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Abstract

This thesis presents autonomous droop-based control schemes to share power pro-
portionally in inverter-connected islanded microgrids; in which different microgrid
structures such as inductive (L-type), resistive (R-type), and resistive-inductive (RL-
type) are considered. The main aim of designing new controllers in this dissertation
is to distribute the load change among intermittent distributed generators according
to their power ratings.

A linearized model of microgrids is used to evaluate the change in powers (real-
reactive) of the distributed generators due to the load change, but it is noticed that
the linearized modeling of microgrids depends on the distribution line parameters.
Thus, proportional power sharing cannot be maintained. Improved droop-based
algorithms are developed to share power based on droop gains by including a voltage
control law; in which the reference values of the generator voltages are kept the same.

A compensation-based droop control is provided by adding a power offset to the
real power for balancing the inverter output power during the variation in the output
of distributed generation. A derivative term is also included in droop algorithms for
damping the oscillatory modes of the controllers so that improved dynamic perfor-
mance can be ensured.

This thesis contains eigenvalue analysis to predict the stability of microgrids.
However, it is anticipated that this method may not provide satisfactory results in
large inverter-dominated systems as it is based on the quasi-static approximation.
In order to overcome this shortcoming, an extended dynamic phasors analysis is
described in this dissertation in details to find out a suitable stability range of

droop gains for the proposed controllers.



Abstract ii

Finally, the performance of the designed droop-based power sharing controller is
verified on a multi photovoltaic source-based islanded test microgrid and superior
dynamic performance is obtained compared with the conventional RL-type droop

controller.
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Chapter 1

Introduction

1.1 Background

Presently, fossil fuels are the main source of energy. However, some environmental
concerns are raised by their use [1]. With a view to keeping the environment clean,
these fossil fuels are now being replaced by the renewable energy sources (RESs)
such as solar, wind, geothermal, hydro and so on. These renewable sources are
mostly available as distributed-generation (DG) units [2]. Compared to conventional
centralized generators, DG units are responsible for providing more reliable local
services in terms of voltage regulation, power quality, and power factor correction
[2]. In the present world, RES-based DG technology is gaining popularity to generate
electric power. This is because of the fact that a variety of dispersed energy can
be used here [3]. DG technology offers numerous technical, environmental, and
economical benefits [4] such as reliable and effective power supply with higher energy
efficiency, low transmission and distribution losses with flexible installation, less
environmental pollution, and low operating costs [5].

DG units, with energy storage and control devices, are generally connected to
the distributed load-side by means of dc/ac converters such as inverters [6], [7], and
the overall system is widely known as a microgrid (MG) [8], [9]. Modern inverters
are fast acting devices and power balance is obtained by them very quickly. Thus, it

is meaningful to implement them during the operation of microgrids [10]. Microgrids
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are becoming popular throughout the world nowadays as they are small-scale, self-
contained, medium/low-voltage electric power systems (EPS) [11]. They also ensure
the effective use of renewable energies with proper capital investments, reduction of
the system losses, maintenance of adequate power flow and voltage profile [12]-[14].
There are two modes of operations in microgrids: grid-connected and islanded [15].
The standalone mode of operation is more challenging as the power flow and the
voltage profile are maintained locally with proper voltage and frequency control [16].
In this dissertation, islanded microgrids are modeled as parallel inverter-interfaced
networks integrated with renewable generation, i.e., PV, and connected to a shared
load.

However, the available inverter-connected microgrids do not have the rotating
inertia [16] and they cannot distribute power among DG units during frequent load
change, which is a very common phenomenon in islanded microgrids [17]. Hence,
the planning and the operation of electrical networks are affected [18]. Their per-
formance can further be deteriorated by the co-existence of multiple DG units [19].
Moreover, automatic power sharing among parallel-operated inverters may not be
possible without accurate control strategies [20]. In general, microgrids are con-
trollable networks [21]. In recent times, various control approaches (mostly local
independent control strategies [22]) have been developed with or without the help
of communication [23], [24] for the desired operation of microgrids [25]. Centralized
control of microgrids, based on communication, has been reported in [26], but in
some cases it has been shown to be impractical in remote areas with long distance
connection among inverters. The distribution of dynamic signals characterized by
high-bandwidth is also expensive [26]. In addition, this control scheme might be
affected by the reliability issues in few circumstances due to lack of clear commu-

nication [27]. A signal injection-based load sharing mechanism is investigated in
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[27], but the complexity of signal injection has made this method far from being
practical. On account of these reasons, decentralized or automatic control strategies

are utilized by the microgrid operators [28].

1.2 Literature Review on Droop-based Control

A well-established primary level of hierarchical control scheme for inverter-based
microgrids is droop-based control [29], [30], which emulates the characteristic of
synchronous machines [28] and protects the system from instability without the
need for any communication [31]. Forward droop control (FDC) is so described that
the reactive power depends on the voltage magnitude, whereas the real power is
controlled by the frequency [32]-[35]. Within an interconnected microgrid, inverters
and loads are certainly designed to operate at a rated frequency. However, frequency
droop causes the frequency to change from its nominal value, resulting in frequency
imbalance. Consequently, another controller needs to be implemented for bringing
the frequency back to its rated value. This drawback can be eliminated by repre-
senting frequency droop control as a rate-of-change of angle droop control [36]. In
simulation modeling, most droop controllers are designed by assuming instantaneous
change in the output power of DG units owing to the change in the renewable gen-
eration, but in reality this cannot be guaranteed rather a delay is noticed [37]-[39].
In order to eradicate this problem, a buffer (such as capacitor) can be used in the
modeling to supply or absorb the difference in the inverter output power and the
generated power. However, this process may not be fruitful if the buffer fails to
operate swiftly. Thus, existing droop control should be modified to cope with the
change in the renewable generation.

Although a derivative term is included in conventional FDC to control the start-

up transients in [40]-[43], the classical P/d and Q/V droop controllers are designed
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only for inductive (L-type) distribution line-based microgrids. Hence, they perform
poorly in low-voltage (LV) microgrids dominated by the resistances [44]. A virtual
output inductance-based control method has been used in [40], [45] to overcome the
effect of high resistance on the performance of microgrids, but it does not work well
in plug-and-play feature-based systems where DG units and loads are connected at
any points without any error [46]. In [46], an improved control scheme is given but
it requires fast communication and is proved to be expensive as well [47]. Another
control scheme, known as robust servo-mechanism, is proposed in [48]. However, it
cannot operate in a system; in which there exists more than one DG units. This is
because of the inapplicability of the control algorithms in multi-source systems. To
address the above limitations, P/V and @Q/é droop controllers are studied in [34],
[44], [49]. Although this control approach shows excellent performance in highly-
resistive (R-type) microgrids, it cannot stabilize inductive microgrids. As a result,
two different droop algorithms are required depending on the microgrid structures
that may be inconvenient for microgrid operators [50]. In order to ensure a gen-
eralized islanded microgrid control, the authors in [43], [50]-[52] proposed a more
realistic droop-based control that can operate both in resistive and inductive (RL-
type) microgrids and can provide a simultaneous control in system’s voltage and
frequency. However, power sharing quality of these controllers needs to be verified.

Effective power sharing is an important reason for which microgrids are controlled
[28]. This is because when the load changes from its initial condition, the change
has to be divided among DG units according to their capacity. In droop-controlled
inductive microgrids, the real power can be shared proportionally based on the rate-
of-change of voltage phase angle [28], [36], [53], but proportional reactive power
sharing based on the terminal voltage is not possible [54]. That is why; a linearized

model-based reactive power sharing strategy is used in [28], [36], [37], [53]. In
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linearized model-based microgrid power sharing, the change in the power of DG
units is calculated (caused by the load change) [36]. However, it is found that the
linearized modeling of microgrids relies on the distribution line parameters. Thus,
proportional power sharing cannot be ensured after the change in the load [55], [56].
Proportional power sharing is recommended in microgrids because it enables DG
units to supply power to the load based on their power ratings [36]. A hierarchical
droop control with proportional power sharing feature is presented in [57], [58], but
this approach needs a sequence of synchronization events though communication
network, which increases the complexity of the system. Integral argument-based
power sharing strategy of microgrids is provided in [54]. However, the applicability
of this method in different types of microgrids is not clear. Moreover, it is required
to fix a suitable droop gain selection procedure for this method.

It is worth noting that proper gain selection of droop-based controllers is neces-
sary for maintaining the system stability and ensuring expected power sharing. In
literatures [46], [59]-[62], the complete small-signal model of microgrids is developed
with a view to predicting the system response during the change in parameters.
Although this analysis is helpful to predict the system stability and dynamics, more
computational efforts are required in large inverter-dominated systems [63]. Fur-
thermore, on account of the quasi-static nature of small-signal analysis [64], the
dynamics of the power network elements are neglected [65]. This method is ap-
propriate for slow-acting inverters but provides questionable results in the presence
of inverters with low-inertia and fast-acting qualities. Moreover, this model is no
longer useful when it is required to consider high-gain values [66]. As a consequence,
dynamic phasors modeling (DPM) is proposed in [64]-[67] to select the control pa-

rameters. Dynamic phasors are time-varying phasors. They consider the dynamics



Section 1.3 Motivations for Current Research 6

of the power network circuit elements to predict the transient response and to deter-

mine the stability limits accurately [64], [68]. The method by which they are used

is known as dynamic phasors modeling (DPM) [67], [68]. However, the challenging

task is to include droop-based control algorithms with this method with a view to

determining the precise stability margins for various microgrid controllers.

1.3

Motivations for Current Research

e The available droop-based controllers cannot guarantee proportional reactive

1.4

power sharing in inductive microgrids, proportional real power sharing in re-
sistive microgrids, and proportional real-reactive power sharing in inductive-
resistive microgrids. Proportional power sharing is recommended to distribute
the change in the load and in the renewable generation among distributed
generators based on their power ratings. Hence, it is essential to develop new
types of droop-based algorithms in order to ensure proportional power sharing
in all types of microgrids.

The challenging task is to extend the existing dynamic phasors modeling by
including the droop-based control algorithms with it so that the control pa-

rameters can be determined.

Underlying Research Questions

How the algorithms of the conventional droop-based controllers can be modi-
fied to ensure proportional power sharing in different types of microgrids?
How droop-based control algorithms can be included with the existing dynamic

phasors models to determine the control parameters?
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1.5 Thesis Contributions

e New types of droop-based control algorithms are developed to share power
proportionally in different types of microgrids such as inductive, resistive, and
inductive-resistive microgrids. The focus of this research is proportional power
sharing so that the change in the load among distributed generators can be
distributed depending on their power ratings. The controllers are designed by
including a voltage control law in droop-based control algorithms. In steady-
state the developed control algorithms guarantee that the power is shared
inversely proportional to the droop gains (Provided in Chapter 2).

e A compensation-based droop controller is designed to balance the inverter
output power during the change in the renewable generation. Power balance
is ensured by adding a power offset to the real power output and this power
offset is expressed as a function of the variation in the renewable generation
(Provided in Chapter 2).

e The existing dynamic phasors modeling is extended by including the developed
control algorithms with it. The characteristic equations of the closed-loop sys-
tems are calculated and then the stability margins for the designed controllers
are determined (Provided in Chapter 3).

e A new type of droop-based control algorithm is developed for Photovoltaic
(PV) systems that can share power proportionally during the load change and

also can balance power if PV generation varies (Provided in Chapter 4).

1.6 Thesis Outline

This thesis begins with an introduction of decentralized control algorithms for pro-
portional power sharing in islanded microgrids in Chapter 2. These algorithms are

proposed for different microgrid structures such as L-type, R-type, and generalized
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(RL-type), and are developed to distribute the change in the load among parallel
inverter-connected DG units based on their capacity without any communication.
Algorithms are also improved to ensure well-damped system responses and to pro-
vide protection against the change in the dc-bus voltage.

In Chapter 3, the gain selection methodologies of the proposed controllers are
provided. The linear modal analysis is carried out due to the fact of obtaining con-
trol gains. Successive approximation is done to get the eigenvalues by ensuring that
no values have got any positive real parts. However, the dynamics of the power
circuit elements are ignored in linear modal approach. For this reason, there exists
an anticipation of evaluating the accurate stability limit in power electronics-based
large microgrids. Therefore, this chapter also describes a more feasible gain selec-
tion method, known as dynamic phasors modeling, to overcome the shortcomings
of eigenvalue analysis in determining the range of the control parameters for the
designed controllers.

Chapter 4 contains the combined algorithms of the proposed droop-based power
sharing controller and the performance of this controller is evaluated on a photo-
voltaic (PV)-based islanded microgrid by means of MATLAB simulation. Diverse
case studies are considered such as the load change in R-type, L-type, and RL-type
microgrids, and the variation in the PV generation. In all cases, the performance of
the designed controller is compared with the existing RL-type droop controller and
the simulation results show that the proposed control scheme is more accurate than
the conventional one in terms of damping aspect.

Conclusions and directions for further research are given in Chapter 5.
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The results, obtained from the research carried out in this thesis, have been pub-
lished in different referred international conference proceedings and journals (some
are accepted or submitted). A list of these publications are presented at the begin-

ning of this dissertation.



Chapter 2

Decentralized Control for Proportional

Power Sharing in Islanded Microgrids

2.1 Chapter Purposes

This chapter develops a compensation-based droop control algorithm to distribute
the change in the load and in the renewable generation proportionally. A deriva-
tive droop control is provided to ensure well-damped dynamic performance of the
DG units. A current-based droop control scheme is proposed to protect the micro-
grid against short-circuit phenomenon that may occur at the distributed lines. A
linearized model-based power sharing analysis is described to share real power in
resistive (R-type) microgrids, reactive power in inductive (L-type) microgrids, and
real-reactive powers in inductive-resistive (RL-type) microgrids. Finally, new types
of droop-based controllers are designed to share power proportionally among DG
units based on droop gains only (without relying on the distribution line parame-

ters).

2.2 Literature Review

Droop-based control schemes emulate the characteristic of synchronous machines
[28] and operate without communication [31]. Forward droop control (FDC) is a
popular control method for L-type microgrids; in which frequency is varied depend-
ing on the change in the real power [32]-[35]. Since frequency has to be at its

rated value, an additional controller is required to use for frequency adjustment. In

10
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[36], it is reported that modern inverters can change the phase angle of the output
voltage. That is why; frequency droop control is illustrated by the rate-of-change
of voltage angle droop control. Modified FDC algorithms is provided in [36], [55],
[56] to distribute the change in the reactive power, due to the load change, among
inverter-connected DG units based on their power ratings. However, the change in
the renewable generation is neglected in most literatures of droop control [37]. A
feedback control strategy is introduced in this chapter which enhances the feasibility
of FDC in microgrids if either load or renewable generation varies.

It is shown in [44] that forward droop control lacks accuracy in highly-resistive
microgrids, and reverse droop control (RDC) is presented by the authors in [34],
[49]. With reverse droop control method, reactive power can be shared easily but
real power sharing is complicated. For this reason, linearized model-based real power
sharing approach is demonstrated in this chapter. However, this strategy depends
on the distribution line parameters. Therefore, an improved reverse droop control
control algorithm is also developed for proportional real power sharing.

As RDC is inapplicable to L-type microgrids [50], a more realistic control scheme
regarded as generalized droop control (GDC) is proposed in [43], [51], [52]. GDC
can operate in any types of microgrids. However, power sharing with this control
approach is very complicated. This chapter discusses how GDC can be used to
share power via linearized model analysis of microgrids. Because of the constraint
of linearized model method, improved GDC is also proposed to share real-reactive

power proportionally among inverter-interfaced DG units.

2.3 Chapter Outline

The rest of the chapter is structured as follows: Section 2.4 derives power-flow

equations for the microgrid system. Section 2.5 contains the existing droop-based
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control algorithms with modifications. In Section 2.6, power sharing features of the
existing controllers are given. New types of droop-based controllers are proposed for

proportional power sharing in Section 2.7. Section 2.8 outlines the chapter summary.

Figure 2.1. Basic single-line diagram of a simple microgrid.

2.4 Microgrid Power-flow Equations

Majority of renewable sources are connected to microgrids by means of voltage-
source converter (VSC) such as inverters. Inverter-interfaced renewable generation
can be modeled as a voltage-source; in which the voltage magnitude and phase angle
are controlled [36]. Fig. 2.2 shows a two voltage-source microgrid with one load.
Analysis of a two-source microgirds is enough to understand the basic operation
a microgrid and its research problems. In this figure, distributed generator bus is
denoted by i-bus where 7 stands for the ith generator and load is connected at L-bus.
The voltage magnitude and phase angle of sources and the load are represented by
V:/6; and V' /& respectively.

The apparent power (S) flowing from sources to the load is [51]:

S; =P +jQi=Vil; = V(——=—)" (2.1)
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where, V; = V;£6,, V' = V' 28, and Z; = Z /¢ (¢;=line impedance angle).

Let assume, §; = 0 and § = —AJ;.

Eqn. (2.1) can be written as:

’

2 /! LjAS; 2 :
Vi ViVier™ Vi e _ ViV ieiras)

Si= P +7jQi = Zie—i%i  Z,e—idi Zi Zi

From Euler’s formula, real power (P) and reactive power (Q):

vz v,V
Pi= - costi——
1% A%

Qi = ZZZ sin ¢; — 7

cos(g; + Ad;)

!

(2.2)

(2.3)

(2.4)

Let consider, line impedance (Z;)=line resistance (R;)+j X line reactance (X;),

cos(¢p; + Ad;) = cos ¢; cos Ad; — sin ¢; sin Ad;,
sin(¢; + Ad;) = sin ¢; cos Ad; + cos ¢; sin AJ;.
Therefore, Eqns. (2.3) and (2.4) become:

Vi
P=——
R? + X?

Vi
Q"—RZ?JFXZ?

(R;V; — R,V cos AS; + X,V sin A6;)

(X;V; — X;V' cos AS; — R,V sin A6;)

3
I

R
I I

V3§

+
V£, I L/e, 7
L

+
L,/ 921 V,/6,

Figure 2.2. Single-line diagram of a two-source microgrid.

(2.5)

(2.6)

The relation between bus currents and bus voltages in the microgrid is [36, 37

YIous Vbus - Ibus

(2.7)
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z 0 -7
_ 1 1
Ybus - 0 Z_2 _Z_2 (28)

V140, 1, /6,

‘/bus - ‘/2452 ) [bus = 12492 (29)
V3405 13/04

Let, the distribution line parameters are: Z; = j0.25 pu, and Z5 = j0.05 pu.

Load-flow analysis is carried out to determine the initial set values of different

bus parameters. It is assumed that bus-1 is a generator bus, bus-2 is a slack or
reference bus, and bus-3 is a load bus. Considered initial set values: P = 0.5 pu,
VP =1pu, V@ =1pu, & = 0° and load resistor, Z2=1 pu.
Load-flow solution gives the initial set values of 6;,V3, and d3; these are: 69 = 5.7663°,
VP = 0.9984 pu, 6 = —1.4258°. Using Eqn. (2.7), I = 0.5014 pu, 6 = 1.4544°, I
= 0.4983 pu, 09 = —4.3241°, P) = 0.4969 pu, Py = PgL = 0.9969 pu, Q! = 0.0377
pu, and QY = 0.0376 pu (¢;=current phase angle).

In order to see the impact of load change, the load impedance, Zy,, is changed
from 1 pu to 0.5 pu. It is assumed that the voltage magnitudes and the phase
angles of voltage-sources are at the pre-changed values. From these values, the real
power and the reactive power provided by the voltage-sources are: P; = 0.6616 pu,
P, =1.3190 pu, @, = 0.0740 pu, and Q)5 = 0.1247 pu.

Now, AP,=P;-P)=0.1616 pu and AP,=P,-P{=0.8221 pu; from these values it is
noticed that the two voltage-sources are unable to share the extra load evenly. For
sound operation of microgrids, it is recommended to divide the extra load among

DG units in accordance with their ratings [36].
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Therefore, a method is required for maintaining this automatic load distribution

and droop-based control strategies are deployed in this chapter.

2.5 Existing Droop-based Control Algorithms

In this section, various microgrid control algorithms are introduced with a view
to ascertaining system stability under diverse microgrid structures. For example,
forward droop control (FDC) for inductive (L-type) microgrids is discussed in Sub-
section 2.5.1. The following sub-section contains reverse droop control (RDC) for
resistive (R-type) microgrids, and Sub-section 2.5.3 provides generalized droop con-

trol (GDC) for inductive-resistive (RL-type) microgrids.

2.5.1 Forward Droop Control (FDC) Algorithm with Modifications

This sub-section presents droop control scheme for L-type microgrids (Z; = j0.25
pu, and Z, = j0.05 pu). The voltage phase angle in distributed generation can be
changed based on a control law, and this strategy can be regarded as a droop [36,
55]. For instance, voltage phase angle is increased if DG-units supply less than the
connected load and vice-verse.

Let the change in phase angles, AJ;, is small such that sin Ad; =~ Ad; and cos Ad; =~ 1.
Eqns. (2.5) and (2.6) then become:

X,P,
Ay = = 2.10
A (2.10)
' XiQ;
ViV =AV, = < (2.11)

Vi
Motivated by these relations, the droop equations can be written as [36], [37], [53],
[68], [69] (2 = 1,2):

Ab; = —kg (P, — P?) (2.12)

(2
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where, subscript m stands for measured values, §; represents the phase angle of
inverter-connected DG sources, and AV, denotes the voltage difference between the
instant voltage and the initial voltage. P and QY are reference active and reactive
powers. P, and (); indicate instant real and reactive powers. P, and @y, are
measured powers. Besides, ks, and k,, are the control parameters. In this chapter,
the control gain values chosen for simulation are: ky, =1, kg, = 5, ky, = 0.001, and
ky, = 0.005. The selection procedures of control gains are provided in Chapter 3.

Let assume that measurement sensors of real-reactive powers possess a first-order

dynamics and their transfer functions can be expressed as [36] (i = 1,2):

Pmi(s) o Wt . Qmi(s) o wg
Pi(s)  s+ws Qi(s) s+ w

(2.14)

where, wy is the time constant whose value is defined as 12 rad s .

Measured
VSC | Output
VO
+ -k,
v + AV
|
50
+ 5 -ky
A
0 + /s k |

Figure 2.3. Schematic block diagram of FDC.

Fig. 2.3 shows the droop control strategy; in which if the load changes, the
variation between original load and measured load is multiplied by the droop gains

and the controller controls it in a way that angle difference, voltages, real powers
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and reactive powers of the system remain stable. The droop control equations are

denoted in this diagram by means of summations and gains.

5 2Angle Difference between DG-1 and DG-2 1Terminal Voltages of DG-1 and DG-2
=
= 09998 |
>
o0 0.9996 :
§ 1 1.6 2.2
o By Time (s)
< ! '
£)
= 0.9992 \/
>
4 : 0.9984 :
1 1.6 22 1 1.6 2.2
Time (s) Time (s)
(a) Angle Difference. (b) Voltages.

Figure 2.4. L-type microgrids- angle difference and voltages by FDC.

Let consider, there is a 50 percent reduction in the load impedance at 1 second.
It increases active power and droop control decreases the rate-of-change of phase
angle of both DG sources to significant amounts. As a result, the angle difference of
the islanded microgrid increases. Since it is of fixed value (17.3010"), as seen from
Fig. 2.4(a), the rate-of-change of angles (frequencies) are the same and a stable
operation is maintained throughout the system. Fig. 2.4(b) depicts the terminal
voltages of DG units. Their values decrease from initial value of 1 pu due to the

reduction in the load impedance.

2.5.1.1 Developed Compensation-based FDC Algorithm

The traditional droop control strategy is modified in this thesis and represented as
droop control with compensation. This is because of ascertaining the balance in the
real power output of the microgrid by changing it according to the change in the
dc-bus voltage of the power sources (Vg ). For this purpose, power offset (added

to the output real power) is expressed as a function of the variation in the de-link
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voltage [37]-[39]. The proposed droop equations are (i = 1,2):

(2

A(SZ = _kfi(Pmi + Pfgci - Po)a AV; = _kVi<Qmi - Q?) (2'16)

where, P is the offset power. VJ and Vi, are initial and actual values of the
renewable generation. Proportional control keeps (V(fcl. — Vae,) to a constant. The

value of dc control gain, kq,, is selected 1 for simulation in this dissertation.

Ve Measured
VSC | Output

Vi + (2 i> Feedback
Control

Figure 2.5. Schematic block diagram of FDC with compensation.

In Fig. 2.5, a feedback controller is added with the existing droop controller in
order to control the voltage magnitude and the phase angle of a dc/ac converter-
interfaced voltage-source (connected in an islanded microgrid) when either renewable
generation, load or both vary.

Let assume a situation where a sudden change occurs in the generation of dc
micro-sources. Consequently, Vy., changes from its set value of 1 pu. Now, the

proposed feedback control strategy changes the output power of the microgrid in



Section 2.5 Existing Droop-based Control Algorithms 19

accordance with the change in Vj.,. This will allow the microgrid to obtain a natural

balancing.
Angle Difference between DG-1 and DG-2 Terminal Voltages of DG-1 and DG-2
5.767 T 1.0000002 T
B
~— 10000001 |
>
% 1 :
2 1 1.6 22
o T30t T Time (s)
- 1.000001
o
Z
-, 1.0000005
>
5.751 : 1 -
1 1.6 2.2 1 1.6 2.2
Time (s) Time (s)
(a) Angle Difference. (b) Voltages.

Figure 2.6. L-type microgrids- angle difference and voltages by FDC with compensation.

When there is a sudden reduction (say 10 percent) in the dc generation at 1
second, transients are found in the wave-shapes of angle difference and voltages of
L-type microgrids. The designed control returns the system to a steady-state within
2 seconds that can be noticed from Fig. 2.6(a) and Fig. 2.6(b), indicating stable

operation after transients.

2.5.1.2 Derivative FDC Algorithm

A derivative term is added in conventional droop equations to improve the controller
performance. Derivative term ensures that a sudden load demand will be picked by
the DG units at a same rate. Thus, the rate-of-change in output power of DG

units can be restricted [40]-[43]. The derivative droop control (DDC) equations are

(i=1,2):
. dP,, — P?
A8, = by (P, — ) — b (20 (217
d m; ?
A‘/z = _kvi<Qmi - Q?) - kvdz<u) (218)

dt
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where, ki, and kyq, are derivative gains whose values are chosen as follows: kg, =
0.1, kg, = 0.5, kyq, = 0.1, and kyq, = 0.5.

In Fig. 2.7, the operation of the proposed derivative droop controller is demon-
strated. The controller works like a droop such that if the measured active power
is greater than the initial reference value, it decreases the phase angle. Similarly,
voltage is decreased when the measured reactive power is more than the initial ref-
erence value. Derivative terms maintain well-damped responses of angle difference,

voltages, and powers within the L-type microgrid.

Measured

VSC | Output

-k,

Figure 2.7. Schematic block diagram of DDC.

The designed controller is able to keep the angle difference between two DG
units at a constant value, which can be seen from Fig. 2.8(a). Consequently, the
rate-of-change of angles (frequencies) are equal and the system is stable. Fig. 2.8(b)
represents the responses of terminal voltages at buses-1 and 2. The steady-state

values of them are achieved within 4 seconds. All these figures highlight the utility
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of the derivative droop controller in providing well-damped dynamic performance

for each DG units.

17Angle Difference between DG-1 and DG-2 | Terminal Voltages of DG-1 and DG-2
B
~ 0.985 1
>
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) 1 2.5 4
o Iy Time (s)
o 1 '
B
=, 0.97 1
>
5 : 0.94 :
1 2.5 4 1 2.5 4
Time (s) Time (s)
(a) Angle Difference. (b) Voltages.

Figure 2.8. L-type microgrids- angle difference and voltages by DDC.

2.5.1.3 Developed Current-based FDC Algorithm

When a short-circuit occurs at the distribution lines, the droop Eqns. (2.12) and
(2.13) would cause infinitely high currents. To avoid this situation and to control
the currents of DG units, current-based droop control is proposed in this thesis.

Since the currents of DG units can be expressed by the ratio of power and voltage,

Eqns. (2.10) and (2.11) can be modified as (i = 1, 2):

AS; = X1, (2.19)

V-V = AV, = Xi1,, (2.20)

where, I, and I, are real and reactive currents of DG units (i = 1,2). Current-

based droop control equations can be derived as (i = 1, 2):

pn)i

- 1) (2.21)

AV; =~k (I, —13) (2.22)
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where, ]g and IS, are reference active and reactive currents, and I, and I, are
k2 T 1 1

measured currents.

The current-based controller ensures stable responses of both real and reactive cur-

rent components of two DG units. Their responses are simulated in Fig. 2.9.

Output Currents of DG-1 Output Currents of DG-2

1.5 1.4
= £)
g2 & oof
o HQN
0.5 . 0.4 -
1 1.6 2.2 1 1.6 2.2
Time (s) Time (s)
0.4 T 0.26 T
z z
S 02t 1 & 09t
»—45" —7
0 : 0.12 :
1 1.6 2.2 1 1.6 2.2
Time (s) Time (s)
(a) Currents (DG-1). (b) Currents (DG-2).

Figure 2.9. L-type microgrids- real and reactive currents.

80(&)Angle Difference between DG-1 and DG-2 Terminal Voltages of DG-1 and DG-2

1.002
E
= 0998} ]
>
5 0.994 :
3 1 1.6 22
o 400 Time (s)
'~ 1.03 T
o
B
~ 101y 1
(]
>
0 - 0.99 -
1 1.6 2.2 1 1.6 2.2
Time (s) Time (s)
(a) Angle Difference. (b) Voltages.

Figure 2.10. R-type microgrids- angle difference and voltages by FDC.

2.5.1.4 FDC Algorithm in R-type Microgrids

In this sub-section, the FDC algorithm is applied on highly-resistive (R-type) mi-

crogrids to see its feasibility in this kind of microgrids; in which the distribution line
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impedances are considered as: Z; = 0.25 pu, and Zy =0.05 pu (inductive elements
are neglected).
However, it is observed from Fig. 2.10 that this algorithm cannot ensure the

system stability due to the high resistances of the distribution lines.

2.5.2 Reverse Droop Control (RDC) Algorithm

The perception of reverse droop control (RDC) arises for ensuring reliable and stable
operation of R-type microgrids. For highly-resistive microgrids, R; >> X;. This
means that X; can be ignored as it is smaller than R; [52]. If the change in phase
angles (Ad;) is small, then sin Ad; ~ Ad; and cos Ad; ~ 1. Equs. (2.5) and (2.6)

can now be reduced as (i = 1,2):

RiQi
% (2:23)
: PR;
Vi-V =AV, = f (2.24)

Eqns. (2.23) and (2.24) show a strong linkage between the reactive power and the
phase angle of the inverter-interfaced DG units, as well as between the real power

and the voltage magnitude of DG units. Thus, the proposed reverse droop equations

are [41], [44] (i = 1,2):

AG; = ki, (Qu, — Q) (2.25)

AV; = —ky,(Pn, — P)) (2.26)

2 7

The operation of the proposed control is illustrated in Fig. 2.11. When the load
changes from a fixed value, the controller starts operating to share powers between

two DG units. It controls the voltage of a VSC-connected R-type microgrid by
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multiplying the change in the real power with k,, while the voltage phase angle is

controlled by the change in the reactive power multiplied by k.

Measured
VSC | Output
VO
+ -k,
A% +AV
|
60
ts -ky
S5 A
+ 1/s FL |

Figure 2.11. Schematic block diagram of RDC.
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Figure 2.12. R-type microgrids- angle difference and voltages by RDC.

The main objective of P/V droop control is to ascertain the stability in low-
voltage (LV) microgrids with the maintenance of power balance during load vari-

ations. It is seen from Fig. 2.12(a) that the implementation of RDC (when the
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load impedance changes from 1 pu to 0.5j pu) causes the microgrid angle difference
to approach a constant value of 1.695°, hence maintaining a stable operation. The
responses of the terminal voltages of DG units are shown in Fig. 2.12(b). The

steady-state values for them are obtained within 1 second of controller operation.

RDC Algorithm in L-type Microgrids

As is observed from Fig. 2.13 that RDC performs poorly in L-type microgrids,
although it provides satisfactory results in highly-resistive networks. This feature
of RDC urges the necessity of implementing two various types of control algorithms
depending upon the particular structure of microgrids. With a view to ensuring
generalized microgrid (L-type, R-type, and RL-type) control, a generalized droop

control (GDC) is presented in Sub-section 2.5.3.

Angle Difference between DG-1 and DG-2 Terminal Voltages of DG-1 and DG-2
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Time (s) Time (s)
(a) Angle Difference. (b) Voltages.

Figure 2.13. L-type microgrids- angle difference and voltages by RDC.

2.5.3 Generalized Droop Control (GDC) Algorithm

This sub-section describes GDC strategy, which has the feature of controlling both
resistive and inductive islanded microgrids. As a consequence, this control scheme
is more effective. Let derive GDC equations. If the change in phase angles, AJ;, is

small. That means sin Ad; ~ AJ; and cos Ad; ~ 1. Eqns. (2.5) and (2.6) become:
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Vi

P = R2+X2[RV RV + X;V'AS] (2.27)
Vi ,
Qi = m[x Vi — X,V'AS — RV AG) (2.28)

Eqns. (2.27) and (2.28) show that not only the real power but also the reactive
power depend on the distribution line parameters, the voltage magnitude, and the
phase angle. According to these relations, the generalized droop equations can be

expressed as [50] (i = 1,2):

. X;
Ad; = =kt (P = PY) + by (Quy — QY) (2.29)
: ||
. RZ 0 ’l 0

where, R;, X;, and Z; are distribution line resistances, inductances and impedances;
in which |Z;| = /R? + X?.
Real power and reactive power measurement sensors are believed to have a first-order

dynamics and their transfer functions are [46] (i = 1, 2):

Prlnl(s) o We ) Q;nl(s) B Wy
Pl(s)  s+uw’ Qs) s+uw (2.31)

’ o X X
Where7 Pm- - m m; \Z ‘lea Qm |ZZ|P + ﬁ@mw

P, = 4P — 77Qi, Q= 5P+ 5@

The overall control operation is shown in Fig. 2.14, which reveals that the

controller operates as a droop and adjusts both the voltage magnitude and the rate-
of-change of voltage angle when the load value changes from its reference one. In

the diagram, ky = k ko —k;vl ks = ky, |Z‘,and ka = kf |Z|

R;
Vi |Z;)? |Z |’

The system parameters with this control approach are: Z; = 0.25+j0.25 pu, and Z,
= 0.05+j0.05 pu.
Let there is a 50 percent change in the load impedance (0.5 pu) at 1 second.

Fig. 2.15(a) depicts that the angle difference increases to 21.2024° after slight initial



Section 2.6 Power Sharing with Existing Controllers 27

oscillations due to the sensor dynamics. The voltages of DG-buses are also decreased

because of reducing the load impedance. This can be noticed from Fig. 2.15(b).

Measured
VSC | Output
V0 |
+ 'k1 + Pm .
\% + AV + - P
G 3 N
+
50
-k;
) +40  —— +
1/s <}
-k,

Figure 2.14. Schematic block diagram of GDC.
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Figure 2.15. RL-type microgrids- angle difference and voltages by GDC.

2.6 Power Sharing with Existing Controllers

Power sharing qualities of conventional droop-based algorithms are discussed in this

section. Linearized model-based power sharing approaches are also provided, where
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proportional power sharing is not possible.

2.6.1 Power Sharing based on FDC Algorithm

This sub-section deals with the real-reactive power sharing capability of forward
droop-based controllers. It has been found that the reactive power sharing with

FDC is complicated.

2.6.1.1 Real Power Sharing
For stable operation of microgrids, frequencies of each inverter output should be the
same, i.e., 6, = 0, [36].

Define AP; = B,,, — P? (i = 1,2); and from Eqn. (2.12),

k
AP, = k—fQAPQ —5APy [k =1, kg, = 5) (2.32)
f1

The steady-state values of real power of both the inverter-connected voltage-
sources are: P=1.3017 pu, and 2=0.6567 pu. Now, AP,=P;-P=0.8017 pu and
A Py=P,-P)=0.1598 pu, giving AP, = 5AP,. This indicates that the control analysis

resembles the stability criteria and the real power is shared at real-droop gain ratio.

2.6.1.2 Reactive Power Sharing

If AV} = AV,, from Eqn. (2.13),
AQ = %AQQ =5AQ [ky, =0.001, ky, = 0.005] (2.33)
Vi
The steady-state reactive powers are: ()1=0.2611 pu, and ()2=0.2034 pu. There-
fore, AQ1=0Q,-Q%=0.2234 pu and AQ>=Q,-Q9=0.1658 pu. However, it is noticed
that FDC cannot share reactive power in accordance with the reactive power ratings
of DG units.
Fig. 2.16 shows how real powers are shared between two DG units by FDC

methodology.
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Figure 2.16. L-type microgrids- real powers by FDC.

2.6.1.3 Linearized Model-based Reactive Power Sharing
In order to share the reactive power accurately, a linearized model-based analysis is
provided in [36], [37]; in which the change in reactive powers is evaluated after the
load change so that the sharing ratio can be obtained.

The reactive power-flow of a 3-bus microgrid, demonstrated in Fig. 2.2, can be
expressed as (1 = 1,2,3; j #1) [37]:

3
Q; = Z ViVi(Gyj sind;; — Bi; cos d;j) (2.34)

J=1
where, GG;; and B;; are the line conductance and susceptance respectively.

For negligible Gj;, it can be written as (i = 1,2):
Qz‘ = —‘/l‘/?)Bzg COS 51'3 — V;ZB“ (235)

Let the reactive power at node-3 of Fig. 2.2 changes owing to the load change, and

reactive powers at node-1 and node-2 become:

AQl = klelefgoBlg COS 5?3—‘/10|A‘/3‘Blg COS 5?34-‘/10‘/30313 sin 5?3+2kv1AQ1‘/10311
(2.36)
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AQQ = kvaQQ‘/BOBQ3 COS (533—‘/20|A‘/3|323 COS (5(2)3+‘/20‘/30B23 sin 533+2kV2AQ2‘/20322

(2.37)
The simplified forms of Eqns. (2.36) and (2.37) are:
AQl _ —‘/10|A‘/3|B(1)3 COS 5?3 —[{)— ‘/10‘/;303130 sin (5?3 (238)
1— kv1‘/3 Blg COS 513 — 2]{3\,1‘/1 BH
AQQ _ —‘/20|A‘/3|ng COS 583 + ‘/'20%0323 sin 583 (239)

11— kVQVEJ)OBQg COS 5(2)3 - 2k5v2 ‘/20_822

where, |AV3| = VP/(cosd3)2 + (—sin d3)? = V3.
It is prominent from Eqns. (2.38) and (2.39) that the ratio of change in AQ; and
AQ)s, due to the change in AQ)3, using the forward droop control strategy gives the

reactive power sharing ratio.

2.6.2 Power Sharing based on RDC Algorithm
2.6.2.1 Real Power Sharing

Let consider, AV} = AV4. It can be written from Eqn. (2.26),
ky,
AP, = k—APg =5AP, [k, =0.001, k,, = 0.005] (2.40)
The steady-state values of real powers are: P;=0.0063 pu and P»,=0.1635 pu.
Now, AP,=P;-P?=0.4937 pu, and AP,=P5-PY=-0.9765 pu. Thus, RDC is unable

to share the real power based on the real power ratings of DG units.

2.6.2.2 Developed Linearized Model-based Real Power Sharing

The real power-flow of a 3-bus microgrid system, shown in Fig. 2.2, is [44] (i =

1,2,3; j # )
3
Pi = Z V;V}(G” COS 52‘]‘ + Bij sin (574) (241)
j=1
For negligible B;;, Eqn. (2.41) can be written as (i = 1,2):

7R
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Pi = ‘/;‘/;J,ng COS (Sig + V;QGM (242)

A variation in the real power at node-3 of Fig. 2.2 occurs owing to the load

impedance change, and it can be written using Eqn. (2.26) as:

AP; = —ky APV G 13 c08 805+ VL |AV3|Gis cos 61— VPV Gls sin 603 —2k,, AP V)G
(2.43)

APy = —kaAPQV;)GQ;; cos 583—1—1/20 |AV3|Gag cos (533—\/20‘/3063’23 sin (533—2kV2AP2V10G22

(2.44)
The simplified form of Eqn. (2.43) is:
AP, — ‘/10|A‘/:5|G13 COS 5?3 — Vvlo‘/éoGlg sin 5?3 (2 45)
! 1+ ky VIG5 cos 6% + 2k, VOGy, '
Similarly, Eqn. (2.44) can be expressed as:
AP2 _ ‘/20|A‘/3|G23 COS 533 — ‘GO%OGZ? sin 533 (246)

1+ ky, VRGaz €08 095 + 2k, VG
Eqns. (2.45) and (2.46) suggest that the ratio of change in AP, and AP, with

the help of a reverse droop control scheme is the ratio of conductances. That is why;

real power sharing becomes dependent on the distribution line parameters, which

hampers the desired sharing of real powers based on real-droop gains.

2.6.2.3 Reactive Power Sharing

The system will be in steady-state when Eqn. 2.47 is held [36].
0 = 0, (2.47)

Define AQ; = Qn,, — QY where i = 1,2; and using Eqn. (2.25), AQ; = %AQQ.

1
The steady-state values of the reactive power of inverter-interfaced voltage-sources
are: 21=0.234 pu and Q,=1.7685 pu. Now, AQ;=0Q1-Q=1.6694 pu, and AQy=Q-

(29=0.3331 pu, providing AQ,=5AQ,. Again, :% = 5. Hence, the proposed reverse
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control scheme maintains proportional reactive power sharing (wave-shapes are pro-

vided in Fig. 2.17).

0.6 Reactive Power Output of DG-1 35 Reactive Power Output of DG-2
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(a) Reactive Power (DG-1). (b) Reactive Power (DG-2).

Figure 2.17. R-type microgrids- reactive powers by RDC.

2.6.3 Power Sharing based on GDC Algorithm

The generalized droop control equations, as observed from Eqns. (2.29) and (2.30),
include the distribution line impedances to ensure their feasibility in any types of mi-
crogrid structures. Because of this characteristic, GDC algorithm cannot distribute
the load change proportionally among distributed generators. For this reason, lin-

earized model-based power sharing approach is used in this dissertation.

2.6.3.1 Developed Linearized Model-based Real Power Sharing

The change in real power outputs, due to the load change, can be expressed as:

AP, = kvl(|§i|AP1 + |)Z(1|p1)‘/}, Gz cos 005 + VO AV3| Gy cos 6%y
— VVIG 5 sin 6%, — kvl(éi’APl + |)Z(1|p1)V G (2.48)
AP, = —kVQ(%AP |)Z( |p2)V DGoz cos 0oy + Vo |AV3|Gag cos Gy
VOV sin ol — 2k, (A AP, 4 N2 o) VO (2.49)

| Zs| | Zs|
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where, p; = VOVPGy3 cosdly (i =1,2).
The ratio of AP, and AP, gives the real power sharing ratio.
2.6.3.2 Developed Linearized Model-based Reactive Power Sharing

Similarly, the change in reactive power outputs can be written as:

R X
AQ, = kvl(ﬁql - ﬁAQl)VBOBB cos 6V — V| AV3|Byz cos 8%y
Ry X
+ VOV Byg sin 6%, + 2kv1<|21| |le|AQ1)V By (2.50)
R2 X2 0 0
AQy = kv2(mQQ Z |AQ2)V3 Baz cos 09, — Vo) |AV3|Bas cos by,
2 2

Ry Xo

—1—V2V3323 51n523+2kV2(|Z| 7

= AQs)Vy By (2.51)

where, ¢; = V'VYB;3 cosdy (i = 1,2).
The reactive power is shared at AQ1:AQs.

As linearized model-based analysis of microgrids relies on the specific distribution
line parameters, the change in the load cannot be distributed among DG units based
on their capacity without proper optimization among parameters [55], [56]. Infact,
for an interconnected microgrid system where usually there exists more than one
DG units, the selection of accurate values of distribution line parameters would be
difficult.

With a view to sharing the change in the load proportionally, modified droop-

based algorithm are proposed in Section 2.7.

2.7 Designed Droop-based Controllers for Proportional
Power Sharing

This section proposes new types of droop-based controllers to share reactive power
in L-type microgrids, real power in R-type microgrids, and real-reactive power in

RL-type microgrids.
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2.7.1 Proportional Reactive Power sharing with Improved FDC

Algorithm

As is observed in Sub-section 2.6.1.2, the conventional FDC lacks the accuracy in
reactive power sharing. That is why; this sub-section provides a new type of forward
droop-based algorithm.

The droop-voltage control law can be expressed by the Eqn. (2.52) [54], [70].

(2

AV; =k (V2 = Veer) = V') + /<(V-° ~ Vier,) = V') dt (2.52)

V;efi - Dvi (le - Q?) (253)

where, 1 =1, 2.
kp, indicates the proportional gain (k,, = 0.1,k,, = 0.5), Dy, is the droop gain
(Dy, = 0.1, Dy, = 0.5), and k;, represents the integral gain (k;, = 1, ki, = 1).

The improved FDC control diagram is shown in Fig. 2.18; in which PI control
is added to the traditional FDC control diagram for proportional reactive power

sharing.

Measured
VSC | Output

VO
+
\Y T AV]| PI
Control

Figure 2.18. Schematic block diagram of improved FDC.
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During the stable condition of the system, the integral argument in Eqn. (2.52)

should be equal to zero. Therefore,
V2= Dy AQ; =V =0 (2.54)

where, AQ; = Q,, — QY, V’ = V=1 pu, and
V" is the common load voltage.

From Eqn. (2.54), it can be concluded that if the initial values of the voltages are
kept the same, then the controller can share reactive powers inversely proportional
to reactive-droop gains.

The performance of the designed controller is simulated in Fig. 2.19. Here,
start-up oscillations are found on account of the integral control. These oscillations

are eliminated by the controller within 0.8 second of its operation.

Reactive Power Output of DG-1 Reactive Power Output of DG-2

0.42 0.13
z z
= 029 = 0071
< <o
0.16 - 0.01 -
1 1.7 2.4 1 1.7 2.4
Time (s) Time (s)
(a) Reactive Power (DG-1). (b) Reactive Power (DG-2).

Figure 2.19. L-type Microgrids- reactive powers by improved FDC.

2.7.2 Proportional Real Power sharing with Developed RDC

Algorithm

Since RDC cannot divide the real power among DG units after the load change

evenly, an improvement is done in the control algorithm with a view to ascertaining
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proportional real power sharing. For RDC, the value of Vi, is:

‘/refi = Dvi(Pmi - PZD) (255)

Fig. 2.20 illustrates the proposed RDC control strategy for proportional power

sharing in R-type microgrids, and Fig. 2.21 shows the performance of the designed

controller in real power sharing.

| Measured |
Vs | Output

VO
+ -D, + Py .
\4 tAV] PI P -P
Control 4
5
y A6 o
o +
/s k Q

Figure 2.20. Schematic block diagram of proposed RDC.

Real Power Output of DG-1 Real Power Output of DG-2

0.48 0.58
= =
031t S 029t
A o

0.14 : 0

1 2.8 4.6 1 2.8 4.6
Time (s) Time (s)
(a) Real Power (DG-1). (b) Real Power (DG-2).

Figure 2.21. R-type microgrids- real powers by proposed RDC.

In the state of stability, the argument of the integral in Eqn. (2.52) becomes

zero. Hence,
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VO — D, AP, -V =0 (2.56)

Eqn. (2.56) suggests that real powers can be shared inversely proportional to real-

droop gains if the initial values of the parallel voltage-sources are the same.

2.7.3 Proportional Power sharing with Developed GDC Algorithm

This sub-section discusses improved GDC for sharing power according to the ratings
of DG units. Substituting Eqns. (2.55) and (2.53) into Eqn. (2.52), the voltage

droop-based modified GDC equations can be written as (i = 1,2):

!

A‘/Z = kpi(‘/io - DVi(PIHz' _PO) - V/) —|—]€11/(V0 - DVi(Pmi - PO) -V ) dt

(2 K3 K3

/

Fh (V2 — Do Quy — Q) — V) 4 I / (VO Dy (Qu — Q0) — V') di

(2.57)

where, integral gain (k;,) determines the speed of the system response.
For a stable feedback system with control, the argument of the first and second
integral in Eqn. (2.57) should be zero. Since V;? are the same and V' is the common

point voltage, powers can be shared based on the power-droop gains.

Measured
VSC | Output

"
+v?°
N D, +Pn
PI + A - P
Control + ~d
+
TR
Control
k D, Q
46 - mQ
0 8 + s ] + <} Q
I, =
50

Figure 2.22. Schematic block diagram of proposed GDC.
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The proposed GDC control diagram to share real-reactive powers proportionally
in RL-type islanded microgrids is depicted in Fig. 2.22. PI control enables the
controller to share power effectively. Fig. 2.23 and Fig. 2.24 show the wave-shapes
of real and reactive powers, and it has been found that the proposed controller

returns the system to stable-state within 2.4 seconds.

Real Power Output of DG-1 Real Power Output of DG-2
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(a) Real Power (DG-1). (b) Real Power (DG-2).

Figure 2.23. RL-type microgrids- real powers by proposed GDC.

2.8 Chapter Summary

In this chapter, the control algorithms in order to distribute the change in the load
between two DG units, under diverse microgrid structures (L-type, R-type, and
RL-type), are discussed in great details. Algorithms are also modified to reduce
the initial oscillations in the system responses, and to control the change in the
renewable generation. Power sharing qualities of the existing droop-based controllers
are demonstrated by means of load-flow analysis, and linearized model-based power
sharing method of microgrids is used to determine the change in powers because of

the load change.
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Figure 2.24. RL-type microgrids- reactive powers by proposed GDC.

More importantly, improved control algorithms are developed for various types
of islanded microgrids as linearized model-based power sharing strategies of micro-
grids rely on the particular distribution line parameters and effective power sharing
may not be possible. These algorithms maintain proportional power sharing among
common load-based parallel inverter-connected DG units.

A summary of the droop-based algorithms indicating their usage in different

types of microgrids is provided in Table 2.1.

Table 2.1. Usage of droop-based algorithms in different microgrids

Algorithms Usage
Forward droop-based algorithm Inductive microgrids
Reverse droop-based algorithm Resistive microgrids

Generalized droop-based algorithm Inductive-resistive microgrids

The selection methods of the control parameters for these designed controllers

are given in the next chapter (Chapter 3).



Chapter 3

Gain Selection Methods for the Designed

Controllers

3.1 Chapter Objectives

This chapter contains the gain selection processes for the proposed controllers. To
begin with, small-signal modeling is discussed in order to get the eigenvalues; from
which the stability conditions of the designed controllers in microgrids can be real-
ized. Owing to the vulnerability of this procedure in large inverter-based microgrids,
extended dynamic phasors models are proposed in this chapter so that the accurate

range of designed droop parameters can be determined.

3.2 Literature Review

The selection of droop-gains has been a challenging task for the utility operators
and the researchers usually use small-signal modeling to predict the stability of
the system and to choose the control gains [46], [59]-[62]. However, small-signal
modeling approach has some demerits. First of all, it is reported in [64], [65], [67]
that this method is based on the quasi-static approximation; in which the angular
frequency is assumed as static and the dynamics of the power circuit elements are not
considered. However, the disturbances occurred because of the dynamic adjustment
of magnitude, frequency, and phase angle should be considered in droop-controlled
islanded microgrids [65]. In addition, small-signal stability strategy requires more

computational analysis in large systems [63], and lacks accuracy in low-inertia and

40
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fast-acting inverter-based systems such as power electronics-connected microgrids
[66]. Therefore, advanced gain selection schemes are required to use.

A simple method known as dynamic phasors modeling (DPM) is introduced in
[74]-[78] to predict the dynamics and stability limit of the system. As this strategy
considers the dynamics of the power circuit elements, it is implemented in fast-
acting inverter-dominated microgrids in [67] with a view to predicting the transient
response of the system and its stability margin precisely. It is also shown in [67]
that DPM can be implemented in large inverter-interfaced systems. However, the
inclusion of the improved droop-based controllers in DPM needs to be verified.
DPM, with the designed controllers, is described in this chapter in depth in order

to determine the stability range of droop gains with higher precision.

3.3 Chapter Outline

The rest of the chapter is organized as follows: in Section 3.4, small-signal analysis is
carried out to find out the eigenvalues. Section 3.5 deals with the extended dynamic
phasors models for the precise selection of control gains and the chapter summary

is drawn in Section 3.6.

3.4 Small-signal Modeling

A small-signal analysis is a widely-used analysis tool by which electromechanical
oscillations can be studied and dynamic characteristics of a system (may not be
known from time-domain analysis) can be understood [71]. In this method, the
equations that represent the system model are linearized about stable or unstable
equilibrium points [72]. In general, eigenvalues are evaluated to analyze the small-
signal of the system [73]. In this section, microgrids with different structures (L-type,

R-type, and RL-type) are linearized and eigenvalues are found out.
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3.4.1 System Structure and Linear Modal Analysis

This section depicts the single-line diagram, as seen in Fig. 3.1, of two-source and

one load-based islanded microgrid with system linearization.

Figure 3.1. Single-line diagram of an islnaded microgrid system.

Linear modal analysis of the non-linear microgrid with the designed controllers
is carried out in this chapter with a view to tuning the control parameters and

understanding the system dynamics. The complex power can be written as (i,j =

1,2; 5 #1i):

2
LL—0; =) Y, V;Z5; (3.2)
j=1

where, Ycq is the reduced Y5 and it is obtained by grouping voltage-sources and
the load as bus ‘1’ and ‘2 respectively.

Let consider that Yi.q,, = Gy + jB;;. Putting Eqns. (3.1) and (3.2) together, power
equations can be expressed as [36]:

2
P, = Z %V}(GU CcoS (Sij + Bij sin 5@]) (33)

J=1

2
Qi = Z ‘/;‘/J(GZ] sin 5@' — Bz‘j COs 5zg) (34)
=1
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where, d;; = 0; — d;. G; is the line conductance, and B;; is the line susceptance.
The Taylor series expansion for P; and @); can be written as (i = 1,2; j # i):
P =P+ AP,

2

— poy Z \/}O(Gij cOS (5% + By; sin 5%) AV

1
=1

2
+ Z V(G cos (5% + B;j sin 5%) AV;
j=1
2
+ Z VOV (=G sindy, + Byj cos b)) Ad; (3.5)
j=1

Qi = Q) + AQ;

2
= QY+ VI(Gy sind); — By cosdly) AV
j=1
2
+ Z V(G sin 5% — Bjj cos 5%) AV
j=1

2
+ Z ‘/Z-O‘/jo(Gij COS 5?] + Bij sin 5%) A(SZ] (36)

j=1

Where, A(SZ] = A(SZ — A5J and A(Sl = (SZ — 5?

3.4.2 System Dynamics with Improved Forward Droop Control (FDC)

The equations of improved FDC are [70] (i = 1,2):

Ab; = —k¢ (P, — P?) (3.7)

2

!

A‘/Z = kpl((‘/zo - DVi(QIIli - Q?)) -V )

ks / (VO — Dy (Qu — Q0) — V') dt (3.8)

Pmi<5) . wy ,ini(s) o wy

P(s) — s+wi Qi(s) s+ (3.9)

where, V) is the initial value of the voltages, V' is the common load voltage and m

symbolizes measured values.
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Let define AP,,, = P,,, — P?, and AQ.,, = @y, — QY. The system described by the
Eqns. (3.7) and (3.9) can now be linearly represented as (i = 1,2):

Ad; = —ki, AP, (3.10)
AP, = —wi(AP,, — AP) = —wAP,,, + wiAP, (3.11)
where, 7,7 =1, 2.
AP, = APj3 AS; + APS, AV (3.13)
AQ; = AQ?(;jAéj + AQ?VJ,AV]- (3.14)

The constants APZ%J_, APR/J_, AQ?JJ_, and AQZQVJ_ can be obtained from Eqns. (3.5)

0 _ 0Qi
=00, AQis; = B3

and (3.6) by letting APy = 3TP

oP;
(=0, APy, = &7

()=()05

0 _ 0Qi
and AQyy, = v,

()=()°"
where, (.) = (.)° indicates that the equilibrium values of the variables are used to
evaluate the function.

Table 3.1. System description of L-type microgrids with improved FDC
Parameter  Value (pu)
Z, Lo 0.257, 0.055

VP VY L1
ke, , ki, 1,5
oo, Fop, 0.1, 0.5
Dy Dy, 01,05
iy, ki, 1,1
we 12 (rad/s)

The system description with improved FDC is provided in Table 3.1. The values

of kt,, ky,, Dy, ki, kg, kp,, Dy,, and k;, are chosen via repetitive approximation

P1
so that the eigenvalues are of negative real parts (with positive or negative complex
conjugates). The obtained eigenvalues of the linearized system at the equilibrium

point after the change in the load impedance (from 1 pu 0.5 pu) are: -12, -12, -12,
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0, -6+j13.763 and -6-j13.763. These values are plotted in Fig. 3.2. Since none of

them contains any positive real parts, the system can be regarded as stable.

Plot of Eigenvalues
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Figure 3.2. Eigenvalues of the closed-loop system with improved FDC.

3.4.3 System Dynamics with Developed Reverse Droop Control (RDC)

The proposed equations of improved RDC can be written as (i = 1,2):

AO; = kt, (Qu, — QY) (3.15)

/

AV; = by, (V) = Dy (P, = P))) = V)

+o, [(V2 = Du(Ra, — D) = V) (3.16)
Pmi(8> Wy Qmi(s) o wy

Pi(s)  s+ws Qi(s) s+ ws (3.17)

The linear representation of the microgrid, demonstrated by the Eqns. (3.15)

and (3.17), can be expressed as [44] (i = 1,2):

Ab; = kg, AQn, (3.18)
AP, = —wi(AP,, — AP,) = —wiAP,,, + wiAP, (3.19)

AQm, = —wi(AQm, — AQ;) = —wrAQu, + wiAQ; (3.20)
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Table 3.2. System description of R-type microgrids with improved RDC
Parameter Value (pu)
Z, Lo 0.25, 0.05

Wy 1
ki, ki, 1,5
Fp . kp, 01,05
Do, D,, 01,05
T Fom 11
we 12 (rad/s)

R-type microgrid system with RDC is described in Table 3.2. The eigenvalues
of the linearized system at the equilibrium point, after the load impedance changes
from 1 pu to 0.5, are given in Fig. 3.3. As is noticed that there is no positive real

parts, meaning the system is stable.

Plot of Eiﬁenvalues

10 T T
RZRNNNE ¢
%
<
z 0% *
£
oNn
£
— _5 -

-10 - - * : :

-12 -10 -8 -6 -4 -2 0
Real Axis

Figure 3.3. Eigenvalues of the closed-loop system with improved RDC.

3.4.4 System Dynamics with Developed Generalized Droop Control
(GDC)
The proposed GDC equations are as follows (i = 1,2):

. X; R;

)
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AV; =k, (V) = Dy (P, = BY) = V') + ki, / (V2 = Dy (Puy — B) = V') dt
+ kPi(‘/;O - Dvi(ini - Q?) - ) + klz /( i Vz(le Q?) - V/) dt
(3.22)
Pus) _ _we Qu(s) _ (3.23)

Pi(s) s+we Qi(s) s+we

where, P |Z| ‘Z‘le,
’ o Rz Xi

Q |Z|P +‘Z‘Qm1a

P, = |Z| |Z|Q“

Qi =1z |P + 2@

The dynamics of the improved generalized droop-controlled RL-type microgrid
(parameters are provided in Table 3.3), depicted by the Eqns. (3.21) and (3.23),
can linearly be expressed as [50] (i = 1,2):

kfi

Ab; = —
| Zi

X;APy, — RsAQm, = —wi(XiAPy, — RiAQuw,) + weX; AP, — wiR,AQ;  (3.25)

Table 3.3. System description of RL-type microgrids with improved GDC

Parameter Value (pu)
4y, Ly 0.25 + 0.257, 0.05 4 0.055
VO, VY L1
e, ki, 15
o, Fip, 0.1, 0.5
D.,. D, 0.1, 0.5
k’il, k?iQ 1, 1
we 12 (rad/s)

The eigenvalues of the linearized system after the reduction (say 50 percent) in
the load impedance are simulated in Fig. 3.4. From this figure, it can be seen that

all the values have negative real parts but no positive real parts (both positive and
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negative imaginary parts are there on account of the integral terms). Therefore,

system stability criteria is fulfilled.

. Plot of Eigenvalues
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Figure 3.4. Eigenvalues of the closed-loop system with improved GDC.

Small-signal modeling assumes that the angular frequency, w, is constant not the
dynamic [67]. This is an inherent limitation of this method. Although satisfactory
outcomes are found in the aforementioned analysis of two-source microgrids, some-
times questionable results are obtained while predicting the system stability limit
in low inertia-based large microgrids [67]. That is why; in the following section,

dynamic phasors-based model is discussed.

Figure 3.5. Basic single-line diagram of a simple microgrid.
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3.5 Dynamic Phasors Modeling (DPM)

The use of dynamic phasors modeling (DPM) in inverter-dominated islanded micro-
grids has received attention recently as it includes the dynamics of the power circuit
elements in the analysis and provides higher precision in predicting the stability
limit of the system [67], [68].

Dynamic phasors vary with respect to time. That is why, they are also known
as time-varying phasors [64], [65], [68]. In time domain, a single phase time-varying

ac signal can be represented as:
e(t) = E(t) sin(wt + §(t)) (3.27)

where, E(t) is the amplitude, w indicates the angular frequency, 6(¢) is the phase
anger.

The dynamic phasors P(e(t)) of e(t) can be written as [65]:
Ple(t)) = E(t) = E(t)e? (3.28)

where, P represents the transfer from time domain to dynamic phasors and E(t) is
the dynamic phasors of e(t).

The derivative of E(t) can be expressed as:

P(%e(t)) - %E(t) + jwE(t) (3.29)

The last term of Eqn. (3.29) is usually ignored in the traditional small-signal model-
ing. However, as the dynamic adjustment of amplitude and phase angle is required
in droop-based parallel systems, it should be included for precise analysis [65].

Let analyze the circuit, described in Fig. 3.5, with DPM approach. Let the line
impedance of the circuit is Z; = R; + jwL; (R; is the line resistance and L; is the

line inductance), where i is the number of inverter-connected DG units and.
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The dynamic phasors of the inverter output voltage (based on Fig. 3.5) can be

written as [65]:

Vilt) = V'(6) = (Ro-+ juwl L(e) + L G () (3.30)

where, I;(t) is the dynamic phasors of the inverter output current.
Solving first order differential Eqn. (3.30), the expression of I;(t) can be written as:

—( R, +jwL;

(1- L t) (3.31)

Now, Eqn. (3.30) can be reorganized using Laplace Transform as:

Vi- V'

I = (3.32)

The output power of the single-phase inverter can be written as follows [65]:

Vv

S; =P +jQi=Vil, = (3.33)

where, V; = V;£6, V' =V 268,

Let assume, 6; = 0 and § = —ASJ;. Therefore, V;Z0; = V; and V' /8 = Vel
From Eqn.(3.33), using Euler’s formula, the output real power and reactive power
of the single-phase inverter can be expressed as:

L;s + R; wl;

"= (Lis+ R;)? + wL? (V? = ViV cos AG) + (Lis + R)? + wL?Viv/ sin Ad;
(3.34)

@ (Lis + 2}5’; + wL? (V= ViV’ cos AG;) — (L _1:232}1 Wi Vi,V sin Ag;
(3.35)

where, AJ; is the change in phase angles. If it is small, then sin Aj; ~ AJd; and

cos Ad; = 1. Now, Eqns. (3.34) and (3.35) can be rewritten as:
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Lis + Rz 9 , wLZ )
=Tty +wL§(Vz~ —ViV)+ o TR +wL§ViV AS; (3.36)

Q; = (V2 =ViV') — ViV AS; (3.37)

If there is a small disturbance around the equilibrium points (d;, V;), the linearized

equations of real and reactive powers can be written as:

AP, = g—gA& + g—iAVi (3.38)
AQ; = %%’ AG; + %%Am (3.39)
where,
?9]53: - (LiS_JFL;i; fiﬂfL? VA (Lis + ZZL); + wL?ViVI (340)
gf/): - (Lis + Zjé Fwl? VIAG; + (Lis _I:;j)—;ji e (2V; — V/) (3.41)
88%2: - (Lis + ZZ[;; +wlL; ViV Ad+ (LiS;Lgi; fiwL?ViV/ (342)
0Q; —Lis+ R; V' AS, + wk; v - V) (3.43)

OVi  (Lis + Ry)? +wlL? (Lis + R;)? +wlL?

Let kps, = g—f;, koy, = g—l‘z, ks, = 6;6521-’ and kg, = a%'
In the following sub-sections, extended DPM method is provided to select the

range of droop parameters for the proposed controllers.

3.5.1 DPM with Designed Forward droop Controller

This sub-section deals with the implementation of an improved FDC-based controller
in DPM analysis. In FDC method, it is assumed that the line inductance is greater
than the line resistance and the term R; is neglected. Hence, Equs. (3.40), (3.41),

(3.42), and (3.43) can be rewritten as:
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kps, = . V. AS A 44
Pos (L;is)? + LZQV;V it (L;is)? + wL?VZV (3.44)
wL ’ L'S /
=V AJ; . 2V, — 4
Kpv; (LiS)QerL%V 0 + (Lis)“wL?( Vi=V) (3.45)
w.L / —L'S /
= ' VVAS+—" V. 4
—L; / L; /
fge, = ——— VA + ———— 2V~ V) (3.47)

(Lis)? + wL? (Lis)? + wL?
Solving Equs. (3.7), (3.8), (3.9), (3.38), and (3.39), the characteristic equation
of the closed-loop system with improved forward droop controller via DPM analysis

can be derived as:

aos® + a1s® + azs + az = 0 (3.48)

The closed-loop system stability can be determined from the coefficients of Eqn.
(3.48). From Routh’s stability criteria, the condition that all roots have negative
real parts are:

apas < a1G2; asz >0 (349)

If as > 0; from the value of as, it can be derived as: £y, > 0.

If apas < ajaq, the range of Dy, can be written as:
D2a +Dya +a" <0 (3.50)

The solution of Equ. (3.50) is: D, < % \(/1/411'!1'”'
The solutions coefficients (ag, ay, as, as, a’, a”, a” etc) are provided in the appendix.

Therefore, one droop gain (kg,) should always be positive and another droop gain

(Dy,) depends on other gains, initial voltages of DG units and common load voltage.
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3.5.2 DPM with Designed Reverse Droop Controller

In this sub-section, DPM method with improved reverse droop controller is dis-
cussed. Extended DPM is used to evaluate the range of both frequency (rate-of-
change of angle) droop gain and voltage droop gain. It is known that RDC works in
a system; in which the line resistance is larger than the line inductance. Therefore,

Eqns. (3.40), (3.41), (3.42), and (3.43) become:

kops, = R%%V/A(Si (3.51)
kpy, = R%(QV?; — V) (3.52)
ks, = R%V;V’ (3.53)
kv, = R%V’A(Si (3.54)

The characteristic equation (obtained by solving Equs. (3.15), (3.16), (3.17),
(3.38), and (3.39)) of the DPM-based system with improved reverse droop controller
is:

b0$3 + b182 + ng + bg =0 (355)

The coefficients of Eqn. (3.55) can be used to determine the stability range of
R-type microgrids. Based on Routh’s stability criteria, the condition that all roots

have negative real parts are:
bobs < blbg; by > 0 (356)

If b3 > 0, it can be derived as: ky, > 0, and if bybs < b1bs, the range of Dy, can be

represented as:
D2V + Db +b" <0 (3.57)

The solution of Equ. (3.57) is: D, < = i%

"

The solutions coefficients (bg, by, ba, bs, b, b, b etc) are provided in the appendix.
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3.5.3 DPM with Developed Generalized Droop Controller

The inclusion of improved generalized droop controller in DPM analysis is presented
in this sub-section. The characteristic equation of improved GDC-based system with
DPM can be expressed by the Eqn. (3.58), which has been derived by solving Equs.
(3.21), (3.22), (3.23), (3.38), and (3.39).

cos® + c18% + o5+ c3 =0 (3.58)

Using Routh’s criteria, the conditions that all roots have negative real parts can

be obtained by the coefficients of Eqn. (3.58). The conditions are as follows:
CoC3 < C1C2; c3 >0 (359)

Let consider, c3 > 0; from the above mentioned value of c3, it can be derived as:
k i > 0.

If cocs < cycq, the range of Dy, can be written as:
DEZC/ + D¢ +¢ <0 (3.60)

The solution of Equ. (3.60) is: D,, < —2 2V,

2c

. . / " " . . .
The solutions coefficients (¢, ¢1, 2, ¢35, ¢, ¢ , ¢ etc) are provided in the appendix.

3.6 Chapter Summary

The gain selection procedures for the proposed controllers are presented in this chap-
ter. In order to choose the control parameters of the designed controllers, microgrid
systems (L-type, R-type, and RL-type) are linearized. Firstly, small-signal stabil-
ity analysis is provided for the purpose of gain selection; in which eigenvalues are
determined via successive approximation. However, this method has some inher-

ent disadvantages such as static angular frequency, omitting the dynamics of power
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circuit elements, and requirement of more computational analysis in large micro-
grids. Because of these limitations, this strategy might be inapplicable to predict
the stability margin in systems where many parallel inverters are connected. For
this reason, extended dynamic phasors modeling (DPM) is developed in this chapter.
It has been found that proposed DPM is effective enough to evaluate the suitable
stability range of droop gains in inverter-interfaced islanded microgrids.

The following chapter (Chapter 4) presents the implementation of DPM-based
droop controller (control parameters are selected from the range obtained by the

DPM analysis) in photovoltaic systems to verify its robustness.



Chapter 4

Controller Performance Evaluation on

Photovoltaic Systems

4.1 Chapter Contributions

This chapter proposes a new type of droop-based controller for Photovoltaic (PV)
systems that can share power proportionally during the load change and also can
balance power if PV generation varies. Different case studies are considered and
a comparison between the designed controller and the existing generalized droop
controller is given; from which the effectiveness of the designed controller in PV

systems can be verified.

4.2 Literature Review

PV system appears as a promising renewable energy to ensure sustainable electric
power supply owing to their small relative size, noiseless and environment-friendly
operation [80]. However, atmospheric conditions cause change in the intermittent
PV generation [81]. PV system is also affected by the change in connected loads
[55], [56]. Therefore, efficient control strategies are essential to attain proper output
from PV systems. PV-based low and medium networks have been studied in [82] and
droop control for PV systems, to divide the load change based on the capacity of PV
units, are discussed in [83]. However, this controller cannot balance power during
the change in the PV generation. This shortcoming is overcome in this chapter by

implementing the proposed droop-based control scheme in PV systems.

26
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4.3 Chapter Outline

The presentation of rest of the paper is as follows: Section 4.4 describes the modeling
of single-phase PV systems. The proposed control algorithm is provided in Section
4.5. The performance of the designed controller, under diverse operating conditions,

is evaluated in Section 4.6 and Section 4.7 contains the chapter summary.

4.4 Inverter-connected PV System Model

The mathematical modeling of PV systems is discussed in this section to analyze
the control interaction and to design the proposed controller. The block diagram of
a PV system is represented in Fig. 4.1. From this figure, it can be noticed that a PV
system mainly consists of two parts [84]: 1) solar conversion and 2) power electronic
conversion. A PV array is connected to the load by means of a de-dc boost converter
and a dc-ac converter (inverter). The maximum output power transfer, from PV
array to the inverter, is ensured by a de-dc boost converter and an inverter converts

that power into ac in order to feed the ac load.

dc-dc Boost
Converter Inverter
fofdi, dc dc
Load
PV Array I T

MPPT Control ‘ Inverter Control

Figure 4.1. Schematic block diagram of a PV system.

This section is organized as follows: Sub-section 4.4.1 contains the mathematical
model of the single-phase PV arrays and the inverter model is presented in Sub-

section 4.4.2.
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4.4.1 PV Cell and Array Modeling

A PV cell is considered as a simple p-n junction, which converts the solar irradiation
into the electric energy [81]. Fig. 4.2 illustrates an equivalent circuit diagram of a
PV cell which comprises of a current source (I1,), a parallel diode, and series and

shunt resistances (Rg, Rsy) [85].

@) I /1y Rsh  Vpv

Figure 4.2. Equivalent circuit diagram of a PV cell.

The diode current can be expressed as [81, 86]:
I4 = Ig[expla(vyy + Rsipy)] — 1] (4.1)

where, a is a constant that is equal to ¢/AkT., A is the p-n junction ideality factor
whose value varies from 1 to 5, k = 1.3807 x 110723JK ! represents Boltzmann’s
constant, ¢ = 1.6022 x 1071C' indicates the charge of electron, T, is the working
temperature of PV cell in kelvin, g symbolizes the saturation current, and vy, is
the output voltage of PV cell. Using Kirchhoft’s current law (KCL) in Fig. 4.2, the

output current of a PV cell can be represented as [86]:

Upy + RSipv

o (4.2)

ipy = I, — Is[expla(vpy + Rgipy)] — 1] —

The light generated current, Iy, is dependent on the solar irradiation and their

relation can be written by the following Eqn. (4.3) [81].
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S
I, = —— I + ki(T, — The 4,
L 1000[ se + ki )] (4.3)

where, S is the solar irradiation, Is. indicates the short-circuit current, k; denotes
the short-circuit current coefficient of PV cell, and T, is the reference temperature
of PV cell.

Since low output voltage is obtained from a PV cell, several cells are connected
in series to form a PV module and a number of modules are connected in parallel

to construct a PV array [81]. The output current of a PV array is [87, 88]:

. v Rg1 N, v Rg1
v = Ny, — N, I S PIV — 1] — =2 (2 by 4.4
i = Nplh = Ny lexpla( G+ “5)] —1] = g2 (4 75 (44)

where, Ng and N, are the number of PV cells in series and the number of PV

modules in parallel respectively.

ipv idc iinv 1
— —
— Y Y Y Y
‘ L¢ ,
+ + NSNS, |+ + R'=
@ va:: C Vde VPwM Cf:: A% 48 VZ Ry

I ng W S| - - L3
dc-link Inverter Filter Load

Figure 4.3. A single-phase inverter-connected PV system.

4.4.2 Single-phase Inverter Modeling

The schematic circuit diagram of a single-phase inverter-interfaced PV system is
demonstrated in Fig. 4.3. Here, C' is the dc-link capacitor and the dc-link voltage
across C'is denoted by vg.. The value of vy, is adjusted at a level through maximum
power point tracking (MPPT) in order to make it suitable for the inverter. According

to this figure, vq. is the output voltage of the PV array (v,y). Now, KCL is applied
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at the node where the de-link is connected and Eqn. (4.5) can be written [84].

(ipv - 'l.dc) (45)

. 1
Ude = —

dc C
Inverter switches are denoted by Sy, Sy, S3, and Sy respectively. Ly and Cy are the
inductance and capacitance of the filter. RL load parameters are shown in Fig. 4.3

by R and L'. The complete mathematical model of single-phase inverter can be

written as follows by applying KVL and KCL into Fig. 4.3 [86].

- 1
liny = _(mvdc - V) (46)

Ly

. 1

= (i~ 1 4
V= G 1) 47
. 1,

[==(R1+V) (4.8)

where, 1;,, is the current flowing through the inverter, m is the modulation index,

V' is the magnitude of ac voltage across the filter, and I is the load current.

4.5 Developed Droop-based Algorithm for PV Systems

Let assume, there are multiple PV units and both the PV generation and the RL
load in Fig. 4.3 are variable. Therefore, it is essential to distribute these changes
among PV units accurately. Let consider, d; represents the phase angle of inverter-
connected PV units (where, i represents the number of PV units), P? and Q¢ are
reference real-reactive powers of inverter-dominated PV units, F,,, and @), are
measured powers (subscript m stands for measured values). Besides, R;, X;, and Z;
are resistance, inductance, and impedance of the distribution lines. V" is the initial
voltage of PV units and V' is the voltage across the load. kg, is the derivative
droop gain and other droop gains are represented by kg, and D,,, while k. is the

proportional gain and k;, indicates the integral gain. Now, based on the whole

droop-based analysis, given in Chapter 2, the proposed droop-based algorithm for
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PV systems can be expressed as:

X; X; d
AS; = —k Py + P? 2 P 4+ P0 — PO
f|Zz|( 1+ ft; ) fd; |Zl|d( 1+ ft; z)
0 R d 0
+ kf (sz Q ) + kfd (sz Qz) (49)
|Z | | Zi| dt
. 1 .
Pf(gz - deiUdC - kdcia@pv - ch) (410)

!

AV; = kpia/;o - DVi(Pmi _Pio) - V/) +kll/(‘/20 - DVi(Pnli - PZO) -V ) dt

/

V') dt
(4.11)

h (V2 = Do Quy — Q0 — V') - ks, /<Z-— Do (Qu, — Q) —

where, A stands for the change from initial value.

Ipy 1dc
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N Output
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Figure 4.4. Schematic block diagram of designed control scheme for a PV system.

Fig. 4.4 depicts the overall control operation for a PV system. It is observed
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that the controller acts as a droop and adjusts the inverter voltage (magnitude
and phase angle) when the measured outputs change from their set points. This
may happen due to the load change or the variation in the PV generation. In the
diagram, the values of control gains are: ky = —kfi‘];—j‘, ko = k'fdi%, ks = kfi%, and
ka = kfdi%. The feedback control ensures the adjustment of the output power and

the proportional-integral (PI) control maintains proportional power sharing.

4.6 Simulation and Results

A single-line diagram of WECC 9-bus test distribution system is demonstrated in
Fig. 4.5. The original distribution system [89] is modified by making it islanded
microgrid; in which four PV units are connected at buses- 1, 2, 3 and 4. The common
load (shared by all PV units) is connected at bus- 9 and buses- 5, 6, 7, and 8 contain

the local load of each PV units.

2
7, Zy |

Common
3 Load

IS

VA Zy

Local
ﬁ mﬁ

Figure 4.5. Single-line diagram of the test islanded microgrid.

Table 4.1 provides the parameters of a PV system [84]. Each PV units are rated
at 1570 kW and 708 kVAr. There are 150 parallel strings in each PV array (array
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is rated for 3480 V @ 431 A) and 80 modules in each string (module is rated for
43.5 V @ 2.8735 A). The nominal value of the de-link voltage is 1582 V with 5000
puF capacitance. The PV units are connected to the distribution side by means of
inverters whose nominal power is 1.5 MW. According to the available data of SMA’s
Medium-Voltage Power Platform Sunny Central Inverters’, the output voltage of 1.5
MW inverter is 13.8 kV. Commercially available step down transformer is used to
reduce the voltage value to 230 V as the line voltage has been considered as 230
V. The initial values of all reduced output voltages are kept the same (say 1 pu).
Each distribution line is indicated by a series lumped Z (RL)-branch (distribution
line parameters are given in Table 4.2). The total load of the system is 6 MW, 0.4
MVAr. The rating of the common load is 4 MW, 0.28 MVAr, whereas each local
load is rated at 500 kW and 0.03 MVAr.

Table 4.1. PV System Parameters

Parameter Value
Number of parallel strings in each array 150
Array open circuit voltage 3480 V
Array short circuit current 431 A
Number of modules in each string 80
Module open circuit voltage 435V
Module short circuit current 2.8735 A
Diode ideality factor 1.3
dc-link capacitance 5000 pF
VSC switching frequency 3000 Hz
Inverter nominal power 1.5 MW
Inverter nominal output voltage 13.8 kV (ac)
Filter inductance, capacitance 500 pH, 100 puF

Table 4.2. Line Data

Parameter Value (pu)
Ry, Ry, R, R, 0.25, 0.2, 0.15, 0.1
X, Xy, Xg, X, 0.25, 0.2, 0.15, 0.1
71, Zo, Zs, Z3 | 0.25 +0.257, 0.2 + 0.2, 0.15 + 0.157, 0.1 + 0.1
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The values of the control parameters, described in Table 4.3, are selected arbi-

trarily from the stability range determined by the dynamic phasors analysis.

Table 4.3. Control Parameters
Parameter Value (pu)
ke, ke, key, kg, 1.2, 28,44, 6
kfd17 kfd27 kfd37 kfd4 07’ 187 297 4
Dy, Dy,, Dy,, Dy, | 0.12, 0.28, 0.44, 0.6

Fors py» Kps Ko, | 0-12, 0.28, 0.44, 0.6
k’il, kiQ, k’i3, k’i4 ]., 5, 1,5
kdcla kdcg; de37 de4 ]-7 17 17 1
we 12 (rad/s)

The performance of the designed controller is tested in this section using industry
standard software environment MATLAB. In order to evaluate the effectiveness of
the proposed controller, the following different operating conditions have been con-
sidered: 1) load change in RL-type distribution line-based system; 2) load change
in L-type distribution line-based system; 3) load change in R-type distribution line-
based system; and 4) PV generation change in RL-type distribution line-based sys-
tem. In all these case studies, the designed controller is compared with the tradi-
tional generalized droop controller [50] and its robustness is highlighted. The solid
lines represent the performance of the proposed controller in Figs. 4.6-4.15, whereas

the generalized droop controller is denoted by the dotted lines.

Load Change in RL-type Microgrids

This case study takes both the inductance and resistance of the distribution lines
into consideration, and the performance of the controller is tested for the sudden
change in connected loads. Let assume, 30 percent change in the connected load is
applied at 1 second. The designed controller is implemented to maintain the power
balance and the system reaches into stable-state within 2 seconds. Fig. 4.6 shows

the angle differences among VSC-interfaced PV units; from which it is seen that
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they are of constant values. As a result, the rate-of-change of angles (frequencies)

are the same throughout the system, indicating system stability.

Angle Differences
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Figure 4.6. Angle differences of RL-type islanded microgrids during the change in the
load (solid line-proposed controller, dotted line-droop controller)
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Figure 4.7. Voltages of RL-type islanded microgrids during the change in the load (solid
line-proposed controller, dotted line-droop controller)
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Fig. 4.7 provides the terminal voltages at buses 1-4, and it is observed that their

responses are stable during the sudden change in connected loads.

Real Power Outp%t(s) 90f DG Units
1 .

-0.12
1 0 3 1 2 3

Time (s)

Figure 4.8. Real powers of RL-type islanded microgrids during the change in the load
(solid line-proposed controller, dotted line-droop controller)
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Figure 4.9. Reactive powers of RL-type islanded microgrids during the change in the
load (solid line-proposed controller, dotted line-droop controller)
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Figs. 4.8 and 4.9 deal with the output powers (real and reactive) of inverter-
connected PV units and it is evident that their responses become stable after a bit
start-up oscillations. In all these figures, the proposed control scheme (solid line)
returns the system into steady-state with less number of oscillations in comparison
with the classical GDC (dotted line). The power measurement sensor dynamics

cause the system to fluctuate and integral term creates initial oscillations.

Load Change in L-type Microgrids

This case study applies the designed controller on the microgrid test system, oper-

ating in highly-inductive mode; in which the line resistances are ignored.

Real Power Outp%t% 7of DG Units

Time (s)

Figure 4.10. Real powers of L-type islanded microgrids during the change in the load
(solid line-proposed controller, dotted line-droop controller)

In Fig. 4.10, the real powers of PV units are given while the reactive powers
of PV units are illustrated in Fig. 4.11. As is seen from Fig. 4.11 that their
responses are decreased initially and then settled to steady-state values within 0.5

second of controller operation. Comparing to GDC-based controller (dotted line),
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the proposed controller shows excellent performance in terms of steady-state error,

oscillation, overshoot, rise-time, and settling time.
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Figure 4.11. Reactive powers of L-type islanded microgrids during the change in the
load (solid line-proposed controller, dotted line-droop controller)
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Figure 4.12. Real powers of R-type islanded microgrids during the change in the load
(solid line-proposed controller, dotted line-droop controller)
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Load Change in R-type Microgrids

In this case study, only resistive nature of the distribution lines within LV islanded
test microgrid is considered. Figs. 4.12 and 4.13 depict the real and reactive power
sharing with permanent change in connected loads (say 30 percent) in a R-type
microgrid system; from which it is observed that the proposed controller (solid line)
reacts more promptly than generalized droop controller with a view to ensuring

proper damping and settling time within 2 seconds.

Reactive Power Outputs of DG Units
0.72

Time (s)

Figure 4.13. Reactive powers of R-type islanded microgrids during the change in the
load (solid line-proposed controller, dotted line-droop controller)

Sudden Change in PV Generations

The objective of this case study is to show that the proposed control scheme can
maintain frequency within statutory limits and share power among PV units during
any variation in the sunlight. Let assume a situation; in which the solar irradiation
changes from 1000 Wm=2 to 900 Wm =2 at 1 second. At this stage, the power

delivered to the load is changed and there may be power deficiency. The designed
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feedback controller senses it instantly and changes the output power of the microgrid

according to the change in the PV generation for balancing the system naturally.
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Figure 4.14. Angle differences of RL-type islanded microgrids during the change in the
PV generation (solid line-proposed controller, dotted line-droop controller)
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Figure 4.15. Real powers of RL-type islanded microgrids during the change in the PV
generation (solid line-proposed controller, dotted line-droop controller)



Section 4.7 Chapter Summary 71

The constant angle differences and real powers shared among PV units at buses
1-4, with the change in atmospheric conditions, are given in Fig. 4.14 and Fig. 4.15
respectively. In both of the figures, the system stability is ascertained after some

start-up transients.

4.7 Chapter Summary

This chapter provides the modeling of a PV-based islanded microgrid in great de-
tails. An effective control algorithm is developed to protect the system against the
change in connected loads, rapid variation in solar irradiation, and various microgrid
structures (L-type, R-type and RL-type). The simulation results justify the viability
of the designed controller. In simulated figures, the performance of the proposed
controller is compared with that of the traditional GDC-based controller [50], and it
is seen that the designed controller shows better performance in ensuring the system

stability.



Chapter 5

Conclusions and Future Directions

5.1 Conclusions

Droop-based control algorithms are presented in this dissertation with a view to
distributing the change in the load among inverter-interfaced DG units in accor-
dance with droop gains. Diverse islanded microgrid structures are considered and
algorithms are given for each microgrid structures (L-type, R-type and RL-type).
Modified algorithms are developed in order to reduce the start-up fluctuations and
to balance the output power of DG units if the renewable generation varies. For
the purpose of sharing the load based on the power ratings of DG units, linearized
model-based strategies are proposed initially. However, it is found that linearized
model-based power sharing strategies of microgrids depend on the distribution line
parameters and proportional power sharing may not be possible without proper
optimization during the selection of parameters. Hence, improved droop-based con-
trollers are designed to ensure proportional real-reactive power sharing in islanded
microgrids.

The control parameters of the proposed controllers are selected firstly based on
the small-signal stability analysis where the eigenvalues are determined by means of
successive approximation. However, it is anticipated that on account of the negli-
gence of the dynamics of power circuit elements, this method may fail to calculate
the exact stability range in droop-controlled large microgrids. Therefore, this thesis

uses an extended dynamic phasors-based analysis to evaluate the accurate stability
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margins for the designed controllers.

Finally, the proposed control scheme is applied on a PV-based microgrid test sys-
tem and it is observed from simulation results that the designed controller is robust
against the dependance on communication-based networks, existence of distribution
line parameters, component mismatches, disturbances in the load, unpredictability
of sunlight, effect of start-up transients, and numerical errors.

The main contributions of the entire thesis can be summarized as:

e Droop-based control algorithms are developed for proportional power sharing
during the load change phenomenon in different islanded microgrids.

e A modified droop-based controller is designed to balance the inverter output
power in microgrids during both the load change and the renewable generation
change phenomena.

e Accurate stability margins are determined for the designed controllers using

extended dynamic phasors models.

5.2 Future Directions

The proposed work can further be extended as follows:

e The designed decentralized controllers can share power proportionally in com-
mon load-based microgrids. However, in reality it might be difficult to get
information about the common load for large test systems. Therefore, cost-
effective low-bandwidth communication networks can be utilized.

e Power sharing strategies of microgrids are developed in this dissertation by
considering static load. In future, load dynamics can be included to improve
the performance of the proposed controllers.

e Practical implementation of the improved droop-based control would be inter-

esting to compare the simulated results with the real-time outputs.
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The solution coefficients of the extended dynamic phasors models are:
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