a single DER connected to grid is considered, and the grid is modeled by an infinite bus,

thus ignoring its dynamics.

The virtual power-based droop control assuming that the line impedance information

is known is proposed in [5]. The decoupled power control method is combined with an

arctan droop scheme in [50] where an arctan-based function replaces the constant (P; f) 

droop coefficients. Utilizing the arctan gradient algorithm offers a dynamic droop adjust-

ment throughout the power range. Therefore, it is proven to improve system stability.

Moreover, the arctan function is bounded (has desirable horizontal asymptotes) which can

ensure a natural bounding of the operating frequency. However, the line parameters must

8



www.manaraa.com

be available to build the power conversion matrix. Instead of assuming that the distribu-

tion line impedance is known and using it to transform the power vector, [58] derives an

optimal value of the transformation angle that results in highest stability margins. A real

and reactive power control based on the virtual voltage and frequency concepts is proposed

in [36, 37] where the voltage and frequency are transformed to a virtual frame rather than

transforming the power vector. In all [36, 37, 58], a transformation angle of 45� is recom-

mended to improve system stability. The shortcoming of [5,36,37,50,58] is that an isolated

MG with only one DER is considered except for [50] and [5] where the study system is

a two-DER isolated MG. The grid-connected mode of operation is not taken into account

in [5, 36, 37, 50, 58].

A (P; V ) and (Q; �f) drooping approach is used in [64, 67, 68]. This is expressed by

P = Pset + kv(Vn � V ); 
(1.2)

Q = Qset � kf (fn � f): 

This approach is proved to be more stable than the conventional approach of (1.1) for

a wider range of filter and line impedances in an isolated MG. However, this extreme shift

of drooping principles is not compatible with the working principles of the existing grid,

i.e. (1.1), and will not allow cohesive integration of DERs into the existing grid. In other

words, when connected to the grid or in order to achieve seamless transition between grid-

connected and islanded operations, an MG must respect the grid’s working principles. The

drooping approach in (1.2) is also used in [65] for a system that consists of a single-phase

grid-connected inverter. The grid is modeled by an ideal voltage source neglecting all its

9
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dynamics. Therefore, this will result in a less accurate model of the system and does not

allow understanding of the interactions between the DERs and the main grid.

1.3 Research Objectives

The main objective of this research is to identify and quantify the impacts of cross-

coupling droop terms (formulated by � in (1.3)) on the MG performance in both isolated

and grid-connected modes of operation. We approach this objective by

1. Identifying multiple performance indices that can represent the impacts. Various per-

formance aspects are considered which include stability, stability robustness, voltage

profile, power sharing, and transmission loss.

2. Evaluating the performance indices versus � for both modes of operation.

3. Formulating trade-offs that can lead to optimized level of cross-coupling terms.

1.4 Research Approach

The question of finding a trade-off between (1.1) and (1.2) is studied systematically in

this work. To this aim, a generalized drooping mechanism with cross-coupling terms is

considered according to

P = Pset + kf sin �(fn � f) + kv cos �(Vn � V ); 
(1.3)

Q = Qset + kv sin �(Vn � V ) � kf cos �(fn � f) 

where � is an angle in the range of 0� to 90� . For � = 90� , (1.3) reduces to (1.1) and for

� = 0� it is reduced to the other extreme that is (1.2). Several system performance aspects

including stability, stability robustness, transmission power loss, voltage profile, and power
10
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sharing in both an autonomous and grid-connected microgrid settings are studied for all

values of � 2 (0� ; 90�).

The single-line diagram of the MG under study that comprises of n number of inverters

is shown in Fig. 1.2. Each inverter is connected to a local load. Transmission lines connect

the inverters to a point of common coupling (PCC) where a common load resides.

In the studied system, the inverters are controlled using a virtual synchronous machine

(VSM) approach such as synchronverter [66] or the universal controller of [26]. We adopt

and improve the VSM of [26]. The proposed improved VSM (iVSM) is shown in Fig. 1.3.

The modifications are as follows. (1) The internal frequency variable is used in the droop

law to avoid measurement of output frequency. (2) The inverter output voltage magnitudeq
2 2 2 2is calculated as Vo = (v + v + v ).3 oa ob oc 

Inv 1
vinv1 Lf1 io1 vo1 

RLoad1 LLoad1 
iL1 

CLoad1 

iLine1 RL1 LL1 

Inv n 
vinvn Lfn ion von 

RLoadn LLoadn 
iLn 

CLoadn 

iLinen RLn LLn 

vpcc 

Rpcc Lpcc 
iLpcc 

Figure 1.2: Proposed microgrid structure
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The rotation transformation matrix shown in Fig. 1.3 implements the generalized droops

with cross-coupling terms of (1.3). The transformed real and reactive powers denoted by

P 0 and Q0 are defined as ⎤⎡⎤⎡⎤⎡⎤⎡ ⎢⎢⎣ 
P 0⎥⎥⎦ = T (�) 

⎢⎢⎣ 
P⎥⎥⎦ = 

⎢⎢⎣ 
sin � � cos � ⎢⎢⎣ 

⎥⎥⎦ 
P⎥⎥⎦ : (1.4)

Q0 Q cos � sin � Q 

In steady-state, P 0 ref = P 0 and Q0 
ref = Q0 and

P 0 = P 0 + kf (fn � f); Q0 = Q0 + kv(Vn � V ):ref set ref set 

Solving (1.4) for P and Q yields equation (1.3), where Pset and Qset in (1.3) are given

by

Pset = P 0 sin � + Q0 cos �; set set 
(1.5)

= Q0 sin � � P 0 cos �; Qset set set 

A full dq0-based dynamic model of the study system of Fig. 1.2 is developed in Chapter

II.

The adoption of control system from among VSMs has the following advantages: 1)

The developed dynamic model for this system is valid for both the grid-connected and

islanded modes. Specifically, one DG unit can be selected to act as the grid by simply

modifying its controller parameters to make it emulate the operation of a large synchronous

generator. 2) Representing the grid as a large SG and including its governor and exciter

systems, rather than modeling the grid as an ideal voltage source, would result in a more

accurate model of the entire system. This will more accurately represent the interactions

between the DERs and the main grid.

The work done in this study proves the following facts.
12
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Figure 1.3: Structure of iVSM

1. A grid-connected MG will have the highest level of system stability if its DG units

adopt the conventional droop method, i.e. � = 90� .

2. In a grid-connected MG, including a small amount of cross-coupling,

e.g. 70� < � < 80� , can significantly improve the system efficiency without notice-

ably compromising the stability.

13
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3. In an isolated MG, the portion of the cross-coupling terms can be increased all the

way to the extreme point, i.e. � = 0� . This will both reduce the transmission loss

and improve the system stability. However, such a setting is not desirable for grid-

connected operation.

Global conclusion is that a modest selection of cross-coupling terms, e.g. 70� < � < 

80�, will establish a desirable trade-off between the system stability (in both grid-connected

and islanded modes) and efficiency. For an extended period of operation in islanded mode,

the cross-coupling terms may be increased to improve both the stability and efficiency.

1.5 Contributions

The contributions of the research work presented in this dissertation can be summarized

as follows.

1. Development of a detailed systematic mathematical model for a proposed multi-

inverter MG structure that uses a universal controller to control the operation of its

three-phase inverters in both modes of operation.

2. Development of a linearized systematic model for the proposed MG at the equilib-

rium point for the purposes of small-signal stability study.

3. Analyze the impacts of adding cross-coupling droop terms on the MG’s perfor-

mance. Several performance aspects such as stability, stability robustness, trans-

mission power loss, voltage profile, and power sharing are considered.

14
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4. Evaluate the MG performance in both autonomous and grid-connected modes of

operation and during transition between them using simulations.

5. Investigate the impacts of adding cross-coupling droop terms on MG’s performance

in both operational modes for different lines characteristics. We use the derived

mathematical model in conjunction with extensive simulations for the study MG

system to obtain the results and formulate the trade-offs.

6. Perform real-time simulations in Real-Time Digital Simulator (RTDS) to confirm the

results that are achieved. Laboratory experiment is also conducted to further validate

the analysis.

7. Derive general guidelines as how to set different levels of cross-coupling terms in the

study system. The variations in the MG size and in the lines characteristics are con-

sidered in setting the general rules. To this aim, a multi-variable nonlinear problem

is formulated. Particle swarm optimization (PSO) is used to solve this optimization

problem by obtaining the optimal transformation angles that should be used in the

iVSM controller of each DG unit.

15
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CHAPTER II

MATHEMATICAL MODEL

2.1 System Modeling in State-Space Form

A complete dynamic model is developed for the MG shown in Fig. 1.2. Such a model

is required for stability analysis of the system. The model includes: 1) the dynamics of the

converter-based DERs and their controllers 2) and the network lines and loads dynamics.

The model can be used for both grid-connected and standalone operations. Furthermore,

the dynamic model is applicable to MG systems that contain conventional (rotating ma-

chines) and electronically-interfaced DERs. The MG has multiple subsystems that are

modeled separately and then integrated. The abc-�� transformation is defined by

2 j2�=3 �j2�=3)x�� = x� + jx� = (xa + xbe + xce (2.1)
3 

and the ��-dq transformation [61] is defined by

xdq = xd + jxq = e �j'x�� (2.2)

where ' is the inverter virtual voltage angle. Modeling of different subsystems is discussed

in the following.

16
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2.1.1 Inverter and Controller

The iVSM structure applied to the three-phase inverters in the MG setting is illustrated

in Fig. 1.3. The dynamics of the iVSM are given by

'_ = ! + kp(Pref
0 � P 0); 

!_ = k!(Pref
0 � P 0); (2.3)

V_ = kq(Q0 
ref � Q0) 

where the power references Pref
0 and Q0 

ref are set using the droop characteristics given by

P 0 = !c [P 0 + kf (fn � ! )];ref s+!c set 2� 
(2.4)

Q0 = Q0 (Vn � Vo)ref set + kv 

set kf (fNL � fn set kv(VNL � Vnwhere P 0 = ), Q0 = ), fNL is the no-load frequency, VNL

is the no-load voltage, kf and kv are real positive constants, !c is the cut-off frequency

of the low-pass filter, ! is the controller internal frequency variable, ' is the controller

internal angle variable, V is the inverter virtual voltage magnitude, and Vo is the inverter

output voltage magnitude. Note that the presence of LPF is not necessary but it is used for

generality in order to enable modeling of governor slow dynamics in SG. The set-points

fNL and VNL are adjusted by a low-bandwidth secondary controller to maintain the voltage

and frequency at the PCC close to 120 V and 60 Hz, respectively. The block diagram of

the secondary controller is shown in Fig. 2.1.

The transformed virtual active power and reactive power are denoted by P 0 and Q0 ,

respectively, and calculated as ⎤⎡⎤⎡⎤⎡⎤⎡ ⎢⎢⎣ 
P 0⎥⎥⎦ = T (�) 

⎢⎢⎣ 
P⎥⎥⎦ 

⎢⎢⎣ 
sin � � cos � ⎢⎢⎣ 

⎥⎥⎦ 
P⎥⎥⎦ (2.5)= 

Q0 Q cos � sin � Q 

17
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R 
k� + 

P 0 
kf (fNL � fn) 

setfn + 
� 

fNL 

f fn 

R 
kvi + 

Q0 

kv(VNL � Vn) 
setVn + VNL 

� 

V  V  PCC n

Figure 2.1: Block diagram of voltage and frequency secondary controller

The virtual inverter voltage is v� = V cos ' and v� = V sin ' which in dq reference

frame will be vd = V and vq = 0. The expressions of real and reactive powers P and Q in

the dq frame at the vvir terminals are presented as

P = 3 (iodvd + ioqvq);2 
(2.6)

Q = 
2
3 (iodvq � ioqvd): 

The iVSM dynamics are then written as

v_d = kq(Q0 
ref � Q0); 

!_ = k!(P 0 � P 0); (2.7)
ref 

'_ = ! + kp(Pref
0 � P 0): 

The reference power P 0 dynamics can be presented as followsref � � 
P_ 0 

! 
) � P 0 : (2.8)ref = !c kf (fNL � ref2� 

2.1.2 Output L filter, Line, and Load

The differential equations describing the filter dynamics are

i_od = 1 (vd � vod) � R iod + 'i_ oq;Lf Lf (2.9)
1i_ oq = (vq � voq) � R ioq � 'i_ od:Lf Lf
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A parallel RLC is used to model the load which leads to the state equations of

1i_Ld = vod + 'i_ Lq;LLoad

1i_Lq = voq � 'i_ Ld;LLoad (2.10)
1 vodv_od = (iod � iLd � iLined) � + 'v_ oq;CLoad CLoadRLoad

1 voqv_oq = (ioq � iLq � iLineq) � � 'v_ od:CLoad CLoadRLoad

The distribution line is a series RL with the state equations of

i_Lined = 1 (vod � vpccd) � RL iLined + 'i_ Lineq;LL LL (2.11)
i_Lineq = 1 (voq � vpccq) � RL iLineq � 'i_ Lined:LL LL

2.1.3 Integrating Different DERs

The angle of the first inverter is used as the common reference. The state equations

of all individual inverters can be translated to this common frame with the help of the

transformation technique defined in (2.12) [48].

[xdq] = [~xdq]e �j�i : (2.12)

In (2.12), �i is the angle of the reference frame of ith inverter with respect to the com-

mon reference frame. The variables xd, xq are defined in the common reference frame, and

x~d, x~q are defined in the local frame of reference. For instance, in an MG with two DGs,

the phase angle deviations of the reference frames with respect to the common reference

frame are given as �1 = '1 � '1 = 0; �2 = '1 � '2. The transformation is illustrated

graphically in Fig. 2.2.
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q1 

d1 

d2 

q2 

�2 

�1 = 0 
!1 

!2 

Figure 2.2: Reference Frame Transformation

It is noteworthy to notice that a real pole exists at zero due to the zero state variable �1 

in this model as shown in Fig. 3.1. The virtual q-axis voltage vqi of the ith inverter in the

common reference frame can be expressed as vqi = �vdi tan(�i). The variables of inverter

2 in its local reference frame can be translated to the common reference frame as

�j'2 ]e �j�2 �j'1xdq2 = [x��2e = x��2e : (2.13)

A complete state-space model of each inverter can be obtained by combining the dy-

namic models of the iVSM, output L filter, line, and load. The state equations governing

the full islanded microgrid system on a common reference frame can be obtained by com-

bining the models of the individual inverters on a common reference frame together with

the dynamic model of the common load connected to the PCC which is presented as

1i_Ldpcc = 
Lpcc

vpccd + 'i_ Lqpcc; 

1i_Lqpcc = 
Lpcc

vpccq � 'i_ Ldpcc; 
n (2.14)P

1 vpccdv_pccd = ( iLineid � iLdpcc) � + 'v_ pccq;Cpcc CpccRpcc
i=1 
n 

1 P vpccqv_pccq = ( iLineiq � iLqpcc) � � 'v_ pccd:Cpcc CpccRpcc
i=1 
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⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪

2.1.4 Complete Nonlinear Model of MG

Define the state vector of the ith DER as

xi = [xi1 ; xi2 ; xi3 ; xi4 ; xi5 ; xi6 ; xi7 ; xi8 ; xi9 ; xi10 ; xi11 ; xi12 ]
T 

(2.15)
= [iodi; ioqi; iLdi; iLqi; vodi; voqi; iLineid; iLineiq; vdi; !i; Pref

0 
i; �i]

T 

for i = 1; � � � ; n. Also define the common load state vector as

xpcc = [xpcc1 
; xpcc2 

; xpcc3 
; xpcc4 

]T = [iLdpcc; iLqpcc; vpccd; vpccq]
T : (2.16)

The state vector of the entire system is defined as

x = [x1; x2; : : : ; xn; xpcc]
T : (2.17)

Then, the complete state-space model of the system that contains n-number of generators

(inverters or SGs) can be obtained and expressed in a compact form as⎧ 

x_ 1 = F1(x) = f(x1) + (Ax1 + B)h(x1) + C1xpcc

x_ 2 = F2(x) = f(x2) + (Ax2 + B)h(x1) + C2xpcc⎪⎨ 
.x_ = F (x) = . (2.18).

x_n = Fn(x) = f(xn) + (Axn + B)h(x1) + Cnxpcc

⎪x_ pcc = Fn+1(x) = m(x1; � � � ; xn; xpcc) + Dxpcch(x1)⎩ 
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where each xi, i = 1; � � � ; n has 12 elements and xpcc has 4 elements. Thus, the vector

functions f and m are 12-dimensional and 4-dimensional, respectively. Their expressions

can be derived from (2.7)-(2.11), and (2.14). They are expressed as

f1(xi) = 1 (vdi � vodi) � Ri iodi = 1 (xi9 � xi5 ) � Ri xi1Lfi Lfi Lfi Lfi 

1 = � 1 ]� Rif2(xi) = (vqi � voqi) � Ri ioqi [xi9 tan(xi12 )+xi6 xi2Lfi Lfi Lfi Lfi 

f3(xi) = 1 vodi = 1 xi5LLoadi LLoadi 

f4(xi) = 1 voqi = 1 xi6LLoadi LLoadi 

1 vodif5(xi) = (iodi � iLdi � iLineid) �CLoadi CLoadiRLoadi 

= 1 (xi1 � xi3 � xi7 ) � 1 xi5CLoadi CLoadiRLoadi 

1 voqif6(xi) = (ioqi � iLqi � iLineiq) �CLoadi CLoadiRLoadi 

= 1 (xi2 � xi4 � xi8 ) � 1 xi6CLoadi CLoadiRLoadi 

1 RLi 1 RLif7(xi) = vodi � iLineid = xi5 � xi7LLi LLi LLi LLi 

1 RLi 1 RLif8(xi) = voqi � iLineiq = xi6 � xi8LLi LLi LLi LLih q i 
2 2 ) � 3f9(xi) = kq kv v + v [cos �(iodivdi + ioqivqi) + sin �(iodivqi � ioqivdi)](VNL � odi oqi 2 h q 

= kq kv(VNL � xi 
2 
5 
+ xi 

2 
6 
) � 

2
3 [cos �(xi1 xi9 � i 

xi2 xi9 tan(xi12 )) � sin �(xi1 xi9 tan(xi12 ) + xi2 x�9 )] h i 
f10(xi) = k! P 0 � 3 [sin �(iodivdi + ioqivqi) � cos �(iodivqi � ioqivdi)]refi 2 h i 

= k! � 3 [sin �(xi1 xi9 � xi2 xi9 tan(xi12 )) + cos �(xi1 xi9 tan(xi12 ) + xi2 xi9 )]xi11 2 � � � � 
) � P 0 xi10f11(xi) = !c kf (fNL � 

2 
!
� 
i 

refi = !c kf (fNL� 
2� )�xi11 h i 

f12(xi) = �'_i = �!i � kp Pref
0 

i � 
2
3 [sin �(iodivdi + ioqivqi) � cos �(iodivqi � ioqivdi)] h 

= �xi10 � kp xi11 � 
2
3 [sin �(xi1 xi9 � xi2 xi9 tan(xi12 ))+ i 

cos �(xi1 xi9 tan(xi12 ) + xi2 xi9 )] : 
(2.19)22
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m1(x1; x2; :::; xn; xpcc) = 1 vpccd = 1 xpcc3Lpcc Lpcc

m2(x1; x2; :::; xn; xpcc) = 1 vpccq = 1 xpcc4Lpcc Lpcc

nP
1 vpccdm3(x1; x2; :::; xn; xpcc) = ( iLineid � iLdpcc) �Cpcc CpccRpcc

i=1 
n (2.20)P 

= 1 ( xi7 � xpcc1 
) � 1 xpcc3Cpcc CpccRpcc

i=1 
nP

1 vpccqm4(x1; x2; :::; xn; xpcc) = ( iLineiq � iLqpcc) �Cpcc CpccRpcc
i=1 
nP 

= 1 ( xi8 � xpcc2 
) � 1 xpcc4 

:
Cpcc CpccRpcc

i=1 

The scalar function h is defined as

h(x1) = '_1 = !1 + kp ref1 � P1 
0)(P 0 

(2.21)
= x110 + kp(x111 � 

2
3 [sin �(x11 x19 ) + cos �(x12 x19 )]): 

The constant matrices A, B, Ci, and D are given by
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⎤⎡ 
0 1 0 0 0 0 0 0 0 0 0 0 
�1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 0 0 0 0 0 0 0 
0 0 �1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 0 0 0 0 0 
0 0 0 0 �1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 0 0 0 
0 0 0 0 0 0 �1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

;A = 

⎤⎡⎤⎡
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

0 ⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

⎤⎡ 
0 1 0 0 ⎢⎢⎣ 

⎥⎥⎦ 
�1 0 0 0 
0 0 0 1 : (2.22)B = ; Ci = ; D =�10 0 0

LLi �1 0 0 �1 00 0 0 
LLi

0 0 0 0 
0 0 0 0 
0 0 0 0 

1 0 0 0 0 

2.2 Linearized Model

The dynamical model in (2.18) is nonlinear. A linearized model can be calculated at

the equilibrium point. This leads to

� _x = J�x (2.23)
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���

���
���
���

���

⎪⎪⎪⎪
⎪⎪⎪⎪
⎪⎪⎪⎪
⎪⎪⎪⎪

⎪⎪⎪⎪
⎪⎪⎪⎪

where �x is the combined small-signal state vector and J is the Jacobian matrix that can

be expressed as ⎤⎡ ⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0 : : : : : : 0J1;1 J1;n+1 ⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

0 0 : : : : : : 0J2;1 J2;2 J2;n+1 

0 J3;3 0 : : : : : : 0J3;1 J3;n+1 

. . . . .. (2.24)J = . . . . . .. .. . . .

...
...

... . . . ...
...

Jn;1 0 0 0 : : : : : : Jn;n Jn;n+1 

Jn+1;1 Jn+1;2 : : : : : : : : : Jn+1;n Jn+1;n+1 

where ⎧ 

⎪⎨ 

⎪⎩ 

Ei + (Ax� 
1 + B)rh(x1 

�) + Ah(x1 
�); i = 1 

Ei + Ah(x1 
�); i =6 1 

@Fi(x)Ji;i = 
@xi 

= 
∗ x=x 

⎧ 

⎪⎨ 

⎪⎩ 

(Ax� 
i + B)rh(x1 

�); j = 1; i =6 j 

0; j 6= 1; i 6= j 
(2.25)

@Fi(x)Ji;j = = 
@xj ∗ x=x 

@Fi(x)Ji;n+1 = = Ci@xpcc ∗ x=x 

@Fn+1(x)Jn+1;i = 
@xi 

= 
∗ x=x 

⎧ 

⎪⎨ 

⎪⎩ 

G + Dx� rh(x �); i = 1pcc 1 

G; i =6 1 

@Fn+1(x) � = = H + Dh(x ):Jn+1;n+1 @xpcc ∗ 1 
x=x 
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���

Where (i; j) 2 (1; 2; :::; n), x � denotes the equilibrium point of (2.18), and G, H , and

rh(x1 
�) are given by ⎤ 

0 
⎡⎤ ⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

⎡ 
10 0 0

Lpcc⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

0 0 0 0 0 0 0 0 0 0 0 ⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

10 0 0 
Lpcc

0 0 0 0 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 0 0 
G = ; H = ; 

�1 �10 0
Cpcc Cpcc CpccRpcc

1 �1 �10 0 0 0 0 0 0 0 0 0 0 0 0
Cpcc Cpcc CpccRpcc

�3 �3 �3 rh(x � 
1) = [ sin �vd1

� kp cos �v � 01�6 kp(sin �i � 
oq1) 1 kp 0]:kp d1 od1 + cos �i � 

2 2 2 

(2.26)

@f(xi)The elements of the matrix Ei = 
@xi 

are given by
x=x ∗ 

∗ ∗ �v�Ri �1 � tan �i diE1;1 = E2;2 = Lfi 
; E1;5 = E2;6 = �E1;9 = Lfi 

; E2;9 = Lfi 
; E2;12 = 

Lfi(cos �i 
∗ )2 

1 1E3;5 = E4;6 = ; E5;1 = E6;2 = �E5;3 = �E6;4 = �E5;7 = �E6;8 = LLoadi CLoadi 

�1 1 �RLiE5;5 = E6;6 = ; E7;5 = E8;6 = ; E7;7 = E8;8 = CLoadiRLoadi LLi LLi 

�3 �E9;1 = kqvdi(cos � � sin � tan �i � )2 

3 � �kq kv vodi �kqkv voqiE9;2 = kqv (cos � tan �i � + sin �); E9;5 = q 
∗ 
; E9;6 = q 

∗ 

2 di ∗2 ∗2 ∗2 ∗2v +v v +vodi oqi odi oqi 

cos �i∗ +sin �i∗ 
�3 � i� 3 � oqi odiE9;9 = [cos �(i� 

oqi tan ��) � sin �(i� + i� )]; E9;12 = kqv ( )kq odi tan �� 
2 odi i i oqi 2 di (cos �∗)2 

i 

�3 � �3 � � E10;1 = k!v (sin � + cos � tan �i � ); E10;2 = 2 k!vdi(� sin � tan �i + cos �)2 di 

�3E10;9 = 2 k![sin �(iod
� 

i � i� 
oqi tan �i �) + cos �(i� 

odi tan �i � + i� 
oqi)]; E10;11 = k! 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 
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� sin �i∗ +cos �i∗ 
�3 � oqi odi !ckfE10;12 = 2 k!vdi( (cos �i 

∗)2 ); E11;10 = � 2� ; E11;11 = �!c 

3 � 3 � � E12;1 = kpv (sin � + cos � tan �i � ); E12;2 = kpv (� sin � tan �i + cos �)2 di 2 di 
(2.27)

3E12;9 = kp[sin �(i� � i� 
oqi tan �i �) + cos �(i� + ioq

� 
i)]odi tan �� 

2 odi i 

� sin �i∗ +cos �i∗ 
oqi3 � odiE12;10 = �1; E12;11 = �kp; E12;12 = 2 kpvdi( (cos �∗)2 ): 

i 

The remaining entries of the matrix Ei that do not appear in (2.27) are all zeros. Mat-

lab is used to calculate the system equilibrium point by setting the nonlinear differential

equations in (2.18) to zero as x_ = 0. The Matlab code is given in Appendix A.1.

2.3 Summary

This chapter presents an approach for systematically modeling a class of microgrid

(MG) systems. The derived model 1) accommodates grid-connected and islanded oper-

ation of the MG simultaneously, and 2) allows modeling of converter-based as well as

directly-interfaced resources. Full modeling of virtual synchronous machines and actual

synchronous generators is addressed. The model is first developed by taking the system

nonlinearities in consideration. Subsequently, a linear version of the model is also devel-

oped for eigenvalue and stability analysis of the MG.
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CHAPTER III

DEFINITION OF PERFORMANCE INDICES

Several performance indices are defined in this chapter in order to quantify the impacts

of cross-coupling terms. Various performance aspects including system stability, robust-

ness, power loss, power sharing, and voltage profile are considered. The developed MG

model in chapter 2 together with the performance indices will be used for assessing stabil-

ity margins and the other performance aspects of the MG.

3.1 Stability Indices

For every transformation angle �, the operating point of the system is obtained and used

to determine the eigenvalues of the state space matrix J in (2.23).

To investigate the relative stability of the system, the dominant poles are divided into

two groups. A group of the high-frequency dominant poles and a group of the low-

frequency dominant poles. The eigenvalue spectrum showing the dominant poles and their

classification is depicted in Fig. 3.1 for a two-inverter situation. Only two poles are con-

sidered in every group (critical poles). One pole that has the minimum damping ratio and

another pole that has the shortest distance to the j!-axis as they are the most influential on

system stability and damping. The minimum damping ratio �min and the shortest distance

Dmin are found at every value of the angle �.
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Figure 3.1: Islanded MG with two DG units operating at � = 90� 

Two stability indices are then defined for each group by (3.1). The first index con-

siders the damping ratio of the critical poles and it is called damping improvement index 

(DII). The second index accounts for the critical poles distance to the imaginary axis and

it is called distance stability improvement index (DSII). The improvement in stability and

damping is quantified with respect to the conventional droop method (� = 90�).

�min(�) � �min(90
�)

DII = � 100;
�min(90�) (3.1)

Dmin(�) � Dmin(90
�)

DSII = � 100: 
Dmin(90�) 

It is noteworthy that positive values of DII and DSII at any given angle � indicate that

the damping ratio and the distance to the j!-axis of the critical poles are both larger than

those at � = 90� . In other words, using this given � results in a more stable system than

using � = 90� . On the contrary, negative DII and DSII at a specific angle means that the

damping ratio and the distance to the j!-axis of the critical poles are both smaller than
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those at � = 90� . This implies that the system stability degrades if this angle is used rather

than using � = 90� .

3.2 Voltage Regulation Index

It is desired that the voltage magnitude of critical buses in an MG remain close to the

nominal voltage. Therefore, the effect of cross-coupling droop terms on the voltage profile

of the system needs to be quantified. The voltage deviation of the overall system as a

function of the rotation angle � is quantified by using the voltage regulation error index 

(VREI)
nP

1 jVi � V �j
n 

VREI = i=1 � 100 (3.2)
V � 

where V � is the MG nominal voltage, and n represents the number of buses in the MG

which are the local loads’ buses and the PCC bus.

3.3 Power Loss Improvement Index

The efficiency of the system is investigated for different values of transformation angle

�. The amount of total power losses Ploss in transmission lines as the angle � is varied from

0� to 90� is determined. The real power loss in the ith line can be calculated as Ploss;i = 

P 
3RL;iILine

2 
;i. The total transmission loss of a system containing n lines is Ploss = n

i=1 Ploss;i.

The impact of cross-coupling droop terms on system efficiency is quantified by introducing

the power loss improvement index (PLII) defined by

Ploss(� = 90�) � Ploss(�)PLII = � 100: (3.3)
Ploss(� = 90�) 
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It is noted that a positive value of PLII at a specific angle � indicates that the transmis-

sion losses are less than those at � = 90� . For example, a PLII of 50% at � = 30� means

that the lines losses at � = 30� are half the amount of losses at � = 90� . On the other hand,

a negative PLII at a given angle means that the losses are higher than those at � = 90� .

For instance, a PLII of �200% at � = 30� means that the lines losses at � = 30� are three

times the amount of losses at � = 90� .

3.4 Power Sharing Indices

The impact of the rotation angle � on real and reactive powers sharing is quantified by

defining the active and reactive power sharing error indices PSEI and QSEI as
nP

1 jPi � P �j
n i 

PSEI = i=1 � 100;
Strans.

n (3.4)P
1 jQi � Q�j
n i 

QSEI = i=1 � 100 
Strans.

where n is the number of inverters, Strans. is the total transmitted apparent power to the

common load, Pi and Qi are the output active power and reactive power of each inverter,

respectively, and Pi 
� and Q� 

i are the ideal active and reactive power shares of each inverter.

3.5 Sensitivity Index

The sensitivity of the entire system to uncertainties in physical parameters is also in-

vestigated for different values of the transformation angle �. The interface filter inductance

is an example of an uncertain physical parameter. The sensitivity index (SI) is defined as

nX1 <(�i,1) �<(�i,2)SI = � 100 (3.5)
n <(�i,1)i=1 
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where n is the number of the dominant poles that move to the right when the physical

parameter is changed, and <(�i,1) and <(�i,2) are the real parts of those poles at the initial

and final values of that parameter, respectively.

3.6 Summary

Multiple performance indices are identified in this chapter in order to assess the impacts

of cross-coupling droop terms on the study MG’s performance. Different performance

perspectives including system stability, robustness, power loss, power sharing, and voltage

profile are investigated. The stability and power loss indices are defined in such a way to

reflect performance improvement with respect to the conventional droop method while the

other indices quantify the deviation from the desired values.
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CHAPTER IV

PERFORMANCE EVALUATION

A dynamic model of the study system is derived in chapter 2. The proposed model is

applicable to grid-connected and standalone MG systems that contain synchronous gener-

ators and inverter-based resources. After that, a set of performance indices are defined in

chapter 3 to quantify the impacts of cross-coupling droop terms. This chapter employs the

proposed model along with the indices to evaluate the performance of the study system.

Two cases of standalone and grid-connected MGs are studied separately in the following

two sections.

4.1 Scenario I: Standalone Mode

The autonomous 208 V/60 Hz three-phase microgrid shown in Fig. 1.2 used here that

comprises two inverters at 2 kVA that are implemented using voltage-source converter

(VSC) topology at 500 V DC side, 10 kHz switching frequency, and the interface filter in-

ductance of Lf = 5 mH. Each inverter supplies a local load of 400 W, 300 Var. Inverter 1

and inverter 2 are connected to the PCC by 2 km and 1 km-long transmission lines, respec-

tively. The line resistance and reactance are RL = 0:642 
=km, XL = 0:083 
=km [34].

A 2.2 kVA, 0.82 PF lagging common load is connected to the PCC bus.
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The iVSM of Fig. 1.3 with the following parameters is used for the inverters: � = 100,

p 
L = 0:005, R = 2�L = 1 
, k = (1=3)(RZ=L) = 142, Vg = 120 2 V, kq = k=Vg = 0:8,

kp = k=Vg 
2 = 0:005, � = 1, k! = k2=(8�2Vg 

2) = 0:08 (J � 0:03 kg.m2 , H � 1:2 s),

p 
kf = S=�f = 2000=2 = 1000, kv = S=�V = 2000=12 2 = 118. Details about the

design algorithm for the controller parameters are given in [26].

The transformation angle � for both inverters is equal and varied over a range of (0� � 

90�). The predefined indices are determined at every value of �. The impacts of cross-

coupling droop terms on system performance are quantified by plotting these indices versus

�.

The stability indices graphs for the high-frequency critical dominant (HFCD) poles

and low-frequency critical dominant (LFCD) poles are shown in Fig. 4.1. The following

observations are made from this figure.

1) The DII and DSII of the HFCD poles have positive values, and they increase significantly

as the angle � is reduced. Maximum DII and DSII are achieved when the DG units operate

at � = 0� where the DII and DSII are almost 60%.

2) The DII and DSII of the LFCD poles remain relatively close to zero when � varies from

0 to 90 degrees. It can be concluded that the system stability and damping are mostly

determined by the HFCD poles and they are improved because their DII and DSII increase

significantly when � decreases.
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T h e  V R EI v ers us θ  is ill ustr at e d i n Fi g. 4. 2 ( a)  w h er e t h e o ut p ut v olt a g es of b ot h i n-

v ert ers a n d t h e p oi nt of c o m m o n c o u pli n g v olt a g e ( v o 1 , vo 2 , vp c c ) ar e c o nsi d er e d. It c a n b e
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w h er e t h e  w h ol e r a n g e of  V R EI c h a n g e is l ess t h a n 0. 2 %.

T h e pl ot of P LII i n p er c e nt a g e v ers us θ  is s h o w n i n Fi g. 4. 2 ( b)  w hi c h i n di c at es t h at

t h e s yst e m ef f ci e n c y i m pr o v es as t h e a n gl e θ  d e cr e as es all t h e  w a y t o a b o ut 5 0 ◦  .  B e y o n d
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� = 50�, the system efficiency continues to improve slightly as � drops to 35� at which the

PLII is maximum. Then, the PLII decreases for � smaller than 35� until it reaches about

8% when � = 0� .

The graph of PSEI and QSEI as a function of the angle � are shown in Fig. 4.2 (c).

As can be seen, the real power is shared equally when the DG units operate using the

conventional droop controller (� = 90�) while the maximum QSEI implies that there is

maximum error in reactive power sharing. In contrast, if the DG units use the reverse

droop controller, the reactive power will be shared equally while the real power will not be

distributed accurately. As � decreases from 90� , the reactive power sharing improves and

the real power sharing degrades.

To examine the impact of cross-coupling droop terms on controller sensitivity, the in-

ductance of the interface filter Lf1 is changed from 3mH to 7mH for each value of the angle

� and the SI given in (3.5) is depicted in Fig. 4.2 (d). It can be observed that the system is

much robust with respect to this change in angle although a slight decrease in sensitivity

is observed at smaller values of �. The controller sensitivity to line impedance changes is

also investigated. The graphs of SI versus the angle � when R=X lines ratio changes from

7.7 to 0.8 and when the length of line 1 is increased from 0.1 km to 2 km are shown in

Fig. 4.3. This concludes that the system is very robust to line impedance changes.
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T h e i n v ert ers’ p o w er a n d c o ntr ol p ar a m et ers ar e t h e s a m e as us e d i n st a n d al o n e  m o d e,

S e cti o n 4. 1.  T h e y ar e c o n n e ct e d t o t h e P C C b y 1 k m a n d 0. 5 k m-l o n g tr a ns missi o n li n es,

r es p e cti v el y,  w h er e a 2. 2 k V A, 0. 8 2 P F l a g gi n g c o m m o n l o a d r esi d es.  T h e s y n c hr o n o us

g e n er at or ( m o d eli n g t h e gri d) is r at e d at S 1  =  2 0  k V A a n d its c o ntr ol p ar a m et ers ar e

√  √  
( V g  /  2 ) 2  

α 1  = 3 , V g  =  1 2 0  2  V, Z b a s e  =  = 2 .1 6  Ω , k 1  =  (1 / 3)( 2 α 1 Z b a s e )  = 4.3 2 ,
( S 1 / 3 )  

k q 1  =  k 1 / V g  = 0 .0 2 5 5 , k p 1  =  k 1 / V g  
2  = 1 .5  ×  1 0 − 4  , H  = 5  s, J  = ( H S 1 )/ ( 0.5 ω 2 )  = 

1 .4 0 7 2  k g. m 2  , k ω 1  = 1 / (J ω )  = 0.0 0 1 9 , k f  1  =  S 1 / Δ f  =  2 0 0 0 0 / 2  = 1  ×  1 0 4  , k v 1  =  

√  
S 1 / Δ V  =  2 0 0 0 0 / 1 2  2 = 1 .1 7 8 5  ×  1 0 3  .  T h e s y n c hr o n o us r e a ct a n c e a n d t h e ar m at ur e r e-

sist a n c e of t h e S G ar e s el e ct e d at 1 p u a n d 0. 0 2 p u, r es p e cti v el y, l e a di n g t o L g  =  Z b a s e / ω  =  

5 .7  m H a n d R g  = 0 .0 2 Z b a s e  = 0 .0 4 3 2  Ω .

T h e tr a nsf or m ati o n a n gl e θ  of  D G- 1 is s et t o 9 0 ◦  t o e m ul at e t h e gri d,  w h er e as t h e a n gl e

of i n v ert ers is e q u al a n d ar e c h a n g e d fr o m 0 ◦  t o 9 0 ◦  i n t his st u d y.  T h e c ut- off fr e q u e n c y

of t h e g o v er n or l o w- p ass flt er is s el e ct e d at ω c  = 2 π f c  = 2 π  ×  1  r a d/s f or t h e S G.  T his

3 8

https://1/3)(2�1Zbase)=4.32


www.manaraa.com

parameter is selected at 100 Hz in the converter-based DERs. The local load supplied by

the grid is 12 kW, 9 kVar. Line 1 that connects the MG to the main grid is 2 km long, see

Fig. 1.2.

The stability indices for the HFCD and LFCD poles as a function of the angle � are

shown in Fig. 4.4. It is observed that, contrary to the standalone case, the DII and DSII

decrease as � decreases from 90� . This means that the system stability and damping

degrade. The system at � = 0� is the least stable. This represents the reverse droop

controller that acts opposite to the conventional droop principle used in the main grid.

The graph of VREI as a function of � is illustrated in Fig. 4.5 (a) for the entire four bus

voltages. This confirms that the inverters do not have a noticeable impact on the voltage

profile in this grid-connected scenario.

The plot of PLII versus � is illustrated in Fig. 4.5 (b). It shows that the PLII increases

up to about 60% when � decreases from 90 to 75 degrees. It then decreases to zero when � 

is further decreased to about 50 degrees. For � smaller than 50 degrees, the PLII keeps de-

creasing to negative numbers sharply which means that the amount of transmission losses

increases. When the MG operates based on the reverse droop principle (� = 0�), the

transmission losses are maximum value at around nine times the amount of losses when it

operates at conventional droop angle of 90 degrees. The graph of PSEI and QSEI for this

scenario are shown in Fig. 4.5 (c). Similar observations as those for the PSEI and QSEI

of the autonomous MG can be made. The impact of cross coupling droop terms on con-

troller sensitivity is also investigated, the inductance of the interface filter Lf2 is changed

from 3mH to 7mH for each value of the angle � and the SI is illustrated in Fig. 4.5 (d). It
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c a n b e n ot e d t h at t h e s yst e m is  m u c h r o b ust  wit h r es p e ct t o t his c h a n g e i n a n gl e alt h o u g h

s e nsiti vit y sli g htl y d e cr e as es as θ  d e cr e as es fr o m 9 0 ◦  t o 6 5 ◦  .  T h e SI is al m ost f at f or

2 5 ◦  < θ  <  6 5 ◦ , t h e n it sli g htl y i n cr e as es as θ  c o nti n u es t o d e cr e as e d o w n t o 0 ◦  .
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4. 2. 2 Si n gl e-I n v e rt e r  Mi c r o g ri d

I n t his st u d y,  w e c o nsi d er t w o g e n er at ors  w h er e o n e of t h e m is s el e ct e d t o  m o d el t h e

m ai n gri d  w hil e t h e ot h er o n e is s el e ct e d t o o p er at e as c o n v ert er- b as e d  D E R t o r e pr es e nt a

gri d- c o n n e ct e d  M G  wit h a si n gl e s o ur c e.  T h e s y n c hr o n o us g e n er at or ( m o d eli n g t h e gri d)

a n d t h e i n v ert er’s p o w er a n d c o ntr ol p ar a m et ers, t h e c o m m o n a n d l o c al l o a ds ar e all t h e

s a m e as us e d i n gri d- c o n n e ct e d  m o d e, S e cti o n 4. 2. 1.  T h e i n v ert er is c o n n e ct e d t o t h e P C C
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by 1 km-long transmission line. Line 1 that connects the MG to the main grid is 2 km long.

The transformation angle � of DG-1 is set to 90� to emulate the grid, whereas the angle of

inverter is changed from 0� to 90� .

The stability indices for the HFCD and LFCD poles as a function of the angle � are

shown in Fig. 4.6. It is noted that the DII and DSII decrease as � decreases from 90� . This

means that the system stability and damping degrade. The system at � = 0� is the least

stable.

The graph of VREI as a function of � is illustrated in Fig. 4.7 (a) for the entire three

bus voltages. This shows that the amount of cross-coupling droop terms do not have a

significant influence on the system voltage profile where the whole range of VREI variation

is about 0.3%.

The plot of PLII versus � is illustrated in Fig. 4.7 (b). It shows that the PLII increases

up to about 50% when � decreases from 90 to 70 degrees. It then decreases to zero when � 

is further decreased to about 45 degrees. For � smaller than 45 degrees, the PLII keeps de-

creasing to negative numbers sharply which means that the amount of transmission losses

increases. When the MG operates based on the reverse droop principle (� = 0�), the

transmission losses are maximum value at around four times the amount of losses when

it operates at conventional droop angle of 90 degrees. It is observed that the curves of

stability indices and PLII have the same pattern of the corresponding curves in the two

grid-connected inverters scenario. However, the voltage profiles of the two systems are not

the same due to the difference in generation-load characteristics.
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4. 3 P e rf o r m a n c e  E v al u ati o n  U n d e r  Diff e r e nt  R/ X  Li n e  R ati o

T h e li n es R / X -r ati o of a b o ut 7. 7 h as b e e n us e d i n t h e a n al ysis of t h e st u d y s yst e m

a c c or di n g t o t h e pr a cti c al d at a of s o m e distri b uti o n c a bl es.  H o w e v er, t h e p erf or m a n c e of

t h e st a n d al o n e a n d gri d- c o n n e ct e d  M Gs c o nsi d eri n g diff er e nt v al u es of li n es R / X -r ati o is

i n v esti g at e d as f oll o ws.
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4. 3. 1 S c e n a ri o I: St a n d al o n e  M o d e

T h e isl a n d e d  M G c o nsi d er e d i n S e cti o n 4. 1 is a n al y z e d f or t w o ot h er c as es of R / X -

r ati o e q u al t o 4 a n d 0. 8.  T h e gr a p hs of all p erf or m a n c e i n di c es v ers us t h e a n gl e θ  ar e s h o w n

i n Fi gs. 4. 8 - 4. 1 1. It c a n b e o bs er v e d t h at si mil ar c o n cl usi o ns ar e o bt ai n e d r e g ar dl ess of

t h e R / X  li n e r ati o.

4. 3. 2 S c e n a ri o II:  G ri d- C o n n e ct e d  M o d e

T h e a n al ysis of t h e gri d- c o n n e ct e d  M G i n S e cti o n 4. 2 is v ali d at e d f or t w o ot h er c as es

of R / X -r ati o e q u al t o 4 a n d 0. 8.  T h e pl ots of all p erf or m a n c e i n di c es as a f u n cti o n of t h e

a n gl e θ  ar e ill ustr at e d i n Fi gs. 4. 1 2 - 4. 1 5.  T h es e r es ults c o n fr m t h at t h e c o n cl usi o ns ar e

still v ali d f or diff er e nt R / X  li n e r ati os. It is  w ort h n oti n g t h at t h e s yst e m l os es st a bilit y f or

θ  b el o w 1 5 ◦  w h e n t h e li n e R / X -r ati o is e q u al t o 0. 8.
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4.4 Summary

The developed model of the study MG system in conjunction with the predefined in-

dices are used in this chapter to evaluate the system performance. The rotation angles � 

that specify the level of cross-coupling drooping terms are changed equally from 0� to 90� 

in all inverters. The predefined indices are determined at every value of �, and the impacts

of cross-coupling droop terms on system performance are quantified by plotting these in-

dices versus �. The conclusions of this study for both islanded and grid-connected MGs

are summarized in Table 4.1. Note that the sensitivity is measured with respect to the filter

inductance uncertainties and line impedance uncertainties.

Table 4.1: Summary of cross-coupling droop terms impacts on system performance: � de-
creasing from 90� 

Mode Stability Voltage profile Efficiency Power sharing Sensitivity

Standalone Improves. Slightly influenced. Improves.
P sharing degrades.
Q sharing improves.

Relatively unchanged.

Grid-connected Degrades. Slightly influenced.

Improves for � just
below 90� (70� � 80�)
and degrades for
smaller values of � 

P sharing degrades.
Q sharing improves.

Relatively unchanged.
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CHAPTER V

RESULTS

A detailed mathematical model of the study system in the dq reference frame is de-

veloped in chapter 2. The proposed model is then employed to investigate the impacts of

cross coupling droop terms on the stability and other properties of the MG. To this aim,

several performance indices are defined in chapter 3. The study system performance in

both modes of operation is evaluated by plotting the performance indices as a function of

the transformation angle � in chapter 4. Detailed results of the study system in both op-

erational modes and during transition between them are provided in this chapter in order

to verify the conclusions derived in chapter 4. The results include computer simulations

conducted in PSIM power simulation software in addition to real-time simulations per-

formed in Real-Time Digital Simulator (RTDS) and experimental results obtained from a

laboratory experimental set-up.

Real-time digital simulator (RTDS) is a combination of computer hardware and soft-

ware designed for simulating power system electromagnetic transients [29]. The RTDS

hardware is composed of individual racks of digital signal processors connected to each

other using a common backplane. The digital signal processors share the computational

burden to solve the system equations.
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RSCAD software is a graphical user interface (GUI) that is used by RTDS. It consists

of individual modules that allow the user to perform all the needed steps to prepare and run

simulations. The RSCAD’s libraries contain all the fundamental elements of an electrical

power system. The user can build a schematic diagram of the system to be simulated in

the RSCAD/Draft module where comprehensive libraries of power system, control, and

protection component models exist. When the system diagram is completed it can be

compiled for the RTDS simulator. The compile process generates the code for the simulator

hardware and checks the circuit for errors before it can be run in the RunTime environment.

The RSCAD/RunTime module allows the user to control and interact with the real time

simulations. The RunTime module provides meters and plots that allow the user to monitor

the system response. Sliders can also be used to change the input values, and switches can

be added to control the breakers if they are needed in the circuit.

The contents of this chapter are summarized as follows.

� Both computer and real-time simulations of the autonomous MG considered in Sec-

tion 4.1 are conducted in order to confirm the previous conclusions.

� The impacts analysis of cross coupling droop terms on the performance of double-

inverter and single-inverter MGs is verified by PSIM results. The effect of increasing

the droop coefficients of the DG units on the stability of the double-inverter MG is

also investigated.
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� The study system performance during transition from islanded mode to grid-connected

mode is examined. Computer and real-time simulations are carried out to study the

influence of cross coupling droop amount on MG performance during transition.

� Experimental results are provided to confirm the derived conclusions by implement-

ing a two-machine MG in laboratory.

� To further validate the study results, a modified IEEE 13-bus system is considered as

a case study. Detailed simulations of the test system are performed in all modes of

operation.

5.1 Scenario I: Standalone Mode

Simulations of the islanded MG studied in Section 4.1 are presented to verify the anal-

ysis of the impacts of cross-coupling droop terms on its performance. Simulations are

conducted in PSIM power simulation software [47] to validate the previous analysis. The

common load is increased from 1.2 kW, 0.8 kVar to 2 kW, 1.5 kVar at t = 2 s. The system

voltage profile is shown in Fig. 5.1. It can be observed that the amount of cross-coupling

does not affect the voltage magnitudes where the system voltage profile at � = 90� is sim-

ilar to that at � = 0� . The output real power of DG-2 is illustrated in Fig. 5.2. It is noted

from both the start-up transient and the post-disturbance transient that the system damping

is significantly improved when � = 0� which perfectly agrees with the analysis.
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Figure 5.1: Voltage amplitudes - Standalone Mode
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Figure 5.2: Output real power of DG-2 - Standalone Mode
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Real-time simulation of the system is performed using Real-Time Digital Simulator

(RTDS) to further verify the analysis. The real time voltage amplitudes of the load buses

and the output real power of DG-2 for � = (0� ; 90�) are shown in Figs. 5.3 and 5.4,

respectively, when the common load increases. It is noted that the real-time results agree

with the computer simulation results shown in Figs. 5.1 and 5.2.

Figure 5.3: Real-time voltage amplitude - Standalone Mode

Figure 5.4: Real-time output power of DG-2 - Standalone Mode
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5.2 Scenario II: Grid-Connected Mode
5.2.1 Double-Inverter Microgrid

Simulations are carried out to verify the aforementioned analysis of impacts of cross-

coupling droop terms on performance of the double-inverter grid-connected system con-

sidered in Section 4.2. At t = 10 s, the common load connected at the PCC is increased

from 1.8 kW, 1.25 kVar to 4 kW, 2.5 kVar. The d-axis current of the grid when the DG

units operate at � = (90� ; 0�) is illustrated in Fig. 5.5. It can be seen that the system is less

damped when � = 0� which is consistent with the previous analysis.
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Figure 5.5: Common load increases at t = 10 s. (Left) d-axis current of grid. (Right)
Zoomed-in view of d-axis current of grid.
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The impact of increasing the droop coefficients kf and kv of the DG units on system

stability for different values of � is also investigated. Fig. 5.6 shows the eigenvalue trace

for � = f0� ; 30� ; 60� ; 90�g when the droop coefficients are increased starting from kf = 
p 

S=�f = 2000=2 = 1000, kv = S=�V = 2000=12 2 = 118. As can be seen, when

the value of � increases, higher values of droop coefficients can be selected before system

becomes unstable.
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Figure 5.6: Eigenvalue spectrum when the DG units droop coefficients kf and kv are
increased- Grid-Connected Mode (Double-inverter microgrid).
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Simulations are conducted to validate this result where the droop coefficients kf = 

1000 and kv = 118 are increased by six times at t = 10 s at each value of �. It is observed

from Fig. 5.7 that the system becomes unstable when � = f0� ; 30�g and maintains stability

when � = f60� ; 90�g which shows agreement with the eigenvalue spectrum in Fig. 5.6.
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Figure 5.7: d-axis current of grid when the DG units droop coefficients kf and kv are in-
creased by six times at t = 10 s - Grid-Connected Mode (Double-inverter
microgrid).
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5.2.2 Single-Inverter Microgrid

Simulations are performed to validate the previous analysis of impacts of cross-coupling

droop terms on performance of single-inverter grid-connected system studied in Section

4.2. At t = 10 s, the common load connected at the PCC is increased from 1.8 kW, 1.25 kVar

to 4 kW, 2.5 kVar. The d-axis current of the grid when the DG unit operate at � = (90� ; 0�) 

is shown in Fig. 5.8. It can be seen that the system is less damped when � = 0� which is

consistent with the previous analysis.
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Figure 5.8: Common load increases at t = 10 s. (Left) d-axis current of grid. (Right)
Zoomed-in view of d-axis current of grid.
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5.3 Scenario III: Transition Mode

According to the plots of the performance indices in both modes of operation, a mild

amount of cross-coupling can be included if seamless transition and efficient operation in

both modes are desired. To verify this conclusion, the transformation angle of � = 70� is

selected to add a modest level of cross-coupling, while � = 10� is adopted to include a large

amount of cross-coupling. The output real power of the main grid, the output currents of

DG-2 and DG-3, and the voltage magnitudes for both values of � when the grid connects at

t = 5 s are depicted in Figs. 5.9, 5.10 and 5.11, respectively. It is observed that transitions

from standalone to grid-connected mode is done more smoothly with smaller transients

when small amount of cross-coupling is added.

Real-time simulation is also carried out to confirm this conclusion. The output real

power of the main grid, the output currents of DG-2 and DG-3, and the voltage magnitudes

for � = (70� ; 10�) are shown in Figs. 5.12, 5.13, and 5.14, respectively.
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Figure 5.9: Output real power of the grid - Transition Mode
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Figure 5.10: Output current of DG-2 and DG-3 (phase-A current) - Transition Mode
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Figure 5.11: Voltage amplitudes - Transition Mode
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The RTDS results show good agreement with the PSIM simulation results, shown in

Figs. 5.9, 5.10, and 5.11, and they prove that a modest selection of cross-coupling terms

guarantees a seamless transition.

Figure 5.12: Real-time output power of the grid - Transition Mode

Figure 5.13: Real-time output current of DG-2 and DG-3 (phase-A current) - Transition
Mode
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Figure 5.14: Real-time voltage amplitudes - Transition Mode

5.4 Experimental Results

Experiments are carried out on a 1.2 kVA three-phase inverter setup with 400 V dc link

and 120 V (rms) line to neutral, 60 Hz grid voltage. Inverter in this setup is connected

to the grid through a three-phase LC output filter with L=5 mH and C=2�F. The grid is

emulated with a combination of three-phase Chroma ac source and loads. The controller

is implemented on Texas Instrument TMS320F28335 DSP with sampling frequency of

20 kHz and the switching frequency of 10 kHz. The VSM parameters are the same as those

used in the simulations. A photograph of the experimental setup is shown in Fig. 5.15.

The emulated grid using the Chroma source and the load shows a rather weak grid with

large impedance and some dynamics which are caused by the internal circuitry of the ac

source. In the following, the transformation angle � is changed in three steps, i.e. 90�, 75� ,

and 60� . The inverter currents in response to two power commands (increase from 250 W

to 750 W followed by decrease to 250 W) are shown in Fig. 5.16, Fig. 5.17, and Fig. 5.18,

respectively.
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Figure 5.15: A photograph of the experimental setup.

It is clearly observed that the inverter responses become more damped as � decreases.

This confirms the theoretical developments because the ac source behaves similar to a

voltage source which does not follow the conventional grid characteristics. Therefore,

the implemented system behaves like a two-machine MG where one of them (i.e. the ac

source) is fixed but the other one (i.e. the inverter) is adjusted at different transformation

angles.
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Figure 5.16: Inverter response to real power commands when � = 90� .

Figure 5.17: Inverter response to real power commands when � = 75� .

Figure 5.18: Inverter response to real power commands when � = 60� .

5.5 IEEE 13-Bus System Case Study

The effectiveness of the proposed scheme and the study results are further verified by

simulating a modified IEEE 13-bus system in both operational modes. The test system is

shown in Fig. 5.19 and the complete line and load parameters of that system are given in

tables A.1 and A.2. The autonomous 208 V/60 Hz three-phase MG shown in Fig. 5.19

comprises four inverters with ratings of SDG1 = SDG3 = 12kVA and SDG2 = SDG4 = 

8kVA.
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Figure 5.19: Modified IEEE 13-bus distribution system

The inverters’ filter and control parameters are the same as used in Section 4.1 except

for the droop coefficients which are selected based on the new ratings of the DG units as

p 
kf1 = kf3 = S1=�f = 12000=2 = 6 � 103 , kv1 = kv3 = S1=�V = 12000=12 2 = 707,

p 
kf2 = kf 4 = S2=�f = 8000=2 = 4 � 103 , kv2 = kv4 = S2=�V = 8000=12 2 = 471:4.

5.5.1 Scenario I: Standalone Mode

The VREI versus � is shown in Fig. 5.20 where the output voltages of all inverters and

the load voltages are considered. It can be noted that the voltage profile of the system is

not strongly affected by the amount of cross coupling despite the slight improvement for

small values of �. The plots of PLII and PSEI/QSEI in percentage versus � are illustrated

in Fig. 5.20. It can be observed that the system efficiency improves as the angle � decreases

all the way to about 50� and the power sharing indices are similar to those of the standalone

MG considered in Section 4.1. .
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Figure 5.21: Output apparent power of DG2 and DG3 - Standalone Mode

The graphs of PLII and PSEI/QSEI versus � are shown in Fig. 5.22. It can be observed

that the PLII increases up to about 30% when � decreases from 90 to 70 degrees. It then

decreases to zero when � is further decreased to about 45 degrees. For � smaller than 45

degrees, the PLII keeps decreasing to negative numbers which indicates that the amount of

transmission losses increases. When the MG operates based on the reverse droop principle,

the transmission losses are maximum value at around four times the amount of losses when
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Figure 5.23: Voltage amplitude - Grid-connected Mode

The output currents of DG-2 and DG-3 and the voltage amplitudes of some buses for

both values of � when the grid connects at t = 5 s are depicted in Figs. 5.24 and 5.25,

respectively. It is observed and confirmed that the transition from standalone to grid-

connected mode is done more smoothly when smaller amount of cross-coupling is added.
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Figure 5.24: Output current of DG-2 and DG-3 (phase-A current) - Transition Mode
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Figure 5.25: Voltage amplitude - Transition Mode
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5.6 Summary

In this chapter, the MG system under consideration is simulated in both modes of oper-

ation and during transition between them as well. Results obtained from different platforms

that include computer simulations, real-time simulations, and experimental results are pre-

sented. It can be concluded that these detailed results validate the derivations given in the

previous chapter. In addition, real-time simulation results show perfect agreement with the

results obtained from PSIM software. The study conclusions are further verified by simu-

lating a realistic test system. For this purpose, a modified IEEE 13-bus system is simulated

in PSIM for a broader range of system disturbances. The system responses in all modes of

operation are very consistent with the previous derivations.
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CHAPTER VI

OPTIMIZATION OF CROSS-COUPLING DROOP TERMS

For the sake of simplicity of analysis, identical amounts of cross-coupling have been

assumed for all DERs in the MG in our study of previous chapters. In general, the trade-

offs can be further optimized by allowing different DERs to have different levels of cross-

coupling droop terms. This will entail a multi-variable nonlinear problem which needs to

combine several cost functions. Our approach will be to define an overall cost function

which includes a weighted sum of the performance indices. Particle swarm optimization

(PSO) will be used to obtain the optimum parameters. Attempts will be made to derive

general guidelines as how to set different levels of cross-coupling terms in the study MG

system.

6.1 Overview of Particle Swarm Optimization

Particle swarm optimization is a population-based stochastic optimization algorithm

proposed by Kennedy and Eberhart [27] in 1995. The PSO was inspired by the social

behavior associated with birds flocking or fish schooling [51]. The PSO works with a

population (swarm) of potential solutions (particles). Every particle moves in the search

space with a direction that is determined by its own best known position in the search

space as well as the entire group’s best known position. In PSO, the system is initialized
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with a population of random solutions and every candidate solution is assigned a random

velocity. The particles are then flown through the problem space. The velocity of each

particle is dynamically updated based on the flying experiences of its own and those of its

neighbors [23]. Mathematically, assume a population of N particles, each particle i is an

n-dimensional real-valued vector, where n represents the number of optimized parameters.

Every particle is associated with a position vector xi = (x1; x i i
n 

i ; :::; x2 ) which is a potential

solution for the problem. Let the best previous position found by particle i in the search

space be denotaed by Pbest, and the best position that the particles in the neighborhood of

particle i have ever found is gbest. At every iteration step (k +1), the velocity vector of the

ith particle is updated using the following equation

v ik = wv +1 
i
k 

i �(P+ c r x1 1 best k ) + c2r2(gbest � x ik) (6.1)

where w is the inertia weight used to control global exploration and local exploitation of

the particles, r1 and r2 are two random numbers which are uniformly distributed in the

interval [0, 1], and c1 and c2 are positive constants representing the particle’s confidence in

itself (cognition) and in the swarm (social behavior), respectively. Therefore, the second

term represents the cognitive part of the PSO algorithm where the particle modifies its

velocity based on its own thinking and experience, and the third term represents the social

part of PSO where the particle changes its velocity based on the adaptation of the social-

psychological knowledge. The position vector associated with the ith particle changes

based on the updated velocity vector as follows

i
k = x+1 

i
k + v ik+1 (6.2)x 
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This iterative process will continue until a stop criterion like the maximum number of

iterations or a sufficiently good cost funcion value is reached. PSO has been applied to

different power system problems because of its reliability and simplicity, and it has very

few parameters to adjust [7, 11, 35, 52].

6.2 Definition of Objective Function

The autonomous and grid-connected MGs studied in Sections 4.1 and 4.2, respectively,

are considered. The optimized parameters in both operation modes are the transformation

angles which specify the amount of cross-coupling in the iVSM controllers of the DG units.

The objective function is composed of a weighted sum of the normalized performance

indices and is given as

J = 0:15 � V REI + 0:01 � SI + 0:02 � P SEI + 0:02 � QSEI 

� 0:4 � P LII � 0:1 � DIIH � 0:1 � DSIIH � 0:1 � DIIL � 0:1 � DSIIL: (6.3)

The problem constrains are as follows

0� � �DG � 90� (6.4)

Vmin � jVo1j� Vmax (6.5)

Vmin � jVo2j� Vmax (6.6)

Vmin � jVpccj� Vmax (6.7)

where Vmin and Vmax are the minimum and maximum allowable voltage magnitudes.

The overall optimization problem can be formulated as

Minimize(J) 
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Subject to

Constraints given in (6.4)-(6.7).

In this study, PSO is used to solve this optimization problem by obtaining the optimal

levels of cross-coupling which are determined by the controller parameter �DG. General

guidelines as how to set different levels of cross-coupling terms in the studied MG are

derived. Five different scenarios in both modes of operation are considered as follows.

6.3 Standalone Mode

The islanded MG in Section 4.1 is considered under the following scenarios for this

study.

6.3.1 Scenario I: Change length of one line

In this scenario, the two DG units are assumed to have the same capacity of 2 kVA and

identical local loads of 0.4 kW and 0.3 kVar. The length of line 2 is fixed at 1 km while

the length of line 1 is increased from 0.1 km to 4.3 km. The optimal values of �1 and �2 

are provided in Table 6.1 below. It is observed that as line 1 length increases, the optimal

solution tends toward smaller angle values.

6.3.2 Scenario II: Change length of all lines

The two DG units are assumed to have the same rating of 2 kVA and identical local

loads of 0.4 kW and 0.3 kVar. The lengths of line 1 and line 2 are increased equally from

0.1 km to 4.3 km. The optimal values of �1 and �2 are provided in Table 6.2. It can be

noted that as the lengths of lines increase, the optimal values of �1 and �2 decrease.

75



www.manaraa.com

Table 6.1: Change of line 1 length

Line 1 (km) �1; �2 (deg)

0.1 27, 24

0.7 22, 23

1.3 19, 18

1.9 13, 15

2.5 9, 10

3.1 6, 7

3.7 4, 4

4.3 3, 2

6.3.3 Scenario III: Change R/X ratio of all lines

The impact of lines R/X-ratio on optimum amounts of cross-coupling is also investi-

gated. The two lines have the same length of 1 km, and the DG units have ratings and

local loads that are identical to those in the two previous scenarios. The lines R/X-ratio is

decreased equally from 10 to 0.1. The optimized parameters �1 and �2 for every case are

given in Table 6.3.
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Table 6.2: Change of line 1 and line 2 lengths

Line 1 and 2 (km) �1; �2 (deg)

0.1 21, 21

0.7 17, 17

1.3 14, 15

1.9 9, 9

2.5 6, 5

3.1 3, 4

3.7 1, 1

4.3 0, 0

It can be seen that the optimal level of cross coupling is fixed under the same operating

conditions regardless of the lines R/X ratio as long as the lines are resistive (R/X>1).

However, inductive lines (R/X<1) require higher level of cross coupling (smaller angles)

compared to resistive lines.

6.3.4 Scenario IV: Change ratings of all DG units

The impact of DG units capacity on the optimal level of cross-coupling is investigated.

Identical lines with R/X=7.7 and 1 km-length are considered. The ratings of DG1 and

DG2 are increased equally from 1 kVA to 10 kVA, and the local loads are also increased

in proportion to the DGs ratings. The optimal solutions are given in Table 6.4. It is noticed

that the optimized parameters �1 and �2 increase as the size of the DG units increases.
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Table 6.3: Change of lines R/X-ratio

Lines R/X-ratio �1; �2 (deg)

10 18, 18

7.7 18, 18

6 18, 18

4 18, 18

2 18, 18

0.85 15, 15

0.1 8, 7

Table 6.4: Change of ratings of both DG units

SDG (kVA) Local loads P(kW); Q(kVar) �1; �2 (deg)

1 0.4, 0.3 3, 3

2 0.8, 0.6 8, 8

4 1.6, 1.2 23, 23

6 2.4, 1.8 29, 29

8 3.2, 2.4 35, 35

10 4.0, 3.0 39, 39

6.3.5 Scenario V: Change rating of one DG unit

This scenario is similar to the previous one. However, only the size of DG1 is increased

from 1 kVA to 10 kVA. In addition, its local load is increased proportionally. The rating of
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DG2 is fixed at 2 kVA, and its local load remains unchanged (0.8 kW and 0.6 kVar). The

effect of varying DG1 capacity on the optimal amount of cross-coupling is investigated.

The optimal solutions are summarized in Table 6.5. It is seen that the optimized parameters

�1 and �2 increase as the size of DG1 increases.

Table 6.5: Change of rating of DG1

SDG1 (kVA) Local load 1 P(kW); Q(kVar) �1; �2 (deg)

1 0.4, 0.3 1, 2

2 0.8, 0.6 8, 8

4 1.6, 1.2 11, 17

6 2.4, 1.8 14, 23

8 3.2, 2.4 24, 32

10 4.0, 3.0 29, 39
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6.3.6 Summary of Results for Standalone Case

According to the results obtained in scenarios I-V, the following conclusion for the

standalone MG under study can be derived

1. If the lengths of lines increase, the MG becomes weaker. Therefore, the optimal

angle values decrease to improve the system stability (tables 6.1 and 6.2).

2. For resistive lines (R/X> 1), the optimal level of cross coupling is not affected by the

lines R/X-ratio. However, if the lines become more inductive (R/X<1), the required

level of cross coupling should be increased (angles decrease) for stability issues (ta-

ble 6.3).

3. As the DG units capacity goes down, it is recommended to increase the level of cross

coupling by using smaller values of the transformation angles in order to improve

system stability. Low level of cross-coupling (larger angles) should be adopted for

systems with large DG units (tables 6.4 and 6.5). This will improve system efficiency

without causing a noticeable degradation in stability.

6.4 Grid-Connected Mode

The grid-connected MG in Section 4.2 is studied under the same five scenarios con-

sidered in Section 6.3 for the islanded MG. In a similar way, we consider three generators

where one of them is selected to model the main grid while the other two are selected to

operate as inverter-based DERs to represent a grid-connected MG with two sources. DG1

is selected to emulate the main grid by modifying its controller parameters and setting its
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transformation angle � to 90� in this study. The rating of the main grid (20 kVA) and the

length of line 1 (2 km) that connects the MG to the main grid remain unchanged in all

scenarios.

6.4.1 Scenario I: Change length of one line

In this scenario, the influence of changing the length of line 2 on the optimum amount

of cross coupling is examined. the two DG units are assumed to have the same capacity

of 2 kVA and identical local loads of 0.4 kW and 0.3 kVar. The length of line 2 which

connects DG2 to the PCC is increased from 0.1 km to 4.3 km while the length of line 3

remains fixed at 1 km. The optimal values of �2 and �3 (transformation angles of DG2 and

DG3, respectively) are given in Table 6.6.

Table 6.6: Change of line 2 length

Line 2 (km) �2; �3 (deg)

0.1 73, 69

0.7 74, 75

1.3 74, 76

1.9 75, 79

2.5 75, 80

3.1 75, 82

3.7 76, 84

4.3 76, 86
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It is seen that the optimal solution moves toward larger values as line 2 length increases.

6.4.2 Scenario II: Change length of all lines

The two DG units are assumed to have the same capacity of 2 kVA and identical local

loads of 0.4 kW and 0.3 kVar. The optimal solutions when the lengths of line 2 and line 3

are increased equally from 0.1 km to 4.3 km are provided in Table 6.7. It can be noted that

as the lengths of lines increase, the optimal values of �2 and �3 also increase.

Table 6.7: Change of line 1 and line 2 lengths

Line 1 and 2 (km) �2; �3 (deg)

0.1 72, 72

0.7 74, 74

1.3 76, 76

1.9 77, 77

2.5 79, 79

3.1 80, 80

3.7 83, 83

4.3 85, 85
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6.4.3 Scenario III: Change R/X ratio of all lines

In this scenario, the two lines have the same length of 1 km, and the DG units have

ratings and local loads that are similar to those in the two previous scenarios. The lines

R/X-ratio is decreased equally from 10 to 0.1. The optimized parameters �2 and �3 for

every case are summarized in Table 6.8.

It can be concluded that the optimal level of cross coupling is fixed under the same

operating conditions regardless of the lines R/X ratio as long as the lines have high R/X-

ratio. However, as the lines R/X-ratio approaches 1, the optimal amount of cross coupling

decreases (angles increase). Moreover, as the lines become more inductive (R/X�1), the

optimal values of �2 and �3 keep increasing and tend toward ninety degrees.

Table 6.8: Change of lines R/X-ratio

Lines R/X-ratio �2; �3 (deg)

10 75, 75

7.7 75, 75

6 75, 75

4 75, 75

2 77, 77

0.85 82, 82

0.1 86, 86

83



www.manaraa.com

6.4.4 Scenario IV: Change ratings of all DG units

The impact of the MG size on the optimal level of cross-coupling is investigated. The

ratings of DG2 and DG3 are increased equally from 1 kVA to 10 kVA, and their local loads

are also increased in proportion to the DGs ratings. The optimal solutions are provided in

Table 6.9. It is noted that the values of the optimized parameters increase as the size of the

DG units increases.

6.4.5 Scenario V: Change rating of one DG unit

This scenario is similar to the previous one. However, only the size of DG2 is increased

from 1 kVA to 10 kVA. Its local load is increased proportionally as well. The capacity of

DG3 is fixed at 2 kVA, and its local load remains unchanged (0.8 kW and 0.6 kVar). The

optimal solutions when the capacity of DG2 is varied are summarized in Table 6.10. It can

be noticed that the optimized parameters �2 and �3 increase as the size of DG2 increases.

Table 6.9: Change of ratings of both DG units

SDG (kVA) Local loads P(kW); Q(kVar) �2; �3 (deg)

1 0.4, 0.3 67, 67

2 0.8, 0.6 73, 73

4 1.6, 1.2 77, 77

6 2.4, 1.8 81, 81

8 3.2, 2.4 83, 83

10 4.0, 3.0 86, 86
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Table 6.10: Change of rating of DG2

SDG2 (kVA) Local load 2 P(kW); Q(kVar) �2; �3 (deg)

1 0.4, 0.3 72, 69

2 0.8, 0.6 73, 73

4 1.6, 1.2 75, 78

6 2.4, 1.8 77, 82

8 3.2, 2.4 78, 84

10 4.0, 3.0 80, 86

6.4.6 Summary of Results for Grid-Connected Case

Based on the results obtained in scenarios I-V, the following guidelines for the grid-

connected MG under consideration can be derived

1. If the lengths of lines increase, the main grid becomes weaker. As a result, the values

of the optimal angles increase in order to improve the system stability (tables 6.6 and

6.7).

2. For resistive lines, the optimal level of cross coupling is not affected by the lines R/X-

ratio. Nevertheless, if this ratio decreases and approaches 1, the optimized angles

will increase. This fact is more emphasized as the lines become more inductive

(R/X�1) (table 6.8).

3. As the DG units capacity goes down, it is recommended to increase the level of cross

coupling by using smaller values of the transformation angles in order to reduce line
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losses without compromising stability. Low level of cross-coupling (larger angles)

must be adopted for systems with large DG units in order to improve the system

stability (tables 6.9 and 6.10).

6.5 Summary

In this chapter, general guidelines that can be used to specify the optimal amounts of

cross-coupling droop terms in the study MG system are derived. PSO algorithm is used

to obtain the optimum control parameters. The cost function is defined by combining

several performance indices which results in a multi-variable nonlinear problem. Impacts

of variations in the study MG size and lines characteristics (R/X-ratio and length) on the

optimal level of cross coupling have been investigated. Table 6.11 provides a summary of

the general rules that can be applied to the double-inverter MG system considered in this

dissertation for both modes of operation.

Table 6.11: Impacts of lines characteristics and MG size on optimal parameters (�i)

Scenario �i (Standalone) �i (Grid-connected)
Increase length of line between the

DG and the PCC (one or two of

them)

Both decrease
Both increase while the one whose

line length is increased changes less

Decrease lines R/X-ratio

Both unaffected for resistive lines

(R/X>1) and they both decrease for

inductive lines (R/X<1)

Both unaffected for resistive lines

(R/X>1) and they both increase for

inductive lines (R/X<1)

Increase rating of both DG units Both increase Both increase

Increase rating of one DG
Both increase while � of the other

DG being more affected

Both increase while � of the other

DG being more affected
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CHAPTER VII

SUMMARY AND CONCLUSION, AND FUTURE WORK

7.1 Summary and Conclusion

This dissertation presents a comprehensive study of the impacts of adding cross-coupling

droop terms on performance of power system with DERs. Different performance aspects

including stability, stability robustness, transmission power loss, voltage profile, and power

sharing in both modes of operation of an MG are investigated. The conclusions of this

study are as follows.

1. Adopting the conventional droop characteristics without cross-coupling terms, i.e.

(P; f) and (Q; V ), by the DG units in a grid-connected MG guarantees the highest

level of stability.

2. In a grid-connected MG, adding a small amount of cross-coupling terms can improve

the system efficiency (i.e. reduce the transmission losses) significantly (30%-60% in

our studies systems) without causing a noticeable degradation in stability.

3. In an isolated MG, adding a large portion of cross-coupling terms up to the extreme

point (� = 0�) will both improve system stability and efficiency.

If seamless and efficient operation in both standalone and grid-connected are desired,

it is recommended to include a mild amount of cross-coupling, i.e. 70� < � < 80� . This
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will offer a desirable trade-off between system stability (in both modes of operation) and

efficiency. For a continued operation in islanded MG or for a permanently isolated MG,

smaller values of � can be selected to improve both the stability and efficiency.

A study for further optimizing the trade-offs that are obtained is also presented. General

guidelines to set different levels of cross-coupling terms in the study system are introduced.

The conclusions of this study are as follows.

1. It is recommended to increase the amount of cross-coupling in the islanded MG and

to decrease it in the grid-connected MG if longer distribution lines are used. This

avoids stability issues.

2. The level of cross-coupling should be increased in the standalone MG and decreased

in the grid-connected system if the lines are more inductive. This avoids stability

issues.

3. It is recommended to decrease the amount of cross-coupling in the autonomous MG

as the size of the DG units increases. This will improve system efficiency without

compromising stability. However, in the grid-connected scenario, the level of cross-

coupling needs to be reduced as the MG size increases to avoid stability issues.
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7.2 Future Work

The future work to be completed is given as follows.

1. Simplify the mathematical model for islanded inverters. Develop a linear time-

invariant (LTI) model of the system whose control parameters can be designed opti-

mally.

Motivation: Our existing model is efficient for stability and sensitivity analysis.

However, due to large number of control and system parameters, it is desired to de-

rive an LTI model that can be used for optimal design. Identifying and formulating

simplifications to the existing Jacobian model to reduce the computational aspects in

a large MG can be the topic for a future work.

2. Apply to renewable-based DERs.

Motivation: In analyzing the impacts of cross-coupling droop terms on performance

of power systems that contain inverter-based resources in this dissertation, an ideal

(stiff) DC side is assumed for the inverters. In the renewable systems, two ap-

proaches may be considered to implement the droop characteristics: 1) without

adding a battery energy storage (BES) and 2) with the aid of a BES. In the first case,

the PV control system must be properly adjusted to implement the droop character-

istics, which necessarily implies a certain level of deloading. In the second case,

a deloading is not necessary or may be reduced. Establishing a trade-off between

the BES size and the level of deloading is a particularly interesting topic for future

research.
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3. BES-based distribution system stabilizer

Motivation: Increased integration of renewable energy resources such as PV and

wind energy can cause voltage and frequency fluctuations due to their intermittent

nature. Consequently, power quality degrades specially in weak grid conditions such

as an islanded microgrid. Battery energy storage (BES) systems are being considered

as a promising solution to alleviate these challenges. A BES system equipped with

the proposed droop characteristics can be used to improve the stability of an existing

distribution system as it is proved in this dissertation. Detailed study of this subject

is another topic of interest.
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APPENDIX A

SYSTEM DIAGRAMS AND SPECIFICATIONS
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A.1 Matlab Code

The m-file script that includes the parameters and dynamics of a two-DG MG is given

below.

function F = root2d(x) 

R1=1; R2=1;% the virtual resistance 

%---------------------------

Lf1=0.005; Lf2=0.005;% the L filter parameters 

%----------------------------

% the local loads 1 and 2 and common load parameters 

Rload1=108;Cload1=52e-6;Lload1=100e-3; 

Rload2=108;Cload2=52e-6;Lload2=100e-3; 

Rpcc=24;Cpcc=64e-6;Lpcc=50e-3; 

%---------------------------

% the transmission lines 1 and 2 parameters 

Rl1=2*0.642;Ll1=2*0.083/(2*pi*60);Rl2=0.642;Ll2=0.083/(2*pi*60); 

%---------------------------

% the controller parameters (iVSM) 

Vg=120*sqrt(2);S=2000;DeltaV=0.1*Vg;Deltaf=2; 

fnl=62;vnl=132*sqrt(2);kf=S/Deltaf;kv=S/DeltaV;L=0.005;alpha=100; 

R=2*alpha*L;w=2*pi*60;X=L*w;Z=sqrt(Rˆ2+Xˆ2);wc=2*pi*100;k=(1/3)*(R*Z/L); 

zeta=1;kw=kˆ2/(8*zetaˆ2*Vgˆ2);kq=k/Vg;kp=k/Vgˆ2;theta=45*pi/180; 

%--------------------------------

%Defining the state variables 

iod1=x(1);ioq1=x(2);ild1=x(3);ilq1=x(4);vod1=x(5);voq1=x(6); 

iline1d=x(7);iline1q=x(8);vd1=x(9);w1=x(10);Pref1=x(11);delta1=x(12); 

iod2=x(13);ioq2=x(14);ild2=x(15);ilq2=x(16);vod2=x(17);voq2=x(18); 

iline2d=x(19);iline2q=x(20);vd2=x(21);w2=x(22);Pref2=x(23); 

delta2=x(24);ildpcc=x(25);ilqpcc=x(26);vpccd=x(27);vpccq=x(28); 

%-------------------------------------------------------------

%Defining vq1 and vq2 in common frame 

vq1=0; vq2=-vd2*tan(delta2); 

%-------------------------------------------------------------

%Defining the derivatives of phi1 and phi2 

pphi1=w1+kp*(Pref1-1.5*(sin(theta)*(iod1*vd1+ioq1*vq1)-cos(theta)*... 

(iod1*vq1-ioq1*vd1))); 
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pphi2=w2+kp*(Pref2-1.5*(sin(theta)*(iod2*vd2+ioq2*vq2)-cos(theta)*... 

(iod2*vq2-ioq2*vd2))); 

%---------------------------------------------------------------------

%The dynamics of Inverter 1 

F(1)=1/Lf1*(vd1-vod1)-R1/Lf1*iod1+pphi1*ioq1; 

F(2)=1/Lf1*(vq1-voq1)-R1/Lf1*ioq1-pphi1*iod1; 

F(3)=1/Lload1*vod1+pphi1*ilq1;F(4)=1/Lload1*voq1-pphi1*ild1; 

F(5)=1/Cload1*(iod1-iline1d-ild1)-1/(Cload1*Rload1)*vod1+pphi1*voq1; 

F(6)=1/Cload1*(ioq1-iline1q-ilq1)-1/(Cload1*Rload1)*voq1-pphi1*vod1; 

F(7)=1/Ll1*(vod1-vpccd)-Rl1/Ll1*iline1d+pphi1*iline1q; 

F(8)=1/Ll1*(voq1-vpccq)-Rl1/Ll1*iline1q-pphi1*iline1d; 

F(9)=kq*(kv*(vnl-sqrt(vod1ˆ2+voq1ˆ2))-1.5*(cos(theta)*... 

(iod1*vd1+ioq1*vq1)+sin(theta)*(iod1*vq1-ioq1*vd1))); 

F(10)=kw*(Pref1-1.5*(sin(theta)*(iod1*vd1+ioq1*vq1)-cos(theta)*... 

(iod1*vq1-ioq1*vd1))); 

F(11)=wc*(kf*(fnl-w1/(2*pi))-Pref1);F(12)=0; 

%---------------------------------------------------------------------

%The dynamics of Inverter 2 

F(13)=1/Lf2*(vd2-vod2)-R2/Lf2*iod2+pphi1*ioq2; 

F(14)=1/Lf2*(vq2-voq2)-R2/Lf2*ioq2-pphi1*iod2; 

F(15)=1/Lload2*vod2+pphi1*ilq2;F(16)=1/Lload2*voq2-pphi1*ild2; 

F(17)=1/Cload2*(iod2-ild2-iline2d)-1/(Cload2*Rload2)*vod2+pphi1*voq2; 

F(18)=1/Cload2*(ioq2-ilq2-iline2q)-1/(Cload2*Rload2)*voq2-pphi1*vod2; 

F(19)=1/Ll2*(vod2-vpccd)-Rl2/Ll2*iline2d+pphi1*iline2q; 

F(20)=1/Ll2*(voq2-vpccq)-Rl2/Ll2*iline2q-pphi1*iline2d; 

F(21)=kq*(kv*(vnl-sqrt(vod2ˆ2+voq2ˆ2))-1.5*(cos(theta)*... 

(iod2*vd2+ioq2*vq2)+sin(theta)*(iod2*vq2-ioq2*vd2))); 

F(22)=kw*(Pref2-1.5*(sin(theta)*(iod2*vd2+ioq2*vq2)-cos(theta)*... 

(iod2*vq2-ioq2*vd2))); 

F(23)=wc*(kf*(fnl-w2/(2*pi))-Pref2);F(24)=pphi1-pphi2; 

%---------------------------------------------------------------------

%The common load dynamics 

F(25)=1/Lpcc*vpccd+pphi1*ilqpcc;F(26)=1/Lpcc*vpccq-pphi1*ildpcc; 

F(27)=1/Cpcc*(iline1d+iline2d-ildpcc)-1/(Cpcc*Rpcc)*vpccd+pphi1*vpccq; 

F(28)=1/Cpcc*(iline1q+iline2q-ilqpcc)-1/(Cpcc*Rpcc)*vpccq-pphi1*vpccd; 

end 
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The script of the Matlab function fsolve that finds the equilibrium point of the system

is given below.

fun = @(x)root2d(x);%call the function 

x0 = [7,-6,0.05,-5,170,1,2.5,2,177,390,270,0,6,-5,0.05,-4,170,1,3,2, ... 

177,377,350,0.1,0.1,5,170,5];%initial values of states 

[x fval] = fsolve(fun,x0,options)%solve for equilibrium point x 
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A.2 Study System Diagrams in RTDS and PSIM

The grid-connected MG schematic diagram and the iVSM controller block diagram in

RSCAD/Draft module are shown in Figs. A.1 and A.2, respectively. Real-time simulation

plots in RSCAD/RunTime module are illustrated in Fig. A.3.

Figure A.1: Circuit schematic of two-DG units MG in RSCAD - Grid-connected Mode
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Figure A.2: iVSM controller block diagram in RSCAD/Draft module
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Figure A.3: Simulation plots in RSCAD/RunTime module
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The islanded MG circuit diagram and the iVSM controller block diagram in PSIM

software are shown in Figs. A.4 and A.5, respectively.

Figure A.4: Circuit schematic of two-DG units MG in PSIM - Standalone Mode
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Figure A.5: iVSM controller block diagram in PSIM
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A.3 IEEE 13-Bus System

The complete line parameters of the IEEE 13-bus case study system are given below.

Table A.1: Line parameters

Line From To Length (km) R (
) L (mH)

L1 646 645 0.09144 0.0587 0.0201

L2 645 632 0.1524 0.0978 0.0336

L3 632 650 0.1524 0.0978 0.0336

L4 632 633 0.1524 0.0978 0.0336

L5 633 634 0.04572 0.0293 0.01

L6 632 671 0.6096 0.3913 0.1342

L7 611 684 0.09144 0.0587 0.0201

L8 684 652 0.24384 0.1565 0.0536

L9 684 671 0.09144 0.0587 0.0201

L10 671 680 0.3048 0.1956 0.0671

L11 671 692 0.09144 0.0587 0.0201

L12 692 675 0.1524 0.0978 0.0336
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The load details of the IEEE 13-bus case study system are provided below.

Table A.2: Load details

Node P (kW) Q (kVar) Node P (kW) Q (kVar)

646 2 1.5 652 3 2

645 3.5 2 680 4 3

634 2 3 675 1.25 1

671 2.5 1.5 650 10 8

611 1.5 1 692 6 5
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