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Abstract

With the growth of environmental awareness and concerns about carbon emission, dis-
tributed generators (DGs) such as photovoltaics, wind turbines, fuel cells, and microtur-
bines have been extensively used in power distribution system. Microgrid concept has
been widely adopted to effectively coordinate the operation of multiple parallel DGs be-
cause it can flexibly operate in either grid-connected mode or islanded mode to provide
cost-effective operation and more reliable power. In islanded mode, the droop controller
has been conventionally adopted to operate the microgrid. However, it is impossible to
satisfy the power sharing accuracy and voltage quality requirements with the conventional
droop controller. Therefore, this thesis presents advanced control strategies to address
these power sharing and power quality issues in islanded microgrids.

Firstly, based on analysis of an islanded microgrid with meshed structure, enhanced
power sharing control schemes based on centralized approach or distributed approach
are developed to share active and reactive power accurately in a meshed microgrid, with
the aid of adaptive regulation of the virtual impedances. The proposed control methods
always achieve accurate power sharing even when the microgrid configuration or the load
condition is changed. Furthermore, the proposed control strategy can be implemented
directly without any knowledge of the detailed microgrid configuration or the required
load power measurement, which decreases the complexity and cost of the system.

Next, in order to guarantee accurate power sharing even though nonlinear load is
applied intensively into the microgrid system, the thesis presents an enhanced control
scheme by adaptively regulating virtual impedances at dominant frequencies. The pro-
posed scheme provides accurate active, reactive, and harmonic power sharing despite
variations of microgrid configuration or load condition. Additionally, a simple secondary
controller has also been proposed to remove the frequency and voltage magnitude devia-
tions without additional voltage measurement at the point of common coupling (PCC).
The complexity and cost of the system are significantly reduced because no information
about the detailed microgrid configuration, feeder impedances, and the load powers is
needed.

Finally, an enhanced DG virtual impedance controller (VIC) is proposed to provide

accurate harmonic power sharing along with voltage harmonic compensation in islanded



Abstract

microgrids. The proposed VIC is developed based on simple integral controllers with two
controllable parts and no information about the feeder impedances or load currents. The
control performance is theoretically analyzed using a small-signal state-space model to
evaluate the system dynamics and stability.

All control strategies are validated through digital simulation using PSIM and ex-
periment with scaled-down microgrid prototypes in the laboratory. The obtained results
verify the feasibility and effectiveness of the proposed control schemes. The last part of

the thesis draws conclusions and offers future studies of the research.
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Chapter 1

Introduction

The concept of microgrids is introduced in this chapter. Thereafter, microgrid control
issues are discussed along with the literature review. Finally, objectives and contributions

of the thesis are presented, followed by the thesis outline.

1.1 Microgrid Concept

With the growth of environmental awareness and concerns about carbon emissions, dis-
tributed generators (DGs) using renewable energy resources such as photovoltaics, wind
turbines, fuel cells, and microturbines have been extensively used in power distribution
systems in recent years to meet the rising load demand for utilities [1-3|. Because the
output voltage of these energy resources is either in DC or in uncontrolled AC form,
power electronics-based converters are commonly used to interface these sources [4-6].
Given that increasing numbers of power electronics-based DGs have been integrated into
the power grid recently, some notable problems have been resulted in such areas such as
power management, resonance, and system stability. Subsequently, the microgrid concept
has been introduced as the best solution for these issues. A microgrid (MG) is defined
by Microgrid Exchange Group (MEG) of the U.S Department of Energy (DOE) [7] as
“a group of interconnected loads and distributed energy resources within clearly defined
electrical boundaries that acts as a single controllable entity with respect to the grid.
A microgrid can connect and disconnect from the grid to enable it to operate in both
grid-connected or islanded mode.”

Fig. 1.1 shows the basic architecture of an AC MG system. Renewable energy sources
(RESs) such as PV and wind turbines are connected to the point of common coupling
(PCC) through converters. A microgrid can operate flexibly in either a grid-connected or
an islanded mode to provide a cost-effective operation and a reliable power supply to loads

and customers [8-11|. In the grid-connected mode, the operating voltage and frequency
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Figure 1.1: Architecture of the AC microgrid.

regulation is provided by the main grid [12|. The utility grid ensures a relatively stiff
and robust frequency regulation due to the rotating mass inertia of the large synchronous
generators in the power system [13]. Moreover, the amount of power exchanged between
the microgrid and the grid is determined by the difference between the generation power
and the load demand power in the microgrid. In other words, the main grid is responsible
for maintaining the power balance in the microgrid.

In the case of islanded operation, the microgrid control is, however, more challenging
because the regulation of microgrid frequency and voltage and the power balance between
supply and demand must be realized by coordinate control of DG units. Conventionally,
to realize frequency and voltage regulations and share load power demand among DGs
in a decentralized manner, the real power-frequency (P — w) and reactive power-voltage
magnitude (@ — E) droop control methods have been adopted [14-16].

Fig. 1.2 shows the typical droop-based control scheme for a DG unit. Each DG has
an external power control loop based on droop control in which the angular frequency

and voltage magnitude of the DG output are given as follows:

w =wy — mP, (1.1)

E =F, — nQ, (1.2)
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Figure 1.2: Droop-based control scheme for a DG unit.

where wy and E, are the nominal values of the DG angular frequency and DG voltage
magnitude, respectively; P and () are the measured real and reactive powers after the
low-pass filter (LPF), respectively; and m and n are the real and reactive power droop

slopes, respectively. From (1.1) and (1.2), the instantaneous voltage reference V,. is given

as [17,18]:
Vies = Esin ( / wdt) . (1.3)

Next, in order to generate the desired output voltage for the DG unit according to the
voltage reference Vs in (1.3), the double-loop voltage controller is widely used [19,20]. In
the double-loop voltage controller, the outer loop uses a nonideal proportional-resonant

controller tuned at the fundamental frequency [21]:

2K pyw,s
52 + 2w.s + w?

GOuter<3) = KPV + (14)

where Kpy is the outer loop proportional gain, Kgy is the resonant controller gain at
the fundamental frequency, and w, is the cutoff frequency of the resonant controller. The
inner loop has a simple proportional control gain Kp; with the filter inductor current

feedback, which provides sufficient damping to the output LC filter [21]:

Ghme,«(s) = Kp]. (15)

1.2 Literature Review and Problem Statement

The droop control method has many desirable features including flexibility, redundancy,

and expandability because only local measurements and no communication link are re-
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Figure 1.3: Model of a droop-controlled DG unit.

quired. Nevertheless, its application exposes several significant limitations. Problems

with the droop controller and improved methods in literature are discussed as follows.

1.2.1 Inaccurate Power Sharing among DG Units

Even though real load demand power is always accurately shared among DG units ac-
cording to their rated powers using the conventional droop controller, accurate reactive
and harmonic power sharing cannot be realized, which may result in overload condition

for some DG units.

1.2.1.1 Inaccurate Reactive Power Sharing

A DG unit interfaced to the PCC through the power feeder line is modelled as in Fig.
1.3, in which the DG unit is represented as a controllable voltage source, V,; is the output
voltage of DG; unit, and Vpoe is the PCC voltage. Generally, the impedance of feeder
line is inductive, and the line resistance can be ignored [22,23]|. Then, the impedance
between the DG; unit and PCC can be described as X; (X; = w;L;). Considering that
the phase-shift angle §; between V,; and Vpoo is very small, the output reactive power of

DG; unit is determined as follows:

. E,L VPCC sin 51 — VPQ’CC
= XZ ,

Qi (1.6)

where X is the output reactance of the DG; unit, J; is the phase angle between the DG;
output voltage and the PCC voltage, and F; and Vpeoe are the amplitude of DG; output
voltage and the PCC voltage, respectively.

Substituting (1.2) into (1.6), the reactive power of the DG unit becomes

Q) = Veco(Eo — Vpec)
' Xi+niVpoce

(1.7)

4
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From (1.7), the reactive power sharing error AQ);; between two identical DGs, DG;

and DG;, are
X, — X,

Veco(Eo — Vpee)

From (1.8), the accurate reactive power sharing cannot be achieved (AQ;; = 0) because

AQij = Qi — Q5 = QiQ;. (1.8)

the feeder impedances are mismatched (X; — X; # 0).

In order to solve the inaccurate power sharing problem, many methods have been
proposed [24,25]. In [26], the voltage drop caused by the transmission lines was estimated
online and incorporated into the power control scheme to achieve accurate reactive power
sharing in an islanded microgrid. However, to estimate the voltage drop properly, the
microgrid should operate in grid-connected mode before islanding mode operation. In [27],
the line impedance mismatches were compensated for by controlling the reactive power
in proportion to the derivative of the DG output voltage. Although the reactive power
sharing error was minimized by this method, it was not completely eliminated. Authors
in [28] proposed a robust droop control to ensure accurate powersharing by using the load
voltage information. However, it is not easy to detect the load voltage because it is far
from the controller. To achieve accurate power sharing without the droop controller, a
modified double-loop voltage controller was developed in [29]. However, the overall system
stops when the communication fault occurs, and it is impossible to supply the power to
the loads.

To simultaneously solve the power control instability problem as well as the inaccurate
power sharing difficulty, the virtual impedance technique, which modified the output
voltage reference by means of a load current feed-forward loop, was introduced [30-32].
However, reactive power sharing error was not eliminated completely due to the mismatch
in physical feeder impedances. In [17], the equivalent DG unit impedance was designed to
be inversely proportional to the DG rating by determining the virtual impedance based on
pre-knowledge of the physical feeder impedance, and the reactive power sharing errors were
eliminated. However, it is generally very difficult to find the physical feeder impedance
in practical applications. In [33], an equivalent model was developed to calculate the DG
equivalent feeder impedance by using the feeder current and feeder impedance, and the
inaccurate power sharing problem due to the effects of the mismatched equivalent feeder
impedances was solved by adaptively adjusting the output virtual impedances. However,
it is hard to detect the feeder impedances correctly in practical applications and the
powersharing method becomes ineffective if the microgrid structure changes.

All of the aforementioned power sharing methods focus on a single-bus microgrid with
a fixed configuration. However, when DG units and loads are freely connected to and dis-

connected from any node, the microgrid structure becomes much more complex (meshed
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Figure 1.4: Configuration of a meshed microgrid.

or looped), as shown in Fig. 1.4 [19,20,34,35]. A meshed system has a variable struc-
ture because the load and DG conditions change frequently [36]. This makes it difficult
to achieve accurate reactive power sharing by considering only traditional factors, such
as DG output impedances, mismatched feeder impedances, and mismatched local loads.
In [18|, an enhanced power sharing strategy was introduced that detected the reactive
power sharing error. That said, it is difficult to detect the reactive power error, and accu-
rate reactive power sharing cannot be achieved if the load demand changes. For accurate
power sharing, some virtual impedance based methods have been introduced [34,37—40].
In [37], an optimized virtual impedance controller was developed to eliminate the reactive
power sharing error in a meshed microgrid based on exact knowledge of the detailed mi-
crogrid configuration. However, this method is not effective when the microgrid structure
changes. Authors in [34] achieved proportional power sharing in a meshed microgrid by
regulating the virtual resistance with complex impedances. However, the robustness of
the controller is not guaranteed clearly when local load or microgrid structure changes.
In [38] and [39], a distributed virtual impedance control scheme was proposed to solve
the inaccurate power sharing problem in the microgrids. Even though the reactive power
sharing performance is improved significantly, the virtual impedance regulator becomes

very complicated due to many controller gains. Recently, based on the helps of low-
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bandwidth communication links (LBCs) and a microgrid central controller (MGCC), an
adaptive virtual impedance scheme was developed in [40]. This method is effective for
single-bus microgrids and is inherently immune to delays in the communication links.
However, it does not consider the different offsets of the local loads or changes of the
microgrid structure. Also, the virtual resistance and reactance are regulated equally, even

though their effects on regulating the DG reactive power are different.

1.2.1.2 Inaccurate Harmonic Power Sharing

Similar to reactive power sharing situation, when nonlinear loads extensively used in
the microgrid system, the harmonic load power is distributed among DGs according
to the feeder impedances. Unfortunately, because the feeder impedances are normally
mismatched, the harmonic load power is poorly shared which may trigger the current
protection or lead to overloads of DG units.

Even though many real and reactive power sharing methods have been developed, the
harmonic power sharing for meshed microgrids is not fulfilled sufficiently until now. Some
methods developed for the single-bus systems in [23,39,41] might be applied to the meshed
microgrids because the feeder impedance information is not required. In [41], a harmonic
droop-based technique was developed by using the voltage value at the point of common
coupling (PCC). However, it is not easy to detect the PCC voltage because it is usually
far from the controllers. In [23], the reactive, imbalance, and harmonic power sharing
performance were enhanced by regulating the virtual impedances at the fundamental and
selected dominant harmonic frequencies. However, the accurate power sharing cannot
be achieved if the load changes during virtual impedance regulation. More recently,
Zhang et al. [39] achieved both the accurate fundamental and harmonic power sharing
by a distributed virtual impedance control method based on the well-known consensus
algorithm. Nevertheless, the virtual impedance regulator becomes very complicated due

to many controller gains.

1.2.2 Frequency and Voltage Magnitude Deviations

It can be seen from (1.1) and (1.2), the angular frequency and voltage magnitude seri-
ously depend on the load power, which causes wide deviations, and the frequency and
voltage deviations become more severe as the load demand increases. These deviations
significantly decrease the microgrid voltage quality.

In order to solve the deviation problems, the centralized control method (CCM) has
been conventionally adopted with the aid of communication links and a microgrid central
controller (MGCC) [19, 20,25, 34, 40,42-44]. However, the CCM shows some significant

7
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limitations. First, the CCM needs a MGCC and point-to-point communication links
between the MGCC and all DG units. Therefore, the entire secondary control function-
ality is lost if the MGCC or any communication link fails. Furthermore, the cost and
complexity of the system are high because the CCM requires additional sensors and a
phase-locked-loop (PLL) to detect the frequency and voltage magnitudes at the point of
common coupling (PCC). Another issue is that a communication link must be established
between any new DG unit and the MGCC when connecting the unit to the microgrid
system. This situation is inflexible in terms of possible expansions. Lastly, the MGCC is
required to collect information from all DG units and handle huge amounts of data, so it
might suffer from overload as the number of DGs increases.

To overcome these problems, the distributed control method (DCM) has been devel-
oped recently [45-51]. However, to generate suitable compensating signals, conventional
DCM needs Pl-type controllers in the DG local controller and additional information such
as the frequency and voltage magnitude of its neighbors, which increase the computational

burden and complexity.

1.2.3 Highly Distorted PCC Voltage

Besides inaccuate harmonic power sharing problem, the PCC voltage becomes highly
distorted when nonlinear loads are extensively used in the microgrid system.

In order to share the harmonic load power and attenuate the PCC voltage harmonics,
an individual harmonic droop controller was presented [52|, but the impact of the feeder
impedance was not considered. In another work, a virtual capacitive impedance was used
to compensate for the harmonic voltage drop across the inductive feeder impedance and
attenuate the PCC voltage harmonics [53|. Nevertheless, this method requires informa-
tion about the feeder impedances. To avoid this issue, an enhanced hierarchical control
structure was proposed with the aid of communication links [54-57|, where an additional
control loop was implemented for PCC voltage quality improvement. However, the control
system is complex due to the many control loops and Park/Inverse Park transformation.
To reduce the complexity of the control system, a harmonic droop control loop was used
in addition to a distributed consensus-based virtual impedance control loop, and accurate
harmonic power sharing was achieved together with improved PCC voltage quality [39].
However, this method cannot guarantee that PCC voltage quality complies with the IEEE
519-1992 standard (total harmonic distortion (THD) < 5%) [58]. PCC voltage harmonics
can be attenuated by reducing the DG equivalent feeder impedances [59], and accurate
harmonic power sharing with high PCC voltage quality was achieved by means of a har-

monic droop controller to regulate the DG equivalent feeder impedance by using the



Chapter 1. Introduction

instantaneous PCC voltage [41]. Nevertheless, it is inconvenient to send the non-dc signal
from MGCC to DGs through low bandwidth communication links.

1.3 Research Objectives

The main aim of this thesis is to solve problems related to the power sharing and voltage
quality in droop-controlled islanded microgrids. After an introductive description of the
microgrid paradigm, some of control objectives are proposed to accurately share linear
and nonlinear loads among DGs; eliminate deviations of the frequency and voltage mag-
nitude; and compensate for PCC voltage harmonics in islanded microgrids. The research

methodology will be developed as follows:

e Advanced control strategies to provide accurate active, reactive, and harmonic power
sharing in islanded microgrid systems regardless of microgrid structure. The control
strategies are simple and easy to implement without any knowledge of the detailed

microgrid configuration or line impedances.

e Simple control strategies to eliminate the frequency and voltage magnitude devia-
tions due to the droop operation. The strategies does not require additional PCC

voltage measurement and PI-type controller at MGCC or DG local controllers.

e Enhanced control strategies to compensate PCC voltage harmonics so as to guar-
antee the PCC voltage quality to comply with the standard IEEE 519-1992 (THD
< 5%). The control strategies are simple and easy to implement without need for

information of line impedances.

1.4 Contributions of the Thesis

From aforementioned research objectives, theoretical analyses, simulations using PSIM,
and experiments with scaled-down microgrid prototypes have been done in this thesis to
demonstrate advanced features of the proposed control methods. The main contributions

of the thesis are as follows:

e Development of an enhanced adaptive virtual impedance control scheme, which can
effectively eliminate the reactive-power-sharing error in a meshed microgrid without
any estimation algorithm regardless of the microgrid configuration and load changes.
The proposed method is directly and easily implemented in any type of microgrid

topology (single-bus or meshed system) without the need for any information, such
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as the microgrid structure, feeder impedances, or load powers. Of particular im-
portance, the reactive power is shared accurately even when the load condition or

microgrid structure changes during the virtual impedance regulation.

e Development of a simplified and accurate control scheme to realize accurate power
sharing and restoration of the frequency and voltage magnitude for islanded micro-
grids using distributed cooperative control. The strategy realizes accurate power
sharing with a very simple DG virtual impedance regulator regardless of load condi-
tion variations, and detailed guidelines are provided to design a DG virtual impedance
controller. The conventional droop equations are modified to eliminate the fre-
quency and voltage deviations by using only neighbors’ droop information without
PCC voltage information or PI controllers in either the MGCC or DG units. The
stability is theoretically evaluated according to the communication delay using a
small-signal state-space model, and the scheme is validated through digital simula-

tion and experiment.

e Development of an enhanced power sharing control scheme for the meshed micro-
grids together with the elimination of the frequency and voltage magnitude devi-
ations. Harmonic power sharing in a meshed microgrid is analyzed, and then, the
harmonic power sharing errors are eliminated irrespective of the load variation or the
microgrid configuration change by means of the adaptive regulation of the virtual
impedances at the dominant harmonic frequencies. Additionally, a simple central-
ized secondary controller is developed to remove the frequency /voltage deviations
without detection of PCC voltage. The PI controller used to generate compensat-
ing signal for frequency is removed. Therefore, the system cost is reduced, and the

control system becomes very simple.

e Development of an enhanced virtual harmonic impedance control scheme that can
always guarantee accurate harmonic power sharing with high PCC voltage quality
(THD < 5%) for islanded microgrids, regardless of the load conditions. Specifically,
the DG virtual impedance at a selected dominant harmonic frequency is directly
regulated through two controllable parts. The first one is adjusted to eliminate the
harmonic power sharing errors, and the second part is a negative impedance to atten-
uate the PCC voltage harmonics by reducing the DG equivalent feeder impedance.
As a result, accurate harmonic power sharing and voltage harmonic compensation
can be achieved simultaneously with only one virtual impedance control loop, which

makes the control system simple.

10
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1.5 Outline of the Thesis

The thesis is organized in 5 chapters, as follows:

e Chapter 1 introduces the concept of microgrid and surveys the past work related
to power sharing, frequency and voltage magnitude restoration, and PCC voltage
harmonic compensation. Then, objectives and contributions of the research work

are outlined.

e Chapter 2 presents enhanced adaptive virtual impedance control schemes based on
centralized approach or distributed approach to eliminate the reactive power sharing
error in islanded microgrids regardless of microgrid structure. The proposed con-

troller are theoretically investigated and validated via simulation and experiment.

e Chapter 3 introduces an enhanced power sharing control scheme to share accu-
rately dominant harmonic powers for meshed microgrids with the aid of adaptive
regulation of the virtual impedances at dominant frequencies. Theoretical analysis

and simulation and experimental results are also provided.

e Chapter 4 presents an enhanced virtual harmonic impedance control scheme to
compensate for the PCC voltage harmonics with accurate harmonic power sharing
in islanded microgrids. Theoretical analysis and simulation and experimental results

are also provided in detail.

e Chapter 5 concludes the works in this thesis. Also, future works are mentioned to

open some new topics on the AC microgrid and its applications.
e Appendix A shows state matrices in Chapter 2.
e Appendix B shows state matrices in Chapter 4.

e Appendix C shows the list of publications.

11
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Accurate Active and Reactive Power
Sharing Strategies

In this chapter, enhanced power sharing control schemes based on centralized approach
or distributed approach are developed to share active and reactive power accurately in
a meshed microgrid, with the aid of adaptive regulation of the virtual impedances. The
proposed control methods always achieve accurate power sharing even when the microgrid
configuration or the load condition is changed. Furthermore, the proposed control strategy
can be implemented directly without any knowledge of the detailed microgrid configura-
tion or the required load power measurement, which decreases the complexity and cost
of the system. The proposed control is theoretically investigated and its feasibility and

effectiveness are validated via simulation and experiment.

2.1 Centralized Power Sharing Control Strategy

2.1.1 Operating Principle of an Islanded Microgrid
2.1.1.1 Microgrid Operation

As DG units or loads are connected to or disconnected from the microgrid at various
points, it is convenient to consider the traditional single-bus microgrid configuration as
a meshed form. In Fig. 2.1 shows the configuration of a meshed microgrid composed of
a number of DG units and loads. In Fig. 2.1, a load connected directly to a DG unit is
called a local load, and one connected to a system at the point of load (Pol) is called
a public load. Based on the operating information exchanged between the MGCC and
DG units through low-bandwidth communication links, the microgrid can be operated in
grid-connected mode or islanded mode by controlling the static transfer switch (STS) at
the PCC.

12
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Figure 2.1: Configuration of the meshed microgrid.

During islanded operation, each DG unit can be operated via the conventional droop
controller in which the angular frequency and voltage magnitude of the DG output are

given as follows, respectively:

w =wy — mP, (2.1)

E =F, — nQ, (2.2)

where wy and FEj are the nominal values of the DG angular frequency and DG voltage
magnitude, respectively; P and () are the measured real and reactive powers after the
low-pass filter (LPF), respectively; and m and n are the real and reactive power droop

slopes, respectively. From (2.1) and (2.2), the instantaneous voltage reference V,.f; is

‘/;efi = E,LSZTL (/ wldt) . (23)

2.1.1.2 Reactive Power-Sharing Analysis

given as [17,18]:

For a simple analysis, the meshed microgrid in Fig. 2.1 is simplified using two DG units

having the same power rating, as shown in Fig. 2.2, and their voltage magnitudes F; and

13
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Figure 2.2: Meshed microgrid with two DGs.

E, are given in (2.4) and (2.5), respectively, from (2.2):

E1 :EO - an, (24)
E2 :EO — HQQ, (25)

where ()1 and ()5 are the output reactive powers of DG1 and DG2, respectively.
When the power S = P + j(@Q is delivered through the line impedance Z = R + j X,
the voltage drop AV due to the line impedance is given approximately as [18, 36|

X P
AV ~ AQERP (2.6)
Ey
From Fig. 2.2, the voltages at the local loads become
X — Qroc1) + R1 (P1 — Proc
B =V + 1 (Q1 — Qroct) 1 (P L 1)7 (2.7)
Eq
X - oc + R P - P oc
By =V, 4 2 (Q2 — Qroc2) + Ro (P — Pp 2)’ (2.8)
Eq
and the voltage difference between public loads is
X R3P.
m_%:j%%ij, (2.9)
0

When the active load power is shared accurately between the DG units by the droop
controller, the active powers of DG1 and DG2, P; and P,, respectively, are calculated as

follows by neglecting the feeder loss:

1 1
Pl = PQ = §Ptotal = 5 (PLocl + PLocQ + PPubl + PPubQ) . (21())
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Table 2.1: Sensitivity of AQ12 with respective to the change in the real and reactive
powers.

0AQ12 JAQ12 JAQ12 0AQ12
’ Symbol ‘ 0QLoci | 0Qpubi | OProci | OPpuyp

1=1 0.74 | -0.09 | 0.13 | -0.02
1=2 | -0.74 | -0.26 | -0.13 | -0.05

By considering the power balancing at the nodes, Npy,1 and Npy,e, the following

relationships are obtained:

Q3 =Q1 — Qroct — Qrunt = Qprurz + Qrocz — @2, (2.11)
Py =Py, — Proct — Ppupit = Pprupz + Procz — Pa. (2.12)

From (2.4) through (2.12), the reactive-power-sharing error (AQ1s = Q1 — @Q)2) finally

becomes

AQ12 =Q1 — Q2
X1 4+ Xo+ X5 X, — X,

- ocl — oc + ” + ”

X, + Xy + X3 + 2nE, (Qroct — Qroc2) X, + X, + X+ 2nEy (QpPunt + QPub2)
X3 R1+R2+R3

+ U - u + POC _POC

X0 T Kot Xy 4 anky Grn T Qrun) e e o, ket — )
Ry — Ry Ry

(Ppupt + Ppup2) + (Ppuvt — Ppu2) -

(2.13)

+
X1+X2+X3+2TLEO X1+X2+X3+27’LE0

As can be seen in (2.13), the reactive-power-sharing error depends on the following
factors: line impedances (Z;, Z,, and Z3), load positions (Xs — X7, Ry — R;), mismatched
local loads (Qroc1 — @roc2), and mismatched public loads (Qpuw1 — Qpuz). Table 2.1
provides the sensitivities of the reactive power error AQ)qo according to the load power
change (n = 0.00165, £y = 220V'). As shown in the table 2.1, for conventional droop
control, the sensitivity due to the reactive power change is much higher than that due
to the active power change, which means that the reactive-power-sharing error becomes
more vulnerable when the reactive power changes. Additionally, the reactive power of the
local load has a stronger impact on the reactive-power-sharing error than does that of the

public load.
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2.1.1.3 Virtual Impedance for Reactive Power Sharing

To improve the power control stability and power sharing accuracy, virtual impedance
was introduced [26,30]. When the virtual impedance is added to the output impedance

of a DG, the reactive-power-sharing error is modified from (2.13) as follows:

[(Xo + Xp2) — (X1 + Xo1)] Qrotar + [(R2 + Ru2) — (Ry + Ro1)] Protai
X1+ Xo+ Xs+ X1+ X2+ 2nE,
2[(X1Qroct + RiProct) — (XoQroc2 + RoProc2)]
X1 + Xo + X3+ X1 + Xoo + 20Ey

[(Qroct + Qpup1) — (Qrocz + Qrure)] X3

X1+ Xo + X3+ X1 + X2 + 2nEy
[(Proct + Ppubt) — (Proc2 + Pprus2)] B3

X1+ Xo+ X3+ Xy + Xoo +2nEy -

AQiz = 01— Q2 =

+

+

(2.14)

where the virtual impedances of DG1 and DG2 are Z,; = R,1+7 X1 and Zyo = Ryo+7 X0,
respectively. To make the line impedances equal in Fig. 2.2, the virtual impedances for
the two DGs are assigned opposite signs: Z,; = —Z,». Additionally, we keep the resistive
and reactive component ratio at 5 because X, should be designed much larger than R, to
maintain the microgrid system stability [36,37]. Then, the virtual impedances to eliminate

the reactive-power-sharing errors are

Ry = Ry = — Ryp = =2, (2.15)

By substituting (2.15) into (2.14), X, is obtained as (2.16):

Y (X2 — X1)Qtotar + (R2 — R1) Piotar n (X1Qroe1 + R1Proct) — (XoQroc2 + R2Proca)
° 2Qtotal + %Ptotal Qtotal + %Ptotal
4 [(Qroct + Qpubt) = (Qrocz + Qrurz)] X3 n [(PrLoct + Prupt) — (Proc2 + Ppus2)] R3
2Qotar + %Pmtaz 2Qotar + %P total '

(2.16)

and R, is determined from the component ratio in (2.15).

2.1.2 Proposed Control Scheme

To improve the power-sharing performance by using the virtual impedance, some infor-
mation is needed, such as the feeder impedances, detailed microgrid structure, and load

powers. Unfortunately, this information is not easily available and it is generally time
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Figure 2.3: Proposed local control scheme.

variable. Furthermore, detection of the feeder impedances increases the computational
burden on DG local controllers, and the measurement of loads power increases the cost
and complexity of the system. To remove these problems, this section presents an adaptive
virtual impedance control method based on centralized control approach.

For general applications, we consider a meshed microgrid with n DG units to describe
the proposed control algorithm instead of the microgrid with two DG units shown in Fig.
2.2. As shown in Fig. 2.1, the meshed microgrid is composed of two controllers, the
MGCC and the local controller. These two controllers are implemented without using the

information of the feeder impedances and the loads.

2.1.2.1 Microgrid Central Controller

The DG units transmit the information of the respective reactive powers (Q1, Qa, ...,
and @,) to the MGCC, as shown in Fig. 2.1. At the MGCC, based on the DG reactive
powers and the voltage droop slopes (ny, ng, ..., and n,), the reactive power demand for

the i DG unit to achieve accurate reactive power sharing is calculated as follows:

Q: - hiQtotala 1= 17 e, N (217)

where h; is the reactive load power distribution factor defined as

hi=—"—; > hi=1 (2.18)
. =1

From (2.17) and (2.18), the power reference @ is determined according to the total
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reactive power, and it is periodically sent to the corresponding DG unit.

2.1.2.2 Local Controller

Fig. 2.3 shows the local controller, which has three main control parts to generate the
desired voltage reference for the DG unit: power control, adaptive virtual impedance

control, and a double-loop voltage tracking scheme.

Power Control: In flexible microgrid operation, a plug-and-play load or DG unit can
be connected to any point in the microgrid at any time. By adding a derivative term
to the original droop controller in (2.1) and (2.2), the start-up transients and circulating
currents between DGs can be reduced [60,61]:

dP

w=wyg—mP —mg—,
% (2.19)

E=F,— —Ng—

0 TLQ nddta

where my and ny are coefficients chosen using the pole placement method.

Adaptive Virtual Impedance Control: Fig. 2.4 shows a model of a DG unit with
virtual impedance. To preserve the inductive equivalent feeder impedance and enhance

the system stability, the virtual impedance L, is regulated around its nominal value [23]:

L,=1L,+ L, (2.20)

where L, is a nominal inductance, and L, represents its perturbation. L, is adjusted to

completely eliminate the reactive-power-sharing errors:

L,=

Yo g (2.21)
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where k;qg is the integral gain to adjust the virtual inductance. Then, the reactive part
of the virtual impedance is determined from (2.20) and (2.21), and the resistive part is

obtained from the relationship in (2.15):

_ kz .
Lv:Lv+ SQ<Q_Q)7
wl,

R, =—22. 2.22

From Fig. 2.4, the voltage drop V.. due to the virtual impedance becomes
‘/vir = RvIline - (WLU) ]lineid (223)

where Ijine and Ijne ¢ are the DG line current and its delayed component for a quarter
fundamental cycle, respectively. Then, the voltage reference V,.; for the voltage control

loop is obtained as
‘/T‘Ef = Vdroop - V;)ir = ‘/draop - (valine - WLUIlineid) . (224>

Double-Loop Voltage Tracking Scheme: With the voltage reference V,.; in (2.24), the
double-loop voltage controller in Fig. 2.3 is applied to generate the desired output volt-
age. In the double-loop voltage controller, the outer loop uses a non-ideal proportional—
resonant (PR) controller tuned at the fundamental frequency [21]:

2k,

Gve =k,
vai(s) po ¥ $2 + 2wWes + whe

(2.25)

where kpy is the outer loop proportional gain, kiV is the resonant controller gain at the
fundamental frequency, and w, is the cutoff frequency of the resonant controller. The
inner loop has a simple proportional control gain k;,,., with the filter inductor current

feedback, which provides sufficient damping to the output LC filter [21]:

GCu'r(S) - kinne'r- (226)

2.1.2.3 Communication Links Faults

In the case of a communication fault between the i"® DG unit and the MGCC, the con-
troller at the MGCC stops updating the DG measured powers, and a binary signal “dis-
able” is sent to all DG units in order to disable the virtual impedance update, as shown

in Fig. 2.3. Simultaneously, at the i*» DG local controller, a binary signal “timeout” is
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Figure 2.5: Meshed microgrid used in the simulation.

used to disable the virtual impedance regulation (AQ = 0). Consequently, the virtual
impedance value is retained with the last regulated one until the communication link is

restored, and all units continue to operate with the latest virtual impedance.

2.1.3 Simulation Results

We simulated a meshed microgrid with PSIM to validate the proposed control strategy.
To show that the control scheme developed for two DG units can be extended to n DG
units, we added one more DG to the meshed microgrid shown in Fig. 2.2, and used this
configuration in the simulation, as shown in Fig. 2.5. The system parameters used in the
simulation are listed in Table 2.2. Data communication was activated every 10ms, and
the reactive power demand was updated every 50ms.

For simple and easy comparison, we used a normalized reactive power error Q. ; in
(2.27):

x 100%. (2.27)

e
Qerr_z - ) Q:

2.1.3.1 Performance with Conventional Controller

Fig. 2.6 shows power sharing with the conventional droop controller when all DG units
in Fig. 2.5 have same power ratings. During stage 1 (0 < ¢ < 6s), the microgrid was
originally operated with Load3 and Load4 at nodes N3 and Ny, respectively (the others
were disconnected). At ¢ = 6s, Loadl was connected to node N, which not only invokes
a step load change but also changes the microgrid structure. At ¢t = 9s, Load2 was
connected to node Ny in order to investigate the performance when a local load was
applied. At t = 12s and 15s, the DG3 was disconnected and reconnected, respectively.
In the steady state, the reactive power sharing shown in Fig. 2.6(a) exhibits poor
performance, whereas Fig. 2.6(b) shows accurate active power sharing. Especially, when

a local load Load2 is applied at ¢t = 9s, the DG2 reactive power increases significantly,
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Table 2.2: System Parameters.

System Parameter Values
¥ Simulation Experiment
LC filter, L#Cr 1.3mH / 10uF 1.3mH / 10uF
DC link voltage, Vpc 300V 200V
Nominal operating voltage, B 220V, 60 Hz 110V, 60Hz
Switching frequency, fow 10 kHz 10 kHz
Same Power Different Power
Power . .
i Ratings Ratings
Control Coefficient g g
DG1=DG=DGs DGi1=DGs DGz
m (rad/W.s) 0.00145 0.00145 0.0029
P-w
ma (rad/W) 0.0003 0.0003 0.0003
n (V/Var) 0.00165 0.00165 0.0033
o-V
ng (V-s /Var) 0.0001 0.0001 0.0001
Double-Loop Voltage Values
Control Parameter Simulation Experiment
fepy 0.1 0.1
ki'\* 30 30
ki’rmef 20 20
We 4.1 Rad/s 4.1 Rad/s
Virtual Impedance Control Values
Parameter Simulation Experiment
L, 1mH ImH
kig 0.000035 0.000035

which results in DG2 overloading. Moreover, there are large oscillations in the active
and reactive powers of transient duration due to the large circulating currents. In Fig.
2.6(c), at Stage 1, the reactive-power-sharing errors Q.. ; are 58%, 10%, and 48% for
DG1, DG2, and DG3, respectively. However, as Loadl is applied at t = 6s, the power-
sharing errors decrease to 36% for DGland 26% for DG3, despite the increased load
power; this demonstrates that the microgrid structure significantly affects the power-
sharing performance. In the most severe case, when local load Load2 is connected, the
DG2 reactive-power-sharing error is sharply increased to 58% from 10%. As Fig. 2.6
shows, the reactive power cannot be shared equally using a conventional controller.

Fig. 2.7 shows the power-sharing performance of the centralized control scheme de-
veloped in [40], which is one of the most advanced centralized control scheme up to now,
with the same network used in Fig. 2.6. At the beginning, the conventional method was
applied under the exactly same operating condition as Stage 1 in Fig. 2.6. At t = 3s, the
control method in [40] was activated with the same load power. At ¢ = 65, 9s, 12s, and
15s, the load condition changes in the same scenarios as in Fig. 2.6. As can be seen in
Fig. 2.7, the centralized method in [40] achieves accurate power-sharing in both active
and the reactive powers under any load condition. However, the transient performance is

poor when the local load (Load2) and DG3 are connected at ¢t = 9s and 15s, respectively.
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Figure 2.6: Simulated power sharing performance of the conventional droop control. (a)
Reactive power. (b) Real power. (c) Qerr ; (%).

Particularly, there exist high overshoots and large oscillations in the transient states when

active and reactive powers change in Figs. 2.7(a) and 2.7(b).

2.1.3.2 Performance with the Proposed Controller

Figs. 2.8 and 2.9 show the performance with the proposed control method when DG
units in Fig. 2.5 have same and different power ratings, respectively. The operating
and load conditions change in the same scenarios as in Fig. 2.7. Similar to the method
in [40], when the proposed method is applied from ¢ = 3s, the total reactive power
demand is shared accurately among the DG units according to the DG power rating.
This accurate power-sharing for both the active and the reactive powers is guaranteed
under any load condition and microgrid configuration. As shown in the Figs. 2.8(a)
and 2.8(b), there is no active power oscillation with only small reactive power overshoots
in transient periods. Therefore, compared with performances in Figs. 2.6 and 2.7, the
proposed method provides a superior transient performance. From Figs. 2.8(c), it is clear

that the DG reactive-power-sharing errors are completely eliminated at the steady state
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Figure 2.7: Simulated power sharing performance with the centralized control scheme. (a)
Reactive power. (b) Real power. (c) Qerr i (%).

when the proposed method is activated. Fig. 2.8(d) shows the variation of the virtual
impedance in each DG unit: After the proposed control algorithm is applied at ¢t = 3s,
the DG virtual impedances are changed adaptively in order to share the reactive power
equally.

Fig. 2.9, which shows the performance when DG units in Fig. 2.5 have different
power ratings, also provides perfect reactive and active power sharing corresponding to
each rated power.

Consequently, the proposed controller provides perfect reactive and active power shar-
ing in both steady state and transient state regardless of DG power ratings and load

conditions.

2.1.3.3 Control Performance during a Communication Disruption

The performance of the system during a communication interruption is shown in Fig.
2.10. When there was a communication fault in the meshed microgrid at t = 6s, all

DG units stopped regulating their virtual impedances and continued to operate with the
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Figure 2.8: Simulated performance of the proposed controller with same DG units. (a)
Reactive power. (b) Real power. (c) Qer i (%). (d) Variation of virtual
inductance.

fixed virtual impedance obtained from the last regulation. From 6s to 9s, there was
no change in the system, as shown in Fig. 2.10. Then, accurate power sharing was
maintained, despite the communication fault. On the other hand, when Loadl and Load2
were respectively connected to the system at ¢t = 9s and ¢ = 12s, accurate power sharing
no longer occurred; however, the power-sharing performance was better than with the
conventional method, as shown in Fig. 2.6. At t = 15s, the communication was restored
and the enhanced controller was reactivated. As shown in the figure, the reactive power

sharing was recovered as the virtual impedance was properly regulated.
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Figure 2.9: Simulated performance of the proposed controller with different DG units.
(a) Reactive power. (b) Real power. (c¢) Qerr i (%). (d) Variation of virtual
inductance.

2.1.4 Experimental Varification

In the experiment, we used a simple down-scaled microgrid, shown in Fig. 2.11, to
demonstrate the feasibility of the proposed control scheme. The system was controlled by
the DSP (TMS320F28335) system. Data communication and the reactive power reference
update rate were the same as in the simulation, and the other parameters were listed in

Table 2.2.

2.1.4.1 Power-Sharing Performance

Fig. 2.12 shows the power-sharing performance with the proposed method for the same
power ratings of two DG units in Fig. 2.11. At the start, the microgrid was controlled by

the conventional droop controller with only Loadl. As shown in Fig. 2.12, before t = t;,
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Figure 2.10: Simulated performance of the proposed controller before and after losing
communications, and after recovering communication.

the reactive load power was not shared between two DG units. When the proposed
method was activated at ¢y, accurate reactive power sharing was achieved. Even when
Load2 and Load3 were applied to the system at ¢, and ¢3, respectively, which changed the
microgrid configuration from a traditional single-bus to a meshed form, perfect reactive
power sharing was always achieved, thanks to the proposed control scheme.

Fig. 2.13 shows the current-sharing waveforms corresponding to Fig. 2.12. Using the
conventional method, the magnitude and phase of the DG currents were not the same.
But they became nearly the same once the proposed method was utilized (Fig. 2.13(b)).
Additionally, the DG currents were maintained with the same magnitudes even when the
microgrid configuration was changed by applying a public load (Fig. 2.13(c)) or a local
load (Fig. 2.13(d)).

Fig. 2.14 shows the control performance when a plug-and-play load was connected
to the system during regulation of the virtual impedance. As shown in Fig. 2.14, the
microgrid was originally operated with Loadl and Load2 using the conventional method.
At t4, the proposed method was activated, and Load3 was connected at t5. As can be

seen in Fig. 2.14, when the load was changed during the virtual impedance regulation,
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Figure 2.11: Meshed microgrid used in experiment.
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Figure 2.12: Experimental power sharing performance of the proposed controller with
same DG units. (a) Real power. (b) Reactive power.

perfect reactive power sharing was maintained.

Fig. 2.15 shows the power-sharing performance with proposed method with different
power rating for DGs in Fig. 2.11, and the waveforms are correspond to those in Fig.
2.12. We can see that, in spite of different power ratings, the proposed method shows a

good performance similar to those with the same DG units.

2.1.4.2 Plug-and-Play Capability

To investigate the plug-and-play functionality, the load condition was changed sequen-
tially. As shown in Fig. 2.16, the microgrid was originally operated with the same initial
load condition as that shown in Fig. 2.12. The DG2 was disconnected at t4, and recon-
nected at t;. Then, Load3 was connected at tg. As shown in Fig. 2.16, accurate reactive

power sharing was always maintained in steady state when using the proposed method
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Figure 2.13: Zoom-in DG current waveforms with: (a) Conventional droop method; (b)
Proposed method (activated at t = t;); (¢) Proposed method under load
change operation (Load 1 is connected at ¢t = t3); (d) Proposed method
under local load effect (Load 2 is connected t = t3).

even with plug-and-play operation of a DG unit or load.

2.1.5 Conclusion of the Section

In this section, based on analysis of a meshed microgrid, an enhanced virtual impedance
control scheme to achieve accurate active and reactive power sharing in a meshed micro-
grid has been proposed. The reactive component of the virtual impedance was adaptively
regulated by using an integral controller, and the resistive component was obtained by
maintaining a constant empirical virtual reactance-to-resistance ratio. With the pro-
posed control scheme, accurate reactive power sharing is always achieved, even when the
microgrid configuration or load conditions are changed during the regulating process. Fur-
thermore, the proposed control strategy does not require any knowledge of the detailed
microgrid configuration, feeder impedances, or load power information, making it highly
suitable for complex meshed microgrid systems. The feasibility of the proposed scheme

was demonstrated via simulation and experiment.
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2.2 Distributed Power Sharing Control Strategy

This section presents a distributed control scheme for islanded microgrids to eliminate
the power sharing errors and the frequency and voltage deviations based on distributed
cooperative control. A consensus algorithm is developed through adaptive regulation
of the virtual impedances for accurate power sharing regardless of the load variations.
The proposed power sharing controller is quite easy to implement with only one simple
integral gain without using information about the feeder impedances, load powers, or
detailed microgrid structure. To remove the deviations in the frequency and voltage mag-
nitude, conventional droop equations are enhanced by adding compensating signals, which
are simply determined from the neighbors’ droop information without any PI controller.
Therefore, the control complexity is reduced significantly. The control performance is
theoretically analyzed using a small-signal state-space model to evaluate the system dy-
namics and stability. A digital simulation is also done using PSIM, and experiments with

a scaled-down microgrid prototype are done to verify the proposed scheme.

2.2.1 Preliminaries
2.2.1.1 Power Regulation Capability of Virtual Impedance

Fig. 2.17 shows an equivalent model of a DG unit interfaced to a load bus through a
power feeder. The DG unit is represented as a combination of a controllable voltage
source (Viroopi) and a series virtual impedance (X,;). V,; is the i DG’s output voltage,
and Vpoo is the PCC voltage. Generally, the feeder line impedance is inductive, and
the line resistance can be ignored [22,23]|. The physical impedance between a DG unit
and the PCC is described as X;. In Fig. 2.17, the DG output reactive power can be
changed by changing its virtual impedance X,; [19,20,23]. Therefore, the DG reactive
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Figure 2.17: Model of a DG unit

power variation with respect to the DG virtual impedance change satisfies the following
relationship:
Qi = —Cx0iXui (2.28)

where Cx(; is a positive coupling gain.

2.2.1.2 Consensus Control

In the distributed control scheme, all desired information is transferred through a sparse
communication network. A diagram is shown on the right-hand side of Fig. 2.18. Based
on graph theory [62], the sparse communication network is described by an undirected
and connected graph I' = (£, ) with a non-empty finite set of n DG nodes £ = 1,2,--- ,n
and a set of undirected edges A C & x £. If there is a communication link between two
nodes i and j, where (7,j) € A, these nodes are called communication neighbors.
Communication neighbors of the i** node constitute the neighbor set N; = j € £|(i, j) € &,
and |N;| is its cardinality. The adjacency matrix of graph I' is A = (a;j)nxn, With
a;; = aj; > 0if (i,7) € \; otherwise, a;; = 0. The degree matrix of graph I is defined by
D = diag(d;)nxn with d; = ZjeNi a;; [62]. Thus, the Laplacian matrix . = (;;)nxn of
graph I' is given by .2 = D — A, which is a symmetric and positive semidefinite matrix.
For an undirected and connected graph, all eigenvalues of the Laplacian matrix % are
positive and real except for a simple zero eigenvalue. The right eigenvector corresponding
to the simple zero eigenvalueis 1, = | 1 1 --- 1 T; ie., Z1,=0[19], [37]. When a
communication network to implement the distributed control strategy is described by a
connected graph, a sparse communication network is useful, and the consensus protocol

in (2.29) is commonly used for node i to adjust its state variable z; [62]:

B () == ag (@ (t —73;) — 25 (t — 737)) (2.29)

JEN;
where 7;; is the communication time delay between nodes j and ¢. If this control law is
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Figure 2.18: Proposed power control scheme for i-th DG unit

generalized and applied to every node in the system, all state variables x; will converge

to a common equilibrium point; i.e., 1 = 29 = --- = x, [62].

2.2.2 Proposed Control Scheme

To guarantee accurate power sharing regardless of load conditions and microgrid configu-
rations, the adaptive virtual impedance control method has been used as one of the most
advanced techniques [63]. However, most of the virtual impedance control methods are
implemented in a centralized control fashion [19, 20,34, 40| and the distributed virtual
impedance-based approach has not sufficiently realized so far. A consensus-based virtual
impedance controller was recently introduced [38,39], but the virtual impedance regulator
is very complicated due to the many control gains.

To eliminate the frequency and voltage deviations, other DCMs need PI controllers
for all DG units, which increase the computational burden on the DG local controllers and
the complexity of the control system. Therefore, a simplified distributed control scheme
is proposed, as shown in Fig. 2.18. The scheme requires only the DG neighbors’ power

information and does not use information about the feeder impedances and the loads.

2.2.2.1 Distributed Virtual Impedance-Based Power Sharing Control

Accurate reactive load power sharing (n;Q; = n;Q;) can be realized in a distributed
manner by using the consensus protocol in (2.29) with the DG reactive power n;Q; as the
DG state. In the consensus protocol, the desired state z; should be directly controlled.
However, the selected state, n;Q);, cannot be directly controlled because the DG units are

operating in V' — f mode. Therefore, the consensus protocol uses the virtual impedance
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as the controllable quantity instead of from (2.28), and the control law of the i DG unit
is modified from (2.29):

Xoi (t) = ko Z aij (niQi (t) — n; Q5 (t — 7i5)) (2.30)

JEN;

where kj is the positive control gain.

From (2.30), the update rule of the i** DG virtual impedance is obtained as:
JEN;

The voltage drop AV,; (t) due to the virtual impedance in (2.31) becomes:
AV, () = —=Xoi (1) Loai (1) (2.32)

where I g4 (t) is the delayed component of the i DG line current I,; (t) for one quarter
of a fundamental cycle. Thus, to implement the virtual impedance X,; (t), the voltage

reference V,.;(t) for the voltage controller is modified as following:
V;"efi(t) - Vd’/‘oopi(t> - ‘/vz(t) - Vdroopi(t) + Xm(t)]odz(t) (233)

2.2.2.2 Compensation of Frequency and Voltage Deviations

To remove the frequency and voltage deviations in a distributed fashion, compensating
signals from the distributed secondary controller, dw; and JE;, are usually added to the

conventional droop controllers [45-48,50,51,64]:

w; =wo — m; Py + dw;, (2.34)

To generate suitable compensating signals, conventional DCM needs PI controllers in the
DG local controller and additional information such as the frequency and voltage magni-
tude of its neighbors, which increase the computational burden and complexity. There-

fore, the compensating signals are determined based on the neighbors’ powers information
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without using any PI controller:

Wi | Z aZJmJ Tij) ) (236)

JEN;

Z a;in;Q; (t —7;5) . (2.37)

JEN;

5o

After plugging (2.36) and (2.37) into (2.34) and (2.35), the angular frequency and voltage

magnitude become:

w,(t) =Wy — m] Tij) ) (238)
]EN

BEi(t) =Ey — n;Q;(t) |N| Z a;n;Q; (t — 7ij) . (2.39)
JEN;

2.2.2.3 Multi-Loop Voltage Controller

With (2.38) and (2.39), the instantaneous voltage reference in (2.33) becomes:

Vieri(t) = E;(t) sin (/ wi(t)dt> + Xoi () Logi (1). (2.40)

The multi-loop voltage controller in Fig. 2.18 is applied to generate the desired output
voltage for the DG unit according to the voltage reference in (2.40) [19,20]. In the
multi-loop voltage controller, the outer loop uses a non-ideal proportional-resonant (PR)

controller that is tuned at the fundamental frequency:

2KRourwhys
G =K . 2.41
our(s) rouT + 5 Yy + o7 (2.41)

where Kpoyr and Kpr oyr are the outer loop proportional and resonant controller gains,
respectively, and w, is the cutoff frequency of the resonant controller. The inner loop is a

simple proportional controller with gain Kp;y and filter inductor current feedback:

Gin(s) = Kpin. (2.42)

2.2.3 Steady-State and Small-Signal Analysis
2.2.3.1 Steady-State Performance Investigation

Assuming that the microgrid operates in steady state for ¢t > ¢, the following important

results are obtained with the proposed control strategy.
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Theorem 1: Accurate reactive power sharing is realized with the consensus-based
virtual impedance controller in (2.30).

Proof : We define global variables for the whole n DG microgrid system as: X, £
col <Xm-(t)> and Quorm = col (n;Q;(t)) where col(z;) = | &1 x5 -+ xn ]T. In steady
state, X,i(t) = 0 and Q;(t — 7;;) = Q;(t). Hence, the entire system can be described as
follows from (2.30):

Xy = koLQuorm = 0. (2.43)

Considering that . € R™" is the Laplacian matrix of an undirected graph, it has a
simple zero eigenvalue with a corresponding right eigenvector, pl,, u € R\ {0}, and other

eigenvalues are positive and real [19], [37]. Hence, (2.43) becomes:

0= kO*CQnorm = Qnorm = ﬂln = anz(t) = anj (t),V'L,j € f (244)

which shows for the reactive load power demand to be shared accurately among DG units.
Theorem 2 : With the modified frequency droop controller in (2.38), perfect active
power sharing is maintained without frequency deviation.
Proof : Let N be an n x n matrix defined as N £ diag(|N;| "), and let the following

be column vectors: e, = col(wy — w;(t)) and Phom = col(m;Py(t)). In steady state,

P;(t — 1;;) = P;(t), which means that (2.38) can be modified for n DG system as follows:

w = NLPorm.- (2.45)

Furthermore, the entire system operates at the same frequency in steady state. Hence,
for p € R, the condition in (2.46) is satisfied:

e, = ply. (2.46)

By substituting (2.46) into (2.45) and multiplying both sides with 17 N~! the following

equation is derived:
"Nl = 1EN'NLP, yp & plEN 1, = 1L LPrm. (2.47)
In the case of a balanced Laplacian matrix (i.e., 17£ = 0) (2.47) becomes:

plIN"1, =0. (2.48)
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Figure 2.19: The islanded microgrid used in stability analysis and experiment

Since 1T N~'1,, = [Ny| 4 [Na| 4 - - - + [N, | > 0, (2.48) yields:
p=0&r¢,=0< wi(t) =wy, Viec. (2.49)
When e, = 0, (2.50) is derived from (2.45):
0 = NLPoorm € Praorm = Y1n & miBi(t) = m;Py(t), Vi,j € & (2.50)

where v € R\ {0}.

Equations (2.49) and (2.50) demonstrate that frequency restoration and active power
sharing are achieved with the proposed strategy.

Theorem 3: With the modified voltage droop controller in (2.39), the microgrid volt-
age deviation is eliminated once accurate reactive power sharing is realized with the virtual
impedance control in (2.30).

Proof : As proven in Theorem 1, (2.44) is achieved with DG virtual impedance
control in (2.30). With Q;(t — 7;;) = @Q,(¢) in steady state, substituting (2.44) into (2.39)
yields E;(t) = Ep,Vi € &, which demonstrates that the microgrid voltage deviation is
eliminated with the proposed control method.

In summary, the proposed control method guarantees accurate power sharing among

DG units and restoration of the frequency and voltage, regardless of the load conditions.

2.2.3.2 Small-Signal State-Space Model

The system dynamic performance and stability are investigated by deriving a small-signal
state-space model using a modeling approach from previous studies [65,66]. The DG’s

instantaneous active and reactive power, p; and ¢;, are determined from the equivalent
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Table 2.3: System parameters

System parameter | Simulation | Experiment

LC filter, L#Ct 1.3mH/10uF 1.3 mH/10uF

DC link voltage, Vic 400V 280V

Nominal voltage, Eo 220V, 60Hz 110 V, 60 Hz
Switching frequency, faw 10 kHz 10 kHz

Droop Simulation Experiment
Control DG1=-DG2 DG3=DG4 DG1=DG3 | DG2
m (rad/W-s) 0.001 0.0005 0.0015 0.003
n (V/iVar) 0.005 0.0025 0.007 0.014
Double Loop Voltage Simulation Experiment
Control

Kro/Kro/Kmv 0.1/ 40/ 30 0.1/ 30/ 25

b 12.5 rad/s 12.5 rad/s
Virtual Impedance Simulation Experiment
Control

ko 15 12

circuit in Fig. (2.17) [15,22]:

EV,
iy, +P)C(Cvi e .
' :VPCC (E;cosp; — Vpeco) (2.52)
' Xl + Xvi ’ |

where ¢; is the phase-shift angle between E; and Vpee. By linearizing (2.51) and (2.52),
the small-signal variations AP;(t) and AQ;(t) of the measured active and reactive power

after low-pass filtering are obtained:

AP(t) =—EPE (0, AE(t) + Brilgi(t) + 1 AXi(2)), (2.53)
S+ wrpr

AQi(t) =— 2P (0 AE(t) + Buloi(t) + 1 AXi(t)), (2.54)
S+ wrpr

where ay,; = Opi/OE;, Bpi = Opi/0¢i, Vpi = Opi/0Xui, agi = 0q;/OE;, By = 0qi/0pi,
Vi = 0¢;/0X,i, the operator A indicates a small-signal perturbation around the system’s
operating equilibrium point, and wyppr is the cutoff angular frequency of the low-pass
filter.

For simple analysis, the communication delay is assumed to be equal for all links

(1, = 7). Thus, the frequency and voltage variations, Aw;(t) and AE;(t), are obtained

37



Chapter 2. Accurate Active and Reactive Power Sharing Strategies

by linearizing (2.38) and (2.39), respectively:

Aw;(t) = — m;AP(t AP (t—T), (2.55)
]EN

AE;(t) = — n;AQ;(t) | |Zawn]AQj 7). (2.56)
JEN;

The small-signal variation AX;(t) of the virtual impedance X;(¢) is derived by linearizing
the control law in (2.30):

AXyi(t) = ko > ay (niAQi(t) — n;AQ;(t — 7)) . (2.57)

JEN;

From (2.53)-(2.57), the small-signal state-space model of the proposed control system
becomes the following by using Aw;(t) = sAp;(t):

jl’MG (t) = QMGZ'MG (t) —+ QMGidxMG (t — T) (258)

where x (%) is 4n state variables defined by ¢ (t) = [AP () AP (t) - -+ AP, (t) AQ4(t)
AQy(t) -+ AQu(t) Api(t) Apa(t) -+ Apn(t) AXyi(t) AXp(t) -+ AX, (8)]F. Qe and
Qg q are 4n X 4n state matrices and are shown in the Appendix A.

2.2.3.3 Controller Gain Design and Stability Analysis

Based on the small-signal state-space model in (2.58), the controller gain design and
stability for the proposed method are considered by using the microgrid with three DG

units, as shown in Fig. 2.19. The system parameters are listed in Table 2.3.

Controller gain design: It is very simple to design the controller because the proposed
control system has only one control gain k. Initially, the controller gain is determined with
zero communication delay (i.e., 7 = 0). The state matrices of the three-DG unit system
in Fig. 2.19 (Q3pg and Q3pg 4) are derived from the generalized modeling approach in
(2.58). In the case of 7 = 0, the small-signal state-space model for the microgrid in Fig.
2.19 becomes:

T3pa (t) = Mwzpe (1) (2.59)

AX i () AXp(t) AXys(t)]", M = Q3pe + Qpe g
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Figure 2.20: Root locus diagram according to control gain kg with negligible communi-
cation delay (7 = 0): 0 < ko < 20, my; = 0.5my = mg = 0.0015rad/W . s,
ny = 0.5ny = n3 = 0.007V/Var, wppr = 31.5rad/s.

From (2.59), the characteristic equation of the system is:
det (M — sI) = 0. (2.60)

From (2.60), the characteristic roots for a given controller gain kg are obtained using
the Matlab eig(M) function to obtain the eigenvalues of M. Fig. 2.20 shows a plot of
the trajectories of all eigenvalues obtained by increasing the gain ky from 0 to 20 with
small intervals. The control system is stable because all the eigenvalues are kept in the
left haft plane except two zero eigenvalues A\; and Ay caused by the singularity of the
state matrix M. The dynamic performance is mainly determined by the dominant poles
A9 — A1z because the other poles (A — Ag) are fixed, and these poles move along the
direction of the arrow as kg increases. As kg increases, the system stability improves with
an underdamped response. kj is selected as 12 to provide the desired system damping

and stability performance.

Stability with communication delay: Next, the system stability is evaluated with var-
ious communication delays. The small-signal state-space model for the microgrid in Fig.

2.19 with communication delay becomes a delay differential equation:

T3pa (t) = Qsparspa (t) + Qspe avspa (t— 7). (2.61)
The characteristic equation for the system in (2.61) becomes [65]:

det (—SI + Qapa + QgDG—de_ST) =0. (262)
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Imaginary Axis
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Figure 2.21: Root locus diagram according to communication delay 7: 0 < 7 < 150ms,
my = 0.5my = mg = 0.0015rad/W . s, ny = 0.5n, = n3 = 0.007V/Var,
wrpr = 31.5rad/s, ko = 12.

It difficult to find the exact characteristic roots of the system in (2.61) because the
characteristic equation in (2.62) has infinite solutions. The eigenvalues of (2.62) are ob-
tained for a specific communication delay from a previous numerical approach [65], and
Fig. 2.21 shows the trajectories of all eigenvalues obtained by increasing the commu-
nication delay 7 from 0 to 150ms. The eigenvalues approach the right half plane as
the communication delay increases and remain in the left haft plane until 7 = 120ms.

Therefore, the system is stable if the communication delay is less than 120ms.

2.2.4 Simulation Results

An islanded microgrid with a meshed structure is simulated in the PSIM environment to
evaluate the proposed control strategy. As shown in Fig. 2.22, the microgrid used in the
simulation is composed of four DG units. DG units 3 and 4 are rated for twice as much
power as units 1 and 2. There are also different loads at points Ny — N4. The system
parameters are listed in Table 2.3. A delay of 1ms is included in the communication links
of the DG units.

2.2.4.1 Control Performance with the Proposed Method

The power sharing performance of the system with the proposed control scheme is illus-
trated in Fig. 2.23. Four simulation stages are considered. Stage 1 occurs at 0 —5s, where
the microgrid is originally operated with the conventional droop controller with loads 1-4
at nodes N; — Ny. Stage 2 occurs at 5 — 10s. The proposed control method is applied

at bs. Stage 3 occurs at 10 — 15s, where load 1 is disconnected from node N;. Stage 4
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Figure 2.22: The islanded microgrid used in simulation.

occurs at 15 — 20s, where load 1 is reconnected to the system.

As shown in Figs. 2.23(a) and (b), the real power demands are always shared accu-
rately by DG units in steady state, but the reactive power sharing shows poor performance
with the conventional method in stage 1. However, when the proposed control method
is activated at 5s, the total reactive power demand is shared accurately among DG units
after a short transient period.

Accurate reactive power sharing is maintained even though the microgrid configura-
tion and total load demand are changed, as shown in stages 3 and 4. With the pro-
posed control scheme, perfect active and reactive power sharing is always guaranteed in
steady state (see Figs. 2.23(a) and (b)). Fig. 2.23(c) shows the variation of the DG
virtual impedances. After the proposed control scheme is applied at 5s, the DG virtual
impedances are changed adaptively to share the reactive power accurately, as in Fig.
2.23(b).

Figs. 2.23(d) and (e) demonstrate the frequency and voltage restoration performance
with the proposed control method. The set points of the frequency and the voltage
magnitude are less than the nominal values in stage 1 with the conventional droop control
method. However, when using the proposed method at 5s, they are restored to the nominal

values in steady state in spite of the load conditions and the microgrid structure in stages

3 and 4.

2.2.4.2 Performance during a Communication Link Failure

The performance of the system during a communication link interruption is shown in Fig.
2.24. Initially, the system is operated under the same operating conditions as in stage 4
in Fig. 2.23. At 5s, the communication link between DG1 and DG2 fails. At 10s and
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Figure 2.23: Control performance with proposed control scheme: (a) active power; (b)
reactive power; (c) DG virtual impedance; (d) frequency set point; (e) voltage
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Figure 2.24: Control performance with proposed control scheme during a communication
link failure: (a) active power; (b) reactive power; (¢) DG virtual impedance;
(d) frequency set point; (e) voltage magnitude set point.

15s, the load conditions change in the same scenarios as in Fig. 2.23. As shown in Fig.
2.24, the proposed method shows good performance similar to those in Fig. 2.23 in spite

of the communication link failure.

2.2.4.3 Plug-and-Play Operation

Fig. 2.25 shows the control performance when a DG unit is disconnected from and
reconnected to the microgrid system. At ¢t = 0, the microgrid operates under the same
conditions as in stage 4 in Fig. 2.23. The DG2 is disconnected at 5s and reconnected
at 10s. The proposed method shows good performance that is the same as in Fig. 2.23

irrespective of the plug-and-play operation.
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Figure 2.25: Control performance in plug-and-play operation: (a) active power; (b) reac-
tive power; (c) frequency set point; (d) voltage magnitude set point.
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Figure 2.26: The photo of the experimental setup.

2.2.5 Experimental Results

Experiments are conducted with a single-phase scaled-down microgrid prototype with
three DG units, as shown in Fig. 2.26. The system diagram is shown in Fig. 2.19, where
DG units 1 and 3 are rated for twice as much power as DG unit 2. The proposed control
scheme is implemented using a DSP (32-bit floating-point 200MHz TMS320F28379D,
Texas Instruments). The delay on the communication links of the DG units is 1ms. The
key parameters of the system are listed in Table 2.3. Figs. 2.27-2.30 shows the results.

In Fig. 2.27, the microgrid system is originally controlled by the conventional P — w
and @ — E droop controllers with loads 1-3 at the PCC. As shown in Fig. 2.27(b),
the reactive power demands cannot be shared accurately among DG units in stage 1.
However, the power sharing error is eliminated when the proposed control scheme is
activated at t; after a short transient period. Accuracy is always realized in both active
and reactive power sharing when using the proposed distributed controller, even when
load 3 is disconnected and reconnected to the system at ty and t3, respectively (see Figs.
2.27(a) and (b)). In Figs. 2.27(c) and (d), the set points of the frequency and voltage
magnitude are also maintained at their nominal values in steady state despite the load
variations.

Fig. 2.28 demonstrates the control performance with the proposed control scheme

when the communication link between DG1 and DG3 fails. The system originally oper-
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ates under the same operating conditions as in stage 4 in Fig. 2.27. At ¢, the communi-
cation link between DG1 and DG3 is interrupted. At t5 and t3, the load power demand
changes in the same as in Fig. 2.27. As shown in Fig. 2.28, the proposed scheme always
guarantees accurate power sharing and restoration of the frequency and voltage despite
the communication link failure.

Fig. 2.29 shows the dynamic responses of the system for four different values of the
control gain ky when the proposed method is activated. A small control gain can slow
down the system response, while a large gain can lead to oscillation. The optimal gain
value is kg = 12, which can provide fast response without oscillation (see Fig. 2.29(c)).

Fig. 2.30 shows the DGs’ dynamic reactive power responses for various communication
delays when the proposed control scheme is applied. With a small communication delay,
perfect control performance can be achieved with the proposed control scheme (see Figs.
2.30(a) and (b)), and the system maintains stability even for a long communication delay
of 7 = 100ms (see Fig. 2.30(c)). For the case of 7 = 150ms, the system becomes unstable,

and accurate power sharing cannot be achieved (see Fig. 2.30(d)).

2.2.6 Conclusion of the Section

A distributed control strategy has been proposed for the islanded microgrids. Accurate
power sharing and restoration of the frequency and voltage are achieved in spite of changes
in the load conditions. A distributed consensus-based virtual impedance controller is
developed for accurate power sharing, and the conventional droop equations are modified
for the frequency and voltage restorations.

Only one control gain is tuned to regulate the DG virtual impedance, and the fre-
quency and voltage compensating signals are directly determined from the neighbors’
droop information without any additional sensors or PI controllers in the local controllers.
Therefore, the control system design is extremely simple without degrading the system
performance. In addition, the control system’s stability with communication delay is
analyzed using a generalized small-signal state-space model. The system stability is guar-

anteed with communication delay less than 120ms.
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Chapter 3

Accurate Harmonic Power Sharing
Strategy

This chapter presents an enhanced power sharing control scheme to share accurately dom-
inant harmonic powers for meshed microgrids with the aid of adaptive regulation of the
virtual impedances at dominant frequencies. The proposed control method provides accu-
rate harmonic power sharing even when the microgrid configuration or the load condition
is changed. Moreover, a simple secondary controller has also been proposed to remove
the frequency /voltage deviations without additional voltage measurement at the point of
common coupling (PCC). The proposed control scheme can be implemented directly in
any type of microgrid structure (single-bus or meshed) without any information about the
detailed microgrid configuration, feeder impedances, and the load powers, which decreases
complexity and system cost. The proposed control method is theoretically investigated,
and its feasibility and effectiveness are validated via simulation and experiment.

The rest of this chapter is outlined as follows: The system configuration along with an
analysis of the power sharing control by using virtual impedance is described in Section
3.1. In Section 3.2, the proposed controller is presented, followed by simulation and
experimental results based on the proposed strategy in sections 3.3 and 3.4, respectively.

Finally, concluding remarks are presented in section 3.5.

3.1 Power Sharing Control Analysis

For simple analysis, an islanded meshed microgrid with two DG units with the same power
rating is considered as shown in Fig. 3.1. There are two local loads, Locl and Loc2,
located at the points, Ny, and Ny, respectively; and two public loads, Publ and Pub2,
are connected to the points Np; and Npsy, respectively. We assume that line impedances

in Fig. 3.1 are inductive (R ~ 0).
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Figure 3.1: A meshed microgrid with two DG units.
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Figure 3.2: Equivalent circuits of the microgrid at different frequencies: (a) at fundamen-
tal frequency, (b) at harmonic frequencies.

X )

DG2

Fig. 3.2(a) illustrates the equivalent circuit of the microgrid at the fundamental
frequency, where the DG unit is modelled by a controlled voltage source with a series
virtual impedance. Meanwhile, the load is a passive RL load. It should be noted that the
inaccurate reactive power sharing issue in the meshed microgrid system is not discussed
here because it is clearly analyzed in the previous chapter.

Fig. 3.2(b) shows the equivalent circuits of the microgrid at h-order harmonic fre-
quency. In Fig. 3.2(b), the DG unit is modelled as an adjustable virtual impedance, and
the nonlinear load is considered as a harmonic power source. To facilitate the power flow
analysis, the circuit in Fig. 3.2(b) is decomposed into Figs. 3.3(a)—(d) according to the
superposition theory, in which power flow produced by each power source is considered

separately. From Fig. 3.3(a), power flows of two DG units to the local load of DG1, Locl,
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Figure 3.3: Equivalent circuit of the microgrid at harmonic frequencies when each nonlin-
ear load is separately analyzed.

are calculated as follows:

h

h

X7+ X1y + X9+ XV

H =
1,Locl th_i_Xq}il +X{7,2 +X§L+X,l}}72 Locl
X}

oY)y = a
2hocl XTI 4 XP )+ X[y + XP o+ XD, e

h

h

(3.1)

(3.2)

From Fig. 3.3(b), the harmonic powers supplied to the public load, Publ, by DG1

and DG2 are calculated, respectively, as follows:
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X{y+ X)+ X0,

h h
Hl Publ Xh +Xh1 +X + Xh +Xh Hpubl (33>
Xt + XM
Hy poyy = H (3.4)

X+ XD+ XY +Xh+Xh Pubt

Similarly, the shared powers to the public load, Pub2, by two DG units are determined
from Fig. 3.3(c):

h Xh + Xh h
Xh + Xh1 + X
H;,PubQ Hl}éubQ (36>

X+ X!+ XY +X§L+X32

And, from Fig. 3.3(d), harmonic powers injected to the local load of DG2, Loc2, by
two DG units are
XD
X+ XM+ X+ XD+ XD
XM+ XM+ X0+ X0
h h L h h HZOCZ (38>
X+ X0, + X+ Xb + Xy

H{L,LOCQ HZOCQ (37)

h
HZ,LOCQ

Then, from (3.1)-(3.8), the output harmonic powers of two DG units are determined

as following:

H{L :H{L,Locl + H 1,Publ + Hl ,Pub2 + Hl ,Loc2
(Xh + Xh2) chotal X{LQ (Hﬁocl + H}};ubl)
CXP X+ XD+ XD XE,  XF A XE o+ XD+ XD+ X,
XhHﬁocl XhHgoQ

3.9
+Xh+Xh1+X + X+ X)) (3:9)
Hél :Hg,Locl + ngubl + H2 ,Pub2 + Hg,LocQ
(Xh + Xh ) Htotal X{LZ (HZOCQ + HllgubZ)
Xh+Xh1+X + Xy + X X+ X+ X+ X+ XD
XhHh XhHh
Loc2 Locl (31())

X4+ XM+ X+ X+ X

Finally, the harmonic power sharing error (AH}, = H' — H}) is obtained from (3.9)
and (3.10) as in (3.11):
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[(Xg + X’L};L,Z) - (X{L + X!f,l)} Ht@)tal X{l2 [(Hﬁocl + Hl}éubl) - (HQOCZ + Hl}éubQ)}
X+ X+ X+ X+ X, X+ XD+ X+ X+ X,
+ 2 (X?Hﬁocl - XgHﬁoCZ)
X+ X0+ XL+ X+ X))

(3.11)

As can be seen in (3.11), the harmonic power sharing error AH?, complexly depends on
numerous factors such as mismatch in feeder impedances, load powers, load positions, and
total line impedance, which are all time variables. Fortunately, from (3.9) and (3.10), it is
possible to control the DG output harmonic powers by regulating the virtual impedances
to keep the power sharing error AHJ, to be zero. In order to avoid the contradiction when
regulating the virtual impedances, the virtual impedances for the two DG units should be
assigned opposite signs, i.e., X" = —X" = X" And, the regulation capability (kayx)
is defined by taking the derivative of AH%, with respect to X/

dAH{Z2 o 2Ht}f)tal

k = =— <0, VX 3.12
AHX T X Xb+ X0+ Xh " v (3.12)

Since kagx is always negative, in case AHJ, > 0 (H! > H}), the power sharing error
AH! > 0 is reduced by increasing the virtual impedance X; otherwise, when AHJ, < 0
(H < HY), it reaches zero by decreasing the virtual impedance X". Finally, the har-
monic power sharing error in (3.11) is eliminated (AH®, = 0) when the virtual impedance

satisfies the relationship in (3.13):

Xhl _ —Xh2 _ ()(41 _ Xf‘) + X{l Hgocl — X3H£002

) ’ 2 Hh

total
+X{12 [(Hﬁocl + Hllgubl) - (H2062 + HllgubZ)}
2H" '

total

(3.13)

3.2 Proposed Control Scheme

To enhance the power sharing performance by using the virtual impedance, we need fur-
ther information such as the feeder impedances, detailed microgrid structure, and load
powers. Unfortunately, they are not easy to obtain and are generally time varying ones.
On the other hand, in order to solve frequency/voltage deviations, the additional sensors
are usually required to detect the frequency and voltage magnitude at the PCC [42,43],

which increases the cost and complexity of system. To remove these problems, an en-
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Figure 3.4: Proposed control scheme.

hanced control scheme is introduced. The proposed method does not require any knowl-
edge of line impedances, the load powers, system frequency, or PCC voltage.

For general purposes, we consider a meshed microgrid with [ DG units instead of the
microgrid with two DG units shown in Fig. 3.1. The overall control block diagram of the
proposed control scheme is shown in Fig. 3.4, in which two controllers, the MGCC and

the local controller, are included.

3.2.1 Microgrid Central Controller

In Fig. 3.4, the DG units transmit the information relating to the active powers (m; P,
moPy, -, myP,), reactive powers (n1Q1, n2Qs, - -, 7;Q;), harmonic powers (HP', HY - .-
HI"), and fundamental DG output voltage magnitudes (Fpag1, Fmag2, s Emagi) to the
microgrid central controller (MGCC). At the MGCC, the control signal for DG units to

compensate frequency deviation is calculated as the following:
1
Aw = 7 ; m; P, (3.14)

Meanwhile, the compensation signal to eliminate the voltage magnitude deviation is

produced by an integral controller:
AE = ky / (Eo — Bic)dt (3.15)

where kg is the controller gain and Ej;¢ is average voltage across the microgrid which is

calculated as following:
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Table 3.1: System Parameters.

System Parameter Simulation Experiment
LC filter, Lg; C¢ 2.0 mH; 20 uF 1.3 mH; 10 uF
DC link voltage, V- 400V 280V
Nominal operating voltage, E, 220V, 60 Hz 110V, 60 Hz
Switching frequency, f,,, 10 kHz 5kHz
D Simulation Experiment
Coefficient Case I Case II
Control = =
onfro DGI=DG2 | DGIDE4 Mh61-pG2-DG3 | DGI-DG3 | DG2
P-o m (%) 0.0015 0.00075 0.0015 0.0015 0.003
o-v n (L) 0.0015 0.00075 0.001 0.001 0.002
Var
H! i oq (Var) 750 1500 700 700 350
Secondary & Virtual Impedance Control Simulation Experiment
Fund. virtual impedance control, E’:; ki 0.5 mH; 0.006 1.0 mH; 0.035
Har. virtual impedance control, k,5; k;5 0.00003; 0.00005 | 0.0002; 0.0005
Vol. restoration control, kg 4.0 3.0
Double-Loop Voltage Control Simulation Experiment
Kpy; Kypi Kinner 0.1; 30; 50 0.1;20; 10

Kyn

W,

25 (h=3):20 (h=>5)

10 rad/s

15(h=3)10(h=5)
10 rad/s

Eyg =

o~ =

l
g Emag,i
i=1

Moreover, the normalized reactive power and harmonic power are calculated as follows:

l
Q{zorm :% Z anz
i=1

l

1 H!
LN B
HTLO?“m - ! ; H;Lated,i

h
where H,

teq; 15 the harmonic power rating of the ith DG unit.

(3.16)

(3.17)

(3.18)

Finally, compensation signals in (3.14), (3.15) and normalized powers in (3.17), (3.18)

are periodically broadcasted to all DG units to perform control algorithm.
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Figure 3.5: Decomposition of fundamental and harmonic components (T denotes the fun-
damental cycle time).

3.2.2 Local Controller

As shown in Fig. 3.4, the local controller consists of four main control parts to generate
the desired output voltage for the DG unit: modified power calculation, modified droop

control, selected virtual impedance control, and a double-loop voltage tracking scheme.

3.2.2.1 Modified DG unit Power Calculation

Fundamental and harmonic line current components, I/ and I"  are extracted from the
second order generalized integrator (SOGI) [38]. And, their conjugated signals, I g 4 and
I f 4> are obtained by delaying I/ and I” for a quarter fundamental and h-order harmonic
cycle, respectively [39]. A simplified fundamental and harmonic extraction principle is
sketched in Fig. 3.5.

Furthermore, since the voltage waveforms of DG units are harmonic polluted, the DG
fundamental voltage should be also extracted together with harmonic current in order
to calculate the DG power. For easy implementation without DG fundamental voltage
extraction, we calculate the active and reactive power by using the fundamental voltage

reference VTJ; s instead of the DG fundamental voltage \ZE

__ WLPF Fopfoyvi g )
pP= (v vl 1 3.19
2 (S WLPF) ref f,d*o,d ( )

__ wLpF ( Fopf_yl g )
Q= V>, 12—V I 3.20
9 (S WLPF) ref,d"o ref”o,d ( )

where VTJ; f.a 1s obtained by delaying the reference voltage VTJ; s for a quarter fundamental
cycle; wrpr is the cutoff frequency of the low pass filter.

And, the h-order harmonic power of DG unit is calculated based on approximation
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of Vofrms = Ey/v/2 and the h-order harmonic line current I" and its conjugated signal
1", 141,67,68]:
- 1 2
Hh B = ‘/o{crms[(})l,rms = §E0\/(I<I})2 + (Ig,d) (321)

where V;/,, ., and I are the rms values of the fundamental voltage and the h-order

harmonic line current of DG unit, respectively.

Finally, the DG output voltage magnitude (E,,,,) can be calculated from 1% s and

e

Einag = \/(VTJ;‘)Q + (VrJ;f,d)' (3.22)

3.2.2.2 Modified Droop Controller

fo
Vef’d.

'

From the compensation signals (Aw and AFE) from MGCC, the droop equations are

modified to remove the deviations as follows:

w=wy —mP + Aw (3.23)
E=Fy —nQ + AE (3.24)

Because all DG units have same compensation signals (Aw and AF), the secondary
controller does not affect the power-sharing characteristics of the droop controller in both
transient and steady state. On the other hand, since the whole system operates at the
same frequency, accurate active power sharing is achievable with the droop control in the

steady state, i.e., m;P, = m;P};Vi,j, and the following condition is satisfied from (3.14):
Aw = mlPl = m2P2 == mlPl. (325)

Then, from (3.23) and (3.25), the control objective w; = wy is obtained. As we can see,
the compensation signal in (3.14) is simply calculated from only active powers without
frequency detection as well as integral operation such as PI controller. Furthermore,
the voltage compensation signal (AFE) in (3.15) does not require any information about
voltage at the PCC. Consequently, the frequency/voltage deviations are solved by the

proposed secondary controller without any measurement or detection of the PCC voltage.
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3.2.2.3 DG Virtual Impedance Control

The virtual impedance at fundamental sequence L{ consists of two components, the nom-

inal inductance L/ and the adjustable inductance L7:
LI =L+ L7 (3.26)

In (3.26), L/ is a fixed one which is dedicated to ensuring the fundamental equivalent
impedance inductive [69], and E{f is adaptively regulated to eliminate the reactive power

sharing errors by means of an integral controller:

EL = kg [ (1Q = Q) i (3.27)

where kg is the integral gain. Then, the virtual inductance is determined from (3.26)
and (3.27), and the virtual resistance is obtained by empirically maintaining the virtual

reactance-to-resistance ratio with five [19]:

Ll =Ll g [ (00 = @)

ILr
R :w5”. (3.28)

Similarly, the virtual impedance at h-order harmonic frequency L" is regulated to remove

the respective harmonic power sharing errors as follows:

h Hh h
L= ki | g = Hlrm ) dt (3.29)

where kpj, is the integral gain.

From (3.28) and (3.29), it is obvious that the inputs of the integral controllers become

zero at the steady state. Therefore, the following conditions are satisfied for [-DG system:

lel :n2Q2 == lel = Qiorm’
H! H! H}!

i L = I — th =f" . (3.30)
rated,1 rated,2 rated,l

which demonstrates that both accurate fundamental and h-order harmonic power sharing
are achieved in the steady state, thanks to the virtual impedance control laws in (3.28)
and (3.29).

Once the fundamental and h-order virtual impedances are determined, their associated
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Figure 3.6: Equivalent model of the microgrid in Fig. 1 for h-order harmonic frequency:

(a) without the virtual impedance; (b) with the virtual impedance.

voltage drops (V,/ and V") are calculated as following:

V) =RI —wLiIl,,
Vh = = LIl

Then, the reference voltage for the double-loop voltage controller is modified as

V:ref :V:iroop - ‘/vf - ‘/vh

~Viroop — (R = wlT] )+thglgd
——

v-o,d
~ Vv
f vl
Vref ref
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3.2.2.4 Closed-Loop DG Voltage Control

In the double-loop voltage controller that generates the desired output voltage for DG
unit with the voltage reference (V,.s) in (3.33), the outer loop uses proportional controller

and multiple quasi-resonant (M-PR) controllers [23]:

2Ky pwes
+ 2WeS + w?

Gvol(s) = Kpy + Z 2 (334)

h=135,...

where Kpy is the outer loop proportional gain, Ky is the resonant controller gain at
the different frequencies, and w, is the cutoff frequency of the resonant controllers. The
inner loop has a simple proportional control gain Kj,,., with the filter inductor current

feedback, which aims to provide sufficient damping to the output LC filter [23]:

GCu'r(s) - KInne'r- (335)

3.2.3 Stability Analysis by Investigating the Effective Harmonic

Impedance

It is pointed out that inserting the positive virtual impedance into the output of DG unit
enhances the system stability, while inserting negative one may deteriorate the system
stability because the equivalent feeder impedance may be negative [30,69]. Therefore, to
ensure the system stable, it is important to guarantee the equivalent feeder impedance
positive regardless of inserting the negative virtual impedance [67]. In order to evaluate
the stability, we investigate the equivalent feeder impedance for the meshed system with
[ DG units with arbitrary circuit configuration in Fig. 2.1.

The meshed microgrid in 2.1 is equivalently modelled as in Fig. 3.6(a) for h-order
harmonic frequency in which the mismatched factors in the electrical distribution network
in Fig. 2.1 are reflected into the mismatched equivalent feeder impedances (X gq’i > 0, for
i=1~1).

In case of the i-th DG unit, the parameters in (3.29) as L"

h., Hh and H!, . are

rated,i

generalized. Then, with the virtual impedance in (3.29), the equivalent circuit in Fig.
3.6(a) becomes the circuit in Fig. 3.6(b) for h-order harmonic frequency. Then, the
= X}, + X/,

- v h
are given as X, eu.is

eq,t

equivalent feeder impedance of the i-th DG unit, X é‘qyi,
for : = 1 ~ [. And, the following relationship is satisfied to achieve the accurate harmonic
power sharing at the steady state [39]:

Xh Hh = Xh Hﬁat@dﬁ == Xh H;Lated,l' (336>

eq,1**rated,1 eq,2 eq,l
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Figure 3.7: Meshed microgrid used in simulation.

From the equations (3.18) and (3.29), the sum of the virtual impedances of the [ DG units
in Fig. 3.6(b) becomes zero:

! ! l
| | H?
XD =jhw ) Ll = jhwkpy 2/ (Hh —- Hﬁmm> dt = 0, (3.37)
=1 i=1 i=1 rated,i
From (3.37), even though some DG virtual impedances are negative, there should exist

at least one positive DG virtual impedance. If we assume that the virtual impedance of

the j" DG unit is positive (Xf ;), the equivalent feeder impedance of the 4 DG unit is

also positive because X/ ; in Fig. 3.6(a) is always positive:
“h  _ yh h
Xeq,j - Xw’ - Xeqvj > 0. (3.38)

Form (3.36) and (3.38), the following results are derived because H”

rated,; 18 Positive:

X H g = XL HE g >0, Vi€ {1,201} (3.39)
From (3.39), the equivalent harmonic impedances of all DG units are always maintained
positive because the harmonic rated powers are positive. Therefore, the system stabil-
ity is always guaranteed with the proposed harmonic virtual impedance control method

irrespective of the number of DG units and the microgrid structure.
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Figure 3.8: Simulated power sharing performance: (a) active power; (b) reactive power;
(¢) 3rd harmonic power; and (d) 5th harmonic power.

3.3 Simulation Results

The proposed control scheme is applied to an islanded meshed microgrid in Fig. 3.7, which
is composed of four DG units and several linear and nonlinear loads. The simulation is
done with the aid of the PSIM, and the system parameters are listed in Table 3.1. The
information is broadcasted from the MGCC every 50ms, and there exists 10ms delay in

the communication links of DG units.
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Figure 3.9: Simulated performance of the proposed secondary controller: (a) frequency;
(b) average voltage; (¢) DG output voltage magnitude.

The performance of the proposed method is shown in Figs. 3.8-3.10. During stage 1
(0 < t < 2s), the microgrid is originally operated with the conventional droop controller
with various public loads Loadl, Load2, and Load4 at nodes Ny, Ns, and Ny, respectively;
and a local load, Load3, at node N3. And also, 3rd and 5th order harmonics are selected
as dominant harmonics to share the power. At ¢ = 2s, the proposed control scheme
is activated. Load5 is connected to and disconnected from node N5 at ¢ = 4s and 6s,
respectively, which not only invokes a step load change but also changes the microgrid
structure.

Fig. 3.8 demonstrates the power sharing performance with the proposed method. In
stage 1, in spite of the accurate active power sharing in Fig. 3.8(a), the reactive, 3rd, and
5th harmonic power are not shared correctly with the conventional method as shown in
Figs. 3.8(b)-3.8(d). However, with the proposed method from 2s, those power sharing
errors have been eliminated after a small transient duration, even though load condition

or microgrid structure has changes in stage 3.
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Stage 4
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Time (s)

Figure 3.10: Variation of virtual inductances: (a) at fundamental frequency; (b) at 3rd
harmonic frequency; (c) at 5th harmonic frequency.

Fig. 3.9 shows frequency/voltage restoration with the proposed secondary controller.
During Stage 1, the frequency, fundamental average voltage, and fundamental output
voltages of DG units are less than the nominal values as in Figs. 3.9(a), (b), and (c),
respectively. When the proposed secondary controller is activated at ¢ = 2s, the frequency
and averaged voltage are boosted to the nominal values as in Figs. 3.9(a) and 3.9(b).
Due to the mismatched line impedances, the DG output voltage magnitudes are slightly
different each other. But they are adjusted around the nominal value within a proper
margin (e.g., 5% of the nominal voltage) as in Fig. 3.9(c).

Fig. 3.10 illustrates the variation of the virtual impedances for each DG unit: After
the proposed control algorithm is applied at ¢ = 2s, the fundamental, 3rd, and 5th
harmonic virtual impedances are changed adaptively as shown in Figs. 3.10(a), (b),
and (c), respectively. Consequently, the perfect linear and nonlinear power sharing are
achieved regardless of the load condition or microgrid structure as clearly verified in Fig.
3.8.
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Figure 3.11: Harmonic components of DG currents. (a) DG out currents with conven-
tional droop method. (b) 3rd harmonic currents with conventional droop
method. (c) 5th harmonic currents with conventional droop method. (d)
DG out currents with proposed method. (e) 3rd harmonic currents with pro-
posed method. (f) 5th harmonic currents with proposed method. (g) DG out
currents with proposed method with increased load. (h) 3rd harmonic cur-
rents with proposed method with increased load. (i) 5th harmonic currents
with proposed method with increased load.

Fig. 3.11 shows the harmonic current-sharing waveforms with same color correspond-
ing to the stages in Fig. 3.8: DG1 (red), DG2 (blue), DG3 (green), DG4 (magenta). As
shown in Figs. 3.11(a)-(c), the harmonic current of the loads is not shared accurately
among DG units with the conventional droop method in the stage 1. However, the ac-
curate harmonic current sharing is realized once the proposed virtual impedance control
method is utilized (Figs. 3.11|d|-[f]). And, the accurate current sharing is maintained
even when the microgrid configuration is changed by applying a load (Figs. 3.11|g|-[i]).

Fig. 3.12 shows the performance of the system when a DG unit is sequentially discon-
nected from and reconnected to the multibus system in Fig. 3.7. At t = 0 in Fig. 3.12,
the microgrid operates under the same condition of the stage 4 in Fig. 3.8. At 5s and
10s, the DG2 is disconnected from and reconnected to the system, respectively. As shown
in Fig. 3.12, irrespective of plug-and-play operation of DG unit, the proposed method
shows a good dynamic performance similar to those in Figs. 3.8 and 3.9.

Fig. 3.13 shows the power sharing performance during communication interruption.

In Fig. 3.13, the system in Fig. 3.7 is originally operated with the same operating
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Figure 3.12: Simulation performance with the
play operation. (a) Active power.
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DG fundamental output voltages.

condition as the stage 4 in Fig. 3.8. When the

DG units stop regulating their virtual impedances and continue to operate with the fixed

communication fault occurs at ¢t = 5s, all

virtual impedance which is determined from the last regulation. As we can see, there is
no change from 5 to 10s in the system, and the accurate power sharing is maintained
despite the communication interruption. On the other hand, when Load5 is connected at
t = 10s, the accurate power sharing is no longer guaranteed. However, the power sharing
performance is much better than those in the stage 3 in Fig. 3.14 with the conventional
droop control method under the same load condition. At ¢ = 15s, the communication is
restored, and the enhanced controller is reactivated. As shown in Fig. 3.13, the perfect

power sharing is recovered with effective virtual impedance regulation.

3.4 Experimental Verification

In order to avoid hardware complexity, we used a simple down-scaled microgrid, shown
in Fig. 3.15, which is enough to demonstrate the feasibility of the proposed control
scheme. The system is controlled by the floating-point DSP (TMS320F28335 by Texas
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Instruments) system. The data communication rate is the same as with the simulation,
and the other parameters used in the experiment are listed in Table 3.1.
Two cases are investigated for the performance evaluation: the DGs in Fig. 3.15 have

same power ratings (Case I) and different power ratings (Case II).
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Figure 3.13: Simulated power sharing performance of the proposed controller before and
after losing communication, and after recovering communication. (a) Active
power. (b) Reactive power. (c¢) Third harmonic power. (d) Fifth harmonic
power.
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Figure 3.16: Experimental performance with the proposed controller (Case I). (a) Active
power. (b) Reactive power. (c¢) Third harmonic power. (d) Fifth harmonic
power. (e) Frequency. (f) Average and DG output voltage magnitudes.

3.4.1 Case I: Same Power Ratings

Fig. 3.16 shows the control performance of the proposed method. At the beginning, the
microgrid is controlled by the conventional droop controller with DG units 1 and 2 (DG3
is disconnected) and with loads 1 and 2 at nodes, N; and Ny, respectively. As shown in
Fig. 3.16, before t = t1, the reactive load power (see Fig. 3.16[b]), 3rd and 5th harmonic
powers (Figs. 3.16|c| and [d], respectively) are not equally shared between two DG units.
On the other hand, when the proposed selected virtual impedance regulator is activated
at t;, accurate fundamental and selected dominant harmonic power sharing performance
is achieved. Even when the secondary controller is activated at t; or when Load3 is con-
nected to and disconnected from the system at ¢3 and t4, respectively, the perfect power
sharing is always achieved for both linear and nonlinear loads, thanks to the proposed
control scheme. As can be seen in Figs. 3.16(e) and (f), the frequency and fundamen-
tal output voltage of DG deviate from its nominal values in stage 1. Furthermore, the
voltage deviation becomes more severe in the stage 2 due to the drop voltage across the
fundamental virtual impedance (see Fig. 3.16]f]). However, once the proposed secondary
controller is activated at ¢t = t5, the frequency and average voltage are restored to the
nominal values while DG output voltage magnitudes are kept around the nominal value.

Fig. 3.17 demonstrates the DG current waveforms corresponding to the stages in
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Figure 3.17: Zoomed-in view of DG current waveforms with (Case I). (a) Conventional
droop method. (b) Proposed virtual impedance control method (activated
at t = t1). (c) Proposed secondary controller (activated at ¢t = t5). (d)
Proposed method with increased load (Load3 is connected at t = t3). (e)
Proposed method with decreased load (Load3 is disconnected at t = t4).

Fig. 3.16. In Fig. 3.17(a), the magnitude and phase of the DG currents are not the
same with the conventional droop method. But, they become nearly the same once the
proposed virtual impedance control method is utilized (Fig. 3.17|b]). And, the secondary
controller has no effect on the power sharing performance (Fig. 3.17|c]). Additionally,
the DG currents with the same magnitudes are maintained even when the microgrid
configuration is changed by applying a load (Fig. 3.17[d]) or disconnecting a load (Fig.
3.17[e]).

Fig. 3.18 shows the control performance with the proposed method under the plug-
and-play operation of DG unit. In Fig. 3.18, the system originally operates under the
same condition of the stage 5 in Fig. 3.16. The DG3 is connected to and disconnected
from system at t; and tg, respectively. As clearly shown in Fig. 3.18, the proposed
method guarantees the accurate power sharing and restorations of voltage and frequency

even with plug-and-play operation of a DG unit.

3.4.2 Case ll: Different Power Ratings

Fig. 3.19 shows the control performance with the proposed method with different power
ratings for DG units shown in Fig. 3.15, and the waveforms correspond to those in Fig.
3.16. As shown in Fig. 3.19, the proposed method provides a good performance similar

to those with the same DG units, irrespective of different power ratings.
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3.5 Conclusion of the Chapter

In this chapter, we propose an enhanced control scheme to achieve accurate power sharing
along with no frequency/voltage deviations in the islanded multibus microgrids. In the
proposed control scheme, the virtual impedances at fundamental and selected harmonic
frequencies are adaptively regulated to achieve accurate active, reactive, and harmonic
power sharing, and the secondary controller is developed to restore the frequency and
voltage deviations caused by droop equations and virtual impedances. With the pro-
posed method, accurate power sharing and no frequency/voltage deviation are always
obtained in spite of the microgrid configuration or load condition changes. Moreover, the
proposed control method does not require any information about the feeder impedances,
detailed microgrid configuration, load powers, or the PCC voltage information, so it is
very suitable for complex microgrid systems. Simulation and experimental results have

been also provided to verify the effectiveness of the proposed control strategy.
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PCC Voltage Harmonic Compensation

Strategy

In case of voltage harmonic compensation at the point of common coupling (PCC) in
islanded microgrids, it is important to share the harmonic load power correctly among
the distributed generators (DGs) to use the DGs’ capacity effectively. In previous DG
control schemes, it is impossible to satisfy the requirements of PCC voltage quality and
accurate harmonic power sharing simultaneously with only a virtual impedance controller
(VIC). In this chapter, we propose an enhanced DG VIC to provide accurate harmonic
power sharing along with voltage harmonic compensation in islanded microgrids. The
proposed VIC is developed based on simple integral controllers with two controllable
parts and no information about the feeder impedances or load currents. The control
performance is theoretically analyzed using a small-signal state-space model to evaluate
the system dynamics and stability. The feasibility and effectiveness of the method are
validated by simulated and experimental results.

Section 4.1 describes the system configuration and analyses of the power sharing
control and the PCC voltage harmonics attenuation by using virtual impedance. Section
4.2 presents the proposed virtual impedance controller. The simulation and experimental
results are shown in sections 4.3 and 4.4, and concluding remarks are presented in section
4.5.

4.1 Islanded Microgrid Analysis

Fig. 4.1 shows a simplified diagram of an islanded microgrid, where n DG units are
interfaced to the PCC through different DG feeders. Each DG unit consists of a DC source,
an inverter, and an LC filter. The microgrid also includes several linear and nonlinear

loads placed at the PCC. In a practical microgrid, the nonlinear load is significant, so it

73



Chapter 4. PCC Voltage Harmonic Compensation Strategy

i \
TmTe PCC
— 0t
DG, feeder

Side _‘IP.:S"Jm'lr
a5

T mooooooiooIIoIIoIrnrooiis Nonlinear Load
} DC - = - -"'.} oy 1
i Side _ﬁ_ DG, feeder !
> (canter] misiin
i | Controller DG, -
teE T ;e g . Linear Load
—_“““"““—I ______________ 1 Microgrid
! DC ! gr— 1
| sige _EE_ = —— | Central
| P Controller
i Local | 'y
— : | Controller DG, j
Communication links

Figure 4.1: Configuration of the islanded microgrid.

is important to maintain accurate harmonic power sharing and high PCC voltage quality,

besides accurate fundamental power sharing for the islanded microgrid.

4.1.1 Active and Reactive Power Sharing

In islanded microgrids, the i DG unit (i = 1,--- ,n) is conventionally controlled by the

P —w and @) — E droop controllers:

W; = Wo — miPi, (41)

E; = Ey —n;Q;, (4.2)

where wy and E, are the nominal values of the DG angular frequency and DG voltage
magnitude, P; and ); are the measured real and reactive powers after the low pass filter
(LPF), and m; and n; are the real and reactive power droop slopes of the DG unit,

respectively. From (4.1) and (4.2), the output of the droop controller vg,00p; is Obtained

as follows [19,23]:
Vdroopi = Fisin (/ widt) ) (4.3)

With the conventional droop controller, accurate active power sharing is always achieved,
but accuracy in reactive power sharing cannot be provided due to the mismatch in

feeder impedances. To realize accurate reactive power sharing, the fundamental virtual
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Figure 4.2: Equivalent circuit of two DG units at h-order harmonic frequency.

impedance quim is applied [19]. Then, the reference signal from the droop controller is

modified as follows:

’Urj‘vef,i = vdroop,i — Ugir,i = EZSZTZ (/ w,dt) + wiLlj)cir,iiZd,i’ (44)

where vfe 1. 1s the DG fundamental voltage reference for the voltage controller, and iid ; 1s
!

the conjugated signal of the DG fundamental current ¢;;, which is obtained by delaying

zfjl for one quarter of the fundamental cycle [20].

4.1.2 Harmonic Power Sharing Analysis

Fig. 4.2 shows the equivalent circuit of an islanded microgrid with two DG units at h-
order harmonic frequency. The DG unit is represented as an adjustable virtual impedance

Lt ., and the nonlinear load is considered as a current source 17, and a passive load

Zn a 141,59, L, . is the physical impedance between DGi and PCC [20).

phy,i
From Fig. 4.2, the DG equivalent impedance LZq’i at the h-order harmonic frequency

becomes:

h _ 1h
Leq,i - Lvi’r,i

+ Lk (4.5)

phy,i’

The DG harmonic current magnitude [ 31 is determined as:

Vh
]h o pPCC 4.6
0,1 thZq’i ( )

where V25 is the PCC harmonic voltage magnitude, and w is the angular system fre-
quency.
According to the IEEE 1459-2010 standard [68], the DG harmonic power H! is cal-

culated as:

I0)
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1
H! QVOfZIgZ ~ §E01;{i (4.7)

where Vofz is the DG fundamental voltage magnitude. Equation (4.8) is obtained by
substituting (4.6) into (4.7):

E\VE
h _ =0VpCcC
b 2wl (48)

For the system with two identical DG units in Fig. 4.2, the power sharing error
(AHL) is obtained from (4.8):

EOV}QCC (Leq2 ngq 1)
2hwLh Lk '

eq,1eq,2

AH! = H — HY = (4.9)

In (4.9), the power sharing error is eliminated (AHZ, = 0) if the DG equivalent

= L" ,). Fortunately, from (4.5), the DG equivalent

feeder impedances are equal (L" a2
is controllable by the DG virtual impedance L"

eq,1 —

impedance L” Therefore, by prop-

eq,t vir,e”

erly regulating the DG virtual impedances, the mismatch in feeder impedances can be

compensated to realize accurate harmonic power sharing.

4.1.3 PCC Voltage Harmonic Compensation Analysis

From Fig. 4.2, the h-order harmonic voltage at PCC is obtained as (4.10) by considering
that Z},,4 is much higher than hwL! , and hwL} ,

h h
ILoad — hijoad

h
VPC’C - 1 + 1 1 + 1 (4-1())
thgq 1 thgq 5 qu 1 L';q 5

Equation (4.10) demonstrates that it is possible to attenuate the PCC voltage harmonic

VEoc by minimizing the DG equivalent impedances Leq1 and L Fortunately, from

eq,2"
(4.5), the DG equivalent impedances L}, ; and L , can be reduced if the DG virtual

impedances L" | and L"

vr,

viro are assigned negative values. Therefore, the PCC voltage

quality can be enhanced by means of negative virtual impedances.

4.2 Proposed Virtual Harmonic Impedance Scheme

Proper DG virtual impedances can simultaneously improve the harmonic power shar-
ing and attenuate the PCC voltage harmonics, but the virtual impedance technique has

mainly been used for harmonic power sharing. There has been no virtual impedance
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Figure 4.3: Equivalent circuit of two DG units at h-order harmonic frequency with the
proposed virtual harmonic impedance.

control scheme that can simultaneously solve the issues of harmonic power sharing and
PCC voltage quality. Therefore, an enhanced control scheme is proposed, which carries

out two functions through only one virtual impedance control loop.

4.2.1 Proposed Virtual Impedance with Two Controllable Parts

To realize accurate harmonic power sharing and PCC voltage quality enhancement, the

i"" DG virtual harmonic impedance (L, ; = 1,--- ,n) contains two controllable parts:

Lh Lmer + Lerz? (411)

v, i

where L.

virtri 18 used for accurate harmonic power sharing and Lh

virc,i 18 @ negative in-

ductance for improving the PCC voltage quality. With the proposed virtual impedance
n (4.11), the microgrid in Fig. 4.2 is represented as in Fig. 4.3. The DG equivalent

harmonic impedance becomes the following:

Llelq i = Lil;LZTHZ + Lerz + Lphy i (412>

To achieve accurate harmonic power sharing, L" | and LZM are designed to keep the

eq,1
DG equivalent harmonic impedances equal:

Lh = LZqQ g LmrHl + Lerl + L

eq,1 —

LmrHZ + LerQ + L (413>

phy,1 — phy,2*

By using the virtual impedances with L ;;, = —L% ;; , [20], the solution to (4.13) is

Lh — (Lzhy 2~ phy 1)+(L’UZTC 2 LZiTCJ)
virH,1 ) (414)

2
h h h
. (Lphy 1 Lphy,2)+(L'Ui7‘C,1_LviTC,2)
= 5 .

The h-order harmonic voltage at the PCC in Fig. 4.3 is determined as:
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Vioe = hwLl 1" (4.15)

eq,i “o,i"

From (4.15), the PCC voltage harmonic is reduced to the desired value Vi .., by using

the following equivalent impedances qu,i in (4.12):

Vh
=L 4+ Lo+ L = 2o (4.16)

L o
virH,i virCii phy,i h
hwly;

eq,i

When harmonic power sharing is realized by the virtual impedances in (4.14), (4.17) is
satisfied:

Ihoa
—,21 = 15,2 = —L2 g, (4.17)

Substituting (4.17) into (4.16) leads to:

h h h h 2VI£LC’C ref
L = LvirH,i + LvirC’,i + Lphy,i = h Ih :
WiToad

eq,t

(4.18)

h

The harmonic compensating parts of the virtual impedances, Ly;..; are made equal for

two DG units:

h _1h
LvirC,l — LvirC,Q' (419>
Then, (4.14) becomes:
h h
Lh _ Lphyﬂ*Lphy,l
P H1 =
Vi Lh ELh ’ (420)
Lh — _phy,1 “phy,2
virH,2 — 2 .

Lhci and L o, are determined from (4.18) — (4.20):

h h h
g 2Veoorer  Lpwa t Lynyo
virC,1 — HvirC,;2 — h [h 2 :
Wit oad

Finally, by substituting (4.20) and (4.21) into (4.11), the DG virtual impedances to achieve

harmonic power sharing and harmonics compensation are:

(4.21)

2VE

Lh — CCiref h
vir,l T hwI? phy, 1’
2‘/‘2 Load (422)
Lh _ PCC,ref Lh
vir,2 T hwl? phy,2°

Load

As shown in (4.22), it is possible to find L, | and L, , that simultaneously satisfy the

vir,1

conditions in (4.13) and (4.16) with given values of L}, |, Lk,

DG virtual impedances can be used to realize harmonic power sharing and PCC voltage

and I7 .. Therefore,
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Figure 4.4: Proposed control scheme.

quality enhancement.

4.2.2 Proposed Virtual Harmonic Impedance Controller

Fig. 4.4 shows the proposed control scheme to regulate L, ,; ; and L?; - ; without informa-
tion about the feeder impedances and load current. The DG units transmit information
related to the h-order harmonic power to the microgrid’s central controller (MGCC). The
MGCC calculates the harmonic power reference H, ,; for the DG unit in (4.23) and sends

T 7
it back to each DG unit:

Hh . o &
Hyps = 5= > HY' (4.23)
h -
zjl Hrated,i =1
1=
where H}',,,, ; is the DGi harmonic power rating. Each DG unit uses the received harmonic

h

power reference to adaptively adjust the first virtual impedance part Ly,,.5; by using an

integral controller:

virH,i ref,i

L =k /(H[L—Hh ) dt (4.24)

where k7 is the integral gain.
In addition, the MGCC extracts the individual components of the PCC voltage and

calculates the h-order harmonic distortion H D} as follows:

Vh
HDVo = vpf—“ x 100% (4.25)
pPCC
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Figure 4.5: The islanded microgrid used for small-signal analysis and simulations.

where Vi.. and V}:CC are the magnitudes of the h-order harmonic and fundamental
PCC voltage, respectively. Then, H D%, is broadcast to DG units to perform the control
algorithm. From H D%, the DG’s local controller regulates its second virtual impedance

part L" to maintain the harmonic distortion at the desired level H Dfef by means of

virCii

the following integral controller:

k’
rated,i

where k% is the integral gain.
Finally, by substituting (4.24) and (4.26) into (4.11), the virtual impedance at the

h-order harmonic frequency is obtained:

h
ngrz_kZ/(H Hrefl) dt+h—c

rated,i

/ (HDL; — HD}() dt. (4.27)

Once the virtual harmonic impedance in (4.27) is determined, its associated voltage drop

h

Vyiri 18 calculated as follows:

o = —hw; L"

vir, i

(4.28)

viryd od i

Then, the harmonic voltage reference for the voltage controller is modified to implement

the virtual harmonic impedance:

h _ h _ h
vref,i =0- Uvir,i - hwl Lmrz od,i*

(4.29)

Next, a multi-loop voltage controller |20, 23] is applied to generate the desired output
voltage for a DG unit with the voltage reference in (4.4) and (4.29).
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Table 4.1: System Parameters

System parameter | Simulation | Experiment

LC filter, LyCy 1.3 mH/ 10 pF 1.3 mH/ 10 uF
DC link voltage, Vg 400 V 280 V

Nominal voltage, £ 220V, 60 Hz 110V, 60 Hz
Switching frequency, fu 10 kHz 10 kHz

Power Simulation Experiment
Control DG1=DG2 DG3=DG4 DG1=DG2
m (rad/W-s) 0.001 0.0005 0.0015

n (V/Var) 0.005 0.0025 0.0025
H3teq (Var) 750 1500 200
H}prea (Var) 750 1500 200
Double-Loop Voltage Control Simulation Experiment
Kpy! Kvi ! Kpner 0.1/ 40/ 30 0.1/ 30/ 25
Ky3/ Kys 25/ 20 15/ 10
o 4.1 rad/s 4.1 rad/s
Virtual Impedance Control | Simulation Experiment
kil kE 0.000015/20 0.0002/ 5
ki k¢ 0.00035/ 35 0.00035/ 7
HD;Z* 1% 1%

4.2.3 Small-Signal Stability Analysis

The system dynamic performance and stability were investigated based on a small-signal
state-space model [34,70]. To guarantee that the harmonic power and the harmonic

distortion are ripple-free, (4.7) and (4.25) are rewritten using a low-pass filter (LPF):

wrrrky h

H' = N 4.30

[ 2 (S + WLPF) 0,1 ( )
100wLpF

HD;LDCC = zgcc» (4-31>

(s +wrpr) Vice
where wypr is the cutoff angular frequency of the LPF. By linearizing (4.30) and (4.31),

the small-signal variations of the harmonic power (AH!) and the harmonic distortion
(AHDY) are obtained as follows:

E
AH" = MAL’}“ (4.32)
2(s+wrpr) ’
100

(s + wrrr) Vige
where the operator A denotes a small-signal disturbance around the system equivalent

point.

h

eqi» can be

The small-signal variation of the DG equivalent feeder impedance, AL
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obtained by small-signal analysis after substituting (4.24) and (4.26) into (4.12):

1 kh
ALl = , (kg AH! — —€ AHD]ZCC> : (4.34)

rated,i

Similarly, the small-signal variation of the DG harmonic current, AI”., is obtained from

(4.15):

1 %4
A" = —AVh. . — —LCC AL 4.35
0,1 hWL}el%i pPCC hw(LZqﬂ‘)Q eq,t ( )
Equation (4.10) becomes (4.36) for a microgrid with n DG units:
hwl!
Ve = Load : (4.36)
LZIq,l +L'§1q,2 +.”+T{;,n

The small-signal variation of the PCC harmonic voltage, AV}, is obtained by linearizing
(4.36):

AVpoe = i ALY + asALY 5 + -+ + a, AL (4.37)

eq,n?

where o; = OVl /OLE i =1,2,--- n.

By manipulating equations (4.32) to (4.37), the small-signal state-space model of the

proposed control system becomes:

tme = AMcTMG (4.38)
where TymGg — [AL}elq,l AL}elq,Q cee ALqun AH{l AH;L ce AHQ AHD?;CC]T and AMG is

given in the Appendix B.

Based on the small-signal state-space model in (4.38), the system dynamics and sta-
bility of the proposed controller are considered using a microgrid with four DG units, as
shown in Fig. 4.5. The system parameters are listed in Table 4.1. The impact of the
control gains on the system dynamics was investigated using root locus diagrams with
different k7, and k., as illustrated in Figs. 4.6 and 4.7.

Fig. 4.6 shows the trajectories of all eigenvalues obtained when increasing the gain k%,
from 0 to 0.000018 with small intervals. The dynamic performance is mainly determined
by the dominant poles A\; — A3 and A7 — A9 because the other poles \y — \¢ are fixed,
and these poles move along the direction of the arrows as k3, increases. In Fig. 4.6, the
control system is stable because all the eigenvalues remain in the left-haft plane. Fig. 4.7
shows the root locus diagram for different £, from 0 to 50. In Fig. 4.7, the increase of kZ,

mainly influences the eigenvalues A\, and A\g. Figs. 4.6 and 4.7 show that when increasing
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Figure 4.6: Root locus diagram according to control gain k%, with: 0 < k%, < 0.000018,

wrpr = 100rad/s and k¢, = 20.
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Figure 4.7: Root locus diagram according to control gain k2, with: 0 < k% < 50, wrpr

100rad/s and k3%, = 0.000015.
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Figure 4.8: Root locus diagram according to control gain k% with: 0 < k% < 0.0005,
wrpr = 100rad/s and k2, = 35.
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Figure 4.9: Root locus diagram according to control gain k2, with: 0 < k% < 80, wrpr =
100rad/s and k3, = 0.00035.

the gains, the system stability is improved with faster dynamics, but the system becomes
underdamped. Therefore, the desired system damping and stability performance were
obtained by selecting values of 0.000015 and 20 for the 3rd harmonic virtual impedance
control gains, k¥, and k?. Similarly, the 5th harmonic virtual impedance control gains,
k3 and k2., were chosen as 0.00035 and 35 based on the system dynamics in Figs. 4.8 and
4.9, respectively.

4.2.4 Stability with Communication Delay
When considering communication delay 7 > 0 in communication links, the small-signal
variation of DG equivalent feeder impedance in (4.34) becomes:

1 kh
AL, = . (k?{ AH! — —€ AHDI}ECCd) (4.39)

rated,i
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Figure 4.10: Root locus diagram according to communication delay 7: 0 < 7 < 50ms,
k¥ = 20, k3, = 0.000015, and wypr = 100rad/s.
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Figure 4.11: Root locus diagram according to communication delay 7: 0 < 7 < 50ms,
ki =8, k3, = 0.000015, and wypr = 100rad/s.

where HD% . ,= HD%,. ,(t—7). Therefore, the small-signal state-space model of the

proposed control system in (4.38) is rewritten as follows:

Tyne = Qe Tpa + Qua aTuac g (4.40)

where Tyg 4 = [ALqul_d ALZqQ_d .o ALR

eqgn_d

AHY ;AHY 4 --- AH}  AHDRoe 4"
and the state matrixes Q)¢ and ¢ 4 are given in the Appendix B.

The characteristic equation for the system in (4.40) becomes [65]:

det (—S] + QMG + QMgide_ST) =0. (441)

It is difficult to find the exact characteristic roots of the system in (4.40) because
the characteristic equation in (4.41) has infinite solutions. The eigenvalues of (4.41)

are obtained for a specific communication delay from the previous numerical approach
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Figure 4.12: Root locus diagram according to communication delay 7: 0 < 7 < 100ms,
k¥ =4, k¥ = 0.000015, and wypr = 100rad/s.

in [65], and Fig. 4.10 shows the trajectories of all eigenvalues for the system in Fig. 4.5 by
increasing the communication delay 7 from 0 to 50ms. The eigenvalues approach the right
haft plane as the communication delay increases, and they remain in the left haft plane
until 7 = 18ms. Therefore, the system stability is guaranteed with the communication
time delay 10ms which is used in simulation and experiment.

Additionally, Fig. 4.11 displays the root locus by increasing the communication delay
7 from 0 to 50ms with smaller gain k2, = 8. As we can see, all poles in the unstable area
in Fig. 4.10 (k% = 20) are moved to the stable area. Furthermore, in case of k% = 4,
the system is still stable even when 7 = 100ms (Fig. 4.12). Figs. 4.7 and 4.10-4.12
demonstrate that a larger gain provides a faster dynamic response while a smaller gain

help to stabilize the system against communication delays.

4.3 Simulation Results

We validated the proposed control scheme using an islanded microgrid with four DG units,
four loads 1 - 4 at PCC, and one local load at DG1, as shown in Fig. 4.5. To show the
effectiveness of the control scheme for different DG power ratings, the rated powers of
DGs 3 and 4 are twice that of DGs 1 and 2. A simulation was carried out using PSIM
software, and the system parameters are listed in Table 4.1. The information is broadcast
from the MGCC every 10ms.

4.3.1 Control Performance with the Proposed Method

The control performance of the proposed method is shown in Figs. 4.13-4.18 for three

simulation stages. Stage 1 occurs at 0 — 5s, where the microgrid is originally operated
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Figure 4.13: Simulated power sharing performance: (a) active power; (b) reactive power;
(¢) 3rd harmonic power; (d) 5th harmonic power.

with the conventional droop controller with Loads 1 —3. Stage 2 occurs from 5— 10s, and
the proposed virtual impedance controller is activated at 5s. Stage 3 occurs at 10 — 15s,
where Load 4 is connected to the system at 10s.

Fig. 4.13 shows the power sharing performance with the proposed method. Despite
accurate active power sharing in stage 1 in Fig. 4.13(a), the reactive, 3rd, and 5th
harmonic powers are not shared accurately with the conventional droop method (see Figs.
4.13(b)-(d)). Nevertheless, when the proposed method is applied at 5s, the power sharing
errors are eliminated after short transient periods. Perfect fundamental and harmonic
power sharing is always maintained even when the load condition is changed in stage 3
(see Figs. 4.13(a)-(d)).

Fig. 4.14 shows the DG current waveforms corresponding to each stage in Fig. 4.13.
Using the conventional droop method in stage 1, the harmonic load current is not shared
accurately among DG units (see Fig. 4.14(a)). But accurate harmonic current sharing is
achieved once the proposed method is applied irrespective of the load variation in stage
3 (see Figs. 4.14(b) and (c)).
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Figure 4.14: Zoon-in DG current waveforms corresponding to stages in Fig. 4.10:
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Figure 4.15: PCC harmonic distortion indexes.
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Figure 4.16: Zoon-in PCC voltage waveforms corresponding to stages in Fig. 4.10: (a)
stage 1; (b) stage 2; (c) stage 3.

Figs. 4.15 and 4.16 demonstrate the PCC voltage harmonic compensation with the
proposed controller. In stage 1, the harmonic distortions (H D%, are 6.80% and 2%
for the 3rd and 5th harmonics, respectively (see Fig. 4.15). The PCC voltage is highly
distorted with THD = 7.55% (see Fig. 4.16(a)). Nevertheless, when the proposed method
is activated at 5s, the harmonic distortions are reduced to the desired values H D}, F=
1% (see Fig. 4.15). Consequently, the PCC voltage becomes nearly sinusoidal with a low
THD of 2.76% (see Fig. 4.16(b)). The PCC voltage quality is always maintained even
when load 4 is applied in stage 3 thanks to the proposed control scheme (see Figs. 4.15
and 4.16(c)).

Fig. 4.17 illustrates the output voltage waveforms for each DG unit corresponding
to the stages in Fig. 4.13: DG1 (red), DG2 (blue), DG3 (green), and DG4 (magenta).
The DG output voltages are properly distorted to achieve the sinusoidal PCC voltage, as
shown in Figs. 4.15 and 4.16. Fig. 4.18 shows the variation of the virtual impedances for
each DG unit: after the proposed virtual impedance controller is activated at 5s, the DG
virtual impedances at the selected 3rd and 5th harmonics are adaptively regulated (see
Figs. 4.18(a) and (b)). Consequently, perfect power sharing and PCC voltage quality
enhancement are realized simultaneously regardless of the load condition, as shown in
Figs. 4.13, 4.15, and 4.16.
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Figure 4.17: Zoon-in DG output voltage waveforms corresponding to stages in Fig. 4.10:
(a) stage 1; (b) stage 2; (c) stage 3.
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Figure 4.18: Variations of DG virtual impedances: (a) at 3rd harmonic frequency; (b) at
5th harmonic frequency.

Table 4.2: Comparison of the control performance in each stage
| | Stage 1 | Stage 2 | Stage 3 |
Power sharing accuracy | Low High High

PCC voltage quality Low High High
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Figure 4.19: Control performance under plug-and-play operation: (a) 3rd harmonic power;
(b) 5th harmonic power; (¢) harmonic distortion.

The control performance in each stage in Figs. 4.13-4.18 is summarized Table 4.2.
As shown in Table 4.2, in stage 1 with conventional droop controller, the power sharing
performance is poor with low PCC voltage quality. However, the proposed method pro-
vides remarkable power sharing accuracy and PCC voltage quality regardless of the load

conditions in stages 2 and 3.

4.3.2 Plug-and-Play Operation

Fig. 4.19 demonstrates the performance of the system when a DG unit is sequentially
connected to and disconnected from the microgrid system in Fig. 4.5. At t = 0, the
microgrid operates with the proposed method with DG units 1, 3, and 4. At 5s and 10s,
DG2 is connected to and disconnected from the system, respectively. Regardless of the
plug-and-play operation of DG2, the proposed control method shows good performance
similar to that in Figs. 4.13 and 4.15.

4.3.3 Effect of Communication Delay

The dynamic responses of the DG harmonic powers and the PCC harmonic distortions for
various communication delays and control gains when the proposed method is activated

are shown in Fig. 4.20. As shown in Fig. 4.20, with small communication delays, the
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Figure 4.20: Dynamic responses for different communication delays and gains: (a) 7 =
Ims, k¢ = 20, k2 = 35; (b) 7 = 15ms, k) = 20, k¥ = 35; (c) T = 25ms,
ki =20, k3, = 35; (d) 7 = 25ms, k¥ =8, kg = 17.

perfect control performance can be achieved with the proposed method (Figs. 4.20(a)
and (b)). On the other hand, for the case of 7 = 25ms, the system cannot maintain the
stability, and the accurate power sharing and the voltage harmonic compensation cannot
be achieved (Fig. 4.20(c)). However, the system becomes stable when decreasing gains
k% and k2 to 8 and 17 despite large communication delay of 7 = 25ms, as shown in Fig.
4.20(d). From Fig. 4.20, we can say that there is a tradeoff between robustness of the

control system to communication delays and its dynamic performance.
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Figure 4.21: Control performance of the proposed controller before and after losing com-
munication, and after recovering communication: (a) 3rd harmonic power;
(b) 5th harmonic power; (c) harmonic distortion.

4.3.4 Communication Link Failure

Fig. 4.21 shows the control performance during communication interruption. In Fig.
4.21, the system in Fig. 4.5 is originally operated with the same operating condition as in
stage 2 in Fig. 4.13. When the communication fault occurs at 5s, all DGs stop regulating
their virtual impedances and continue to operate with the fixed virtual impedance which
is determined from the last regulation. As we can see, there is no change from 5 to 10s in
the system, and the accurate power sharing and harmonic compensation are maintained
despite the communication interruption. When Load 4 is connected at 10s, even though
the PCC harmonic distortions are no longer regulated at the reference value, they are still
very low (see Fig. 4.21(c)). At 15s, the communication is restored, and the enhanced
controller is reactivated. As shown in Fig. 4.21, the perfect power sharing and harmonic

compensation is recovered with effective virtual impedance regulation.

4.3.5 Effect of Local Load

Fig. 4.22 shows the control performance when a local load is sequentially connected to
and disconnected from the system. Initially, the system in Fig. 4.5 operates with the
same operating condition as in stage 3 in Fig. 4.13. At 5s and 10s, Load 5 is connected

to and disconnected from the system, respectively. As we can see, despite connecting and
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Figure 4.22: Control performance of the proposed controller when connecting and discon-
necting a local load: (a) 3rd harmonic power; (b) 5th harmonic power; (c)
harmonic distortion.

disconnecting a local load, the enhanced power sharing and harmonic compensation are

maintained in steady state thanks to the proposed controller.

4.4 Experimental Results

Experiments were conducted with a simple single-phase scaled-down microgrid prototype
with three DG units, as shown in Fig. 4.23. THD of the PCC voltage was measured by
the Newtons4th PPA5530 Precision Power Analyzer. The system was controlled by the
32-bit floating-point 200MHz TMS320F28379D DSP. The data communication rate was
the same as in the simulation, and the key parameters of the system are listed in Table
4.1.

Fig. 4.24 demonstrates the power sharing performance of the proposed method with
four experimental stages. During stage 1 (0 < ¢ < t1), the microgrid in Fig. 4.23 is con-

trolled by the conventional droop controller with Loads 1 and 2 (Load 3 is disconnected).

h
virH,i
M o.) is activated at .

Stage 4 starts from t3 by connecting Load 3 in order to investigate the performance when
the load condition is changed. As shown in Figs. 4.24(b)—(d), before t;, the reactive, 3rd,

and 5th harmonic powers are not equally shared among DG units. Nevertheless, when

During stage 2 (t; < t < t3), the first virtual impedance part (L ) is applied at t;.

During stage 3 (to <t < t3), the second virtual impedance part (L

94



Chapter 4. PCC Voltage Harmonic Compensation Strategy

Load 1 Load 2 Load 3

Microgrid

10Q; 30mH
==
[ ]
1002
102; 30mH
==
[ ]
330
==
| ]
1000

Central
T Controller
PCC
A A
= E T Y
g ) &
- & o
d d g
S S S
DG1 DG2 DG3

Communication links

Figure 4.23: The islanded microgrid used for experiment: (a) photo of laboratory setup;

(b) equivalent circuit.

Stage 1 i Stage 2 153 Stage 3 tYB Stage 4

[20W/div]

1 T
! I PR TELEDYNE LECROY
[ |
: P] E P 3 E
] .
| [sowidiv] 4 [SOW/div]
) 1 1
1,4 el ! (I —————————
1
Agm— .
100 W ! 2 : i .
| [50OW/div] (a) ) ' [2s/div]
: | i
] ]
0: : | | el A
[S0Var/div] | : 0 |
: | sovaridivy i
]
i I
W\ i 1
N %1 | :
0 Var ! [50Var/div] : ! .
__‘L H )i | [2s/div]
= | i
] 1
H: : PR BNy
3 1
[20W/div] I |
|
:
|

40 Var ROWAN] (o)

[2s/div]

H;

E{i
2 w
[10Var/div]

[10Var/div]

|

|

|

|

|

I

: .

r TELEDYNE LECROY

: , Evorywhoroyoulook
|

|

I

|

|

|

10 Var I L

'[10Var/div] (d)i [25/div]

Figure 4.24: Experimental power sharing performance with proposed controller: (a) active
power; (b) reactive power; (c¢) 3rd harmonic power; (d) 5th harmonic power.

95



Chapter 4. PCC Voltage Harmonic Compensation Strategy

Stage 1 771 Stage 2 2 Stage 3 fri Stage 4

g3 [5A/dV]
|

V.
1 To1 [SA/dIV]

U psaiv)

i 02
[‘S;VGW] 51, 1025 103
[5A/div]

015 1025 To.

@ [Sms/div] ®)  [Sms/div] (¢©)  [Sms/div] | (@)  [Sms/div]

iol
[5A/div]

Figure 4.25: Zoom-in DG current waveforms with: (a) conventional droop method; (b)
first virtual impedance part (activated at t1); (c) second virtual impedance
part (activated at t2); (d) proposed method with increased load (Load 3 is
connected at t3).

Stage 1 ? Stage 2 tYZ Stage 3 f Stage 4
HD, 1%/ div] | : PR T eteyouoR
¥ ! | i
e o |
o | |
HD [1%/ div] i !
|

‘HD,’:, =1% !

E x ““““ EL

[2s/div]

Figure 4.26: PCC harmonic distortion indexes.

the first virtual impedance part (L", ;) is applied at ¢;, accurate fundamental and har-
monic power sharing is realized. Even when the second virtual impedance part (L};..;,) is
activated at ¢y or the load condition is changed by connecting Load 3 at t3, perfect power
sharing for both linear and nonlinear loads is always maintained thanks to the proposed
control scheme as shown in Figs. 4.24(a)-(d).

Fig. 4.25 shows a magnification of the DG output current waveforms corresponding to
the stages in Fig. 4.24. In Fig. 4.25(a), the magnitude and phase of the DG currents are
not the same with the conventional droop method. But they become identical once the

hioms) is used (Fig. 4.25(b)). The second virtual impedance

first virtual impedance part (L
part (L% ..) has no effect on the power sharing performance (Fig. 4.25(c)). Additionally,
the DG currents with the same magnitudes are maintained even when the load condition
is changed by connecting a load (Fig. 4.25(d)).

Figs. 4.26 and 4.27 show the PCC voltage harmonic compensation performance with
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the proposed control scheme. The operating and load conditions change in the same
scenarios as in Fig. 4.24. As shown in Fig. 4.26, the proposed scheme maintains the 3rd
and 5th harmonic distortions at 1% regardless of the load change. As a result, the THD
of PCC voltage is reduced from 6.202% to 3.075%, as shown in Fig. 4.27. Furthermore,
the FFTs of the PCC voltage with and without the compensation are shown in Fig. 4.28.
As clearly shown, the harmonic distortions are attenuated significantly thanks to the
proposed controller.

Fig. 4.29 shows the dynamic performance for 3rd harmonic power sharing and the
PCC harmonic compensation with various communication delays and control gains k2,
when the proposed method is activated. In Figs. 4.29(a) and (b), with higher gain of &,

(r = 10ms), faster dynamic response of H D% can be achieved, but the 3th harmonic
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powers become more oscillated. By keeping the high gain &k}, = 6 and increasing the
communication delay to 50ms, the system stability cannot be maintained as shown in
Fig. 4.29(c). However, the instability can be solved at the expense of slower response as
shown in Fig. 4.29(d) when the gain k2, reduces to 1.5. From Fig. 4.29, we can say that
a larger gain provides a faster dynamic response, while a smaller gain helps to stabilize

the system against communication delays.

4.5 Conclusion of the Chapter

Based on the mathematical analysis of an islanded microgrid, we proposed an enhanced
virtual harmonic impedance control scheme to compensate for the PCC voltage harmonics
without harmonic power sharing error for islanded microgrids. We also evaluated the sys-
tem dynamics and stability using a small-signal state-space model. To attenuate voltage
harmonic and achieve accurate harmonic power sharing simultaneously, the DG virtual

impedance at a selected dominant harmonic frequency was directly regulated through two
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controllable parts. The first one was adjusted to eliminate harmonic power sharing errors
by compensating for the mismatch in feeder impedances. The second part was a negative
impedance to attenuate the PCC voltage harmonics by reducing the DG equivalent feeder
impedance.

Thanks to the proposed virtual harmonic impedance control scheme, the PCC voltage
quality can be maintained within 5% THD with accurate harmonic power sharing, regard-
less of the load conditions. Only one virtual impedance control loop is used to realize the
proposed control algorithm without any information about feeder impedances and load
currents, so the control system is quite simple and easy to implement. The simulation

and experimental results verified the performance of the proposed control scheme.

99



Chapter 5

Conclusions and Future Works

5.1 Conclusions

In this thesis, advanced control strategies have been developed for islanded AC microgrids.
Power sharing and voltage quality issues were conducted to assess the control performance
of these methods. First of all, the thesis investigated power sharing, frequency/voltage
deviations, and voltage harmonic problems in islanded microgrids. Then, many advanced
control schemes have been proposed to enhance microgrid control performance. These
control schemes have been theoretically analyzed and verified through simulation and
experiments.

In chaper 2, a centralized virtual impedance control scheme has been proposed to
realize accurate active and reactive power sharing. The control scheme is very simple
and easy to implement because no information about microgrid configuration is needed.
Furthermore, it can maintained accurate power shairng even when the microgrid con-
figuration or the load condition is changed. Therefore, it is very suitable for islanded
microgrids, in which the structure is meshed or looped and the loads are mostly linear
loads (nonlinear loads are negligible). However, because this scheme needs communication
links between MGCC and DGs, it is very difficult to realize the scheme if an MGCC-DG
communication link is impossible to be established due to geography condition. In such
systems, the distributed control scheme in chapter 2 becomes a more suitable solution
to realize accurate active and rective power sharing at the expense of higher bandwidth
communication links.

When nonliear loads are extensively used, it is also important to obtain accurate har-
monic power sharing and microgrid voltage harmonic compensation besides fundamental
power sharing. Because active power filters (APFs) are conventionally used to compensate
for voltage harmonics, an adaptive virtual impedance control scheme has been proposed

in chapter 3 to share accurately active, reactive, and harmonic load powers among DGs.
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This method is very suitable for meshed microgrids with both linear and nonlinear loads
because accurate power sharing for both linear and nonlinear loads is always maintained
regardless of microgrid configulation and load condition variations and no information
about microgrid structure, line impedances, and load powers is needed.

However, in case of single-bus microgrids, the enhanced control scheme in chapter 4
is a more cost-effective solution because accurate power sharing and voltage harmonic
compensation are always achieved without additional APFs. The scheme requires no

information of line impedances. Therefore, it is very easy to implement.

5.2 Future works

Even though many methods have been proposed to solve the power control and power
quality issues in islanded microgrids, in order to further enhance microgrid operation,

some areas are needed to be researched in future such as:
e Distributed control strategies to compensate for PCC voltage harmonics,

e Sensorless synchronization methods for connecting a DG unit to the droop-controlled

microgrid,

e Fault protection in AC microgrids such as short circuit protection, overload protec-

tion, and fault override capability of inverters.
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Appendix A - State Matrices in
Chapter 2

The matrices {2y¢ and ¢ 4 in 2.58 are expressed as:
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Appendix B - State Matrices in
Chapter 4

The matrixes Ay in 4.38 and Q¢ and Qy¢ g in 4.40 are expressed as:
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