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Abstract

The need for highly reliable and flexible distribution networks is a critical challenge
for industrial application. This issue can be addressed by managing and scheduling microgrids,
which is the main core of power distribution system. Microgrid is a small-scale distribution
system consisting of distributed generation (DG) units, micro turbines, energy storage system,
and transformer [1], [2]. A microgrid is linked to the utility grid at the point of common
coupling (PCC) and it can transfer active and reactive power to the load. Compared to the
traditional transmission system, the microgrid can operate autonomously in the islanding
operation to regulate voltage and frequency at the point of common coupling. The islanded
mode, according to the IEEE 1547 standard, can provide numerous benefits, including
improved reliability and power quality, cost reduction, and auxiliary services [3].

In the islanding operation, it is important to manage the desired power among DG units,
and the droop control algorithm has been widely used to operate DG units independently.
However, the conventional control method cannot guarantee the power-sharing accuracy and
high PCC voltage quality. Therefore, this thesis presents advanced control strategies to
address these inaccurate power sharing and voltage distortion issues in the islanded microgrid
system.

Firstly, based on analysis of an islanded microgrid with complex line impedance structure,
an effective coordinated virtual impedance control scheme based on centralized approach is
developed to accurately share active and reactive power in a microgrid. In the proposed control
strategy, both virtual resistance and virtual inductance are simultaneously tuned to compensate
for the mismatched line impedance among units. Even if the microgrid configuration and load
condition change, the proposed control approaches still provide proper power sharing among
DG units. Furthermore, the proposed method can be implemented directly without any
knowledge of the detailed microgrid configuration or the required load power measurement,
which increases the system reliability and reduces system complexity.

Next, in order to overcome the inaccurate fundamental power sharing and voltage quality
issues under nonlinear load conditions, this thesis presents a harmonic compensation control
scheme by adaptively regulating resistive-capacitive virtual impedances at the selected

harmonic frequencies (3", 5™, and 7™). To comply with the practical application, the control



il

system was developed in both a centralized and distributed network. Regardless of microgrid
architecture or load circumstances, the proposed scheme properly distributes the active and
reactive power. Additionally, a modification of impedance at harmonic frequency has also
been proposed to mitigate the PCC voltage distortion. Because no information regarding the
detailed microgrid parameters such as line impedances and nonlinear load current is required,
the system complexity and expense are considerably reduced.

Finally, an impedance-based harmonics compensation (IBHC) is presented to provide
accurate harmonic power sharing along with voltage harmonic compensation for DG units.
The proposed IBHC is developed based on simple proportional integral controllers without
using a load current sensor. To confirm the proposed control stability and reliability, the
microgrid system is theoretically evaluated using a small-signal state-space model.

All control approaches are validated using PLECS simulations and experiments using
scaled-down laboratory microgrid prototypes. The results show that the proposed control
methods are both feasible and effective. The final section of the thesis draws conclusions and

suggests future research.
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 AC Microgrid Concept

Recent interest in the usage of distributed energy resources (DERs) has grown in
response to major concerns such as potential fossil fuel shortages, deregulation of electric
utility sectors, and public awareness of traditional electric power generation's environmental
effect. Because the DERs output voltages are either DC or uncontrolled AC, power
electronics-based converters are often employed to interface DERs with the power system
[4]-[6]. As the number of DERs in the electrical grid increases, new power quality and
stability challenges emerge, such as inaccurate power sharing, frequency variations, voltage
variations, and system protection [7]-[9]. To address the aforementioned challenges, a
microgrid concept is presented which considers DERs and related loads as a subsystem [10].
Under emergency or planned situations, microgrid can be isolated from the rest of the power
system and operated in the islanded mode, which provides uninterruptible power to local loads.
Thus, energy demand issues may be mainly locally resolved, resulting in dependability and
improved system performance.

Fig. 1.1 shows the basic architecture of microgrid system. Distributed energy resources
such as PV and wind turbines are connected to the point of common coupling through DC-
AC 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 [11]-[14]. When the
static switch (STS) is closed, the microgrid operates in the grid-connected mode, and the
voltage and frequency are maintained by the main grid [15]. Due to the rotational mass inertia

of the big synchronous generators in the power system, the main grid guarantees stiff voltage
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Figure 1.1 Typical AC microgrid architecture.

and frequency regulation [16], [17]. In other words, the main grid is in charge of maintaining
the microgrid power balance.

In the islanded mode, controlling the microgrid becomes more difficult because
microgrid frequency and voltage regulation, as well as the power balance between DER source
and load demand, have to be obtained through coordinated control of DG units [18].
Traditionally, the actual power-frequency ( P—® ) and reactive power-voltage magnitude

(Q—-V") droop curves were used to distribute load power demand among DG units in a
decentralized control approach [19], [20].

Fig. 1.2 shows the P—w and Q—V droop-based control technique for a single DG
unit. Each DG units regulates the output active and reactive powers by adjusting the DG
angular frequency and voltage magnitude, as follows:

w,, =w,—mP, (1.1)

Va

/-

=V, -nQ, (1.2)
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Figure 1.2 Droop-based control scheme for a DG unit.

where an index i denotes the i inverter, 71 and n are the P—® and Q—V coefficients, @,
and @, , are the nominal and angular frequency at the fundamental frequency, and V|, and

Va

., are the nominal and inverter output voltages at the fundamental frequency, respectively.

Based on equations (1.1) and (1.2), the P—@ and Q -V droop curves are illustrated
in Fig. 1.2. From Fig. 1.2, the output real and reactive powers can be controlled by using the
output frequency and voltage, respectively. From (1.1) and (1.2), the instantaneous voltage

reference Vr-e’;. is generated as [21]
Vi =Vsin([ @, dt). (1.3)
In order to track the voltage reference Vr-ef; in (1.3), the double-loop voltage controller

is offend adopted [22], [23]. In the double-loop voltage controller, the outer loop uses a

proportional-resonant controller tuned at the fundamental frequency [24]:

f
KU S

S ra
f

GV(S):KP ,+

(1.4)

where K, , is the outer proportional gain, K, 6 is the resonant gain at

the fundamental frequency. The inner loop has a simple proportional control gain K, ;, with

the filter inductor current feedback, which give sufficient damping to the output LC filter [25]:

G (s)=K, ,. (1.5)
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By implementing the double loop voltage controller, the regulated inverter output
voltage can track the voltage reference in (1.3) properly, and the load power in the microgrid

is shared autonomously among inverters.

1.2 Review of AC Microgrid Developments and Issues

Because only local measurements and no communication link are required, the droop
control technique offers numerous advantages, including redundancy, flexibility, and
expandability. Nonetheless, its implementation reveals a number of serious issues. The
following sections examine issues with the droop controller and other control approaches that

have been proposed in the literature.

1.2.1 Inaccurate Reactive Power Sharing among DG Units

Even though the active power demand is properly distributed among DG units with
the aid of the conventional droop control method, it is impossible to share reactive power
precisely, which reducing the power sharing performance.

Fig. 1.3 shows a simplified DG circuit with droop controller. The DG unit interfaced

with the PCC through the feeder line impedance. In Fig. 1.3, the DG unit is represented as a
controllable voltage source, ¥, is i DG output voltage, and V. is the PCC voltage. In the

microgrid, the impedance of line impedance is mainly inductive because of the output

inductance, and the line resistance can be ignored [26]. Then, the impedance between the i
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DG unit and PCC can be described as X, (X, =@L,). Since the phase angle & difference
between V, and V- is very small, the output reactive power is determined as following

ViV rec sin(5,) = Vpee
X, '

1

o,

(1.6)

where X, is the output reactance of the DGi unit, ¥V, , and V,. are the amplitude of inverter

output and the PCC voltages, and di is the phase angle between the inverter output voltage and
the PCC voltage, respectively. Substituting (1.2) into (1.6), the reactive power of the DG unit

becomes

0 = Vpee (Vdri _VPCC) . (1.7)

X +nVpee

From (1.7), the reactive power sharing error AQ, between two identical DG units (DG:

and DGj) is calculated as

A =0 -0 = =X (1.8)
Qij _Qi Qj B VPCC (Vdri_VPCC)Qi Q/ .

Accurate reactive power sharing is hard to be achieved (AQ, = 0) because the

mismatched line impedances are always existing in the practical system (‘X X j‘ #0).

In order to address the reactive power sharing issue, many methods have been
presented [27], [28]. An online voltage drop estimation was integrated into the DG local
controller to reduce the power sharing error [29]. However, the control method requires
microgrid to work in grid-connected mode before estimating the voltage drop, which increases
the system complexity. The authors in [30] regulated the output reactive power in proportion
to the DG output voltage derivative to compensated for the imbalanced voltage drop among
DG units. Although the control method can minimize the voltage drop, the reactive power
sharing error was not eliminated due to the lack of load voltage information. To ensure
accurate power sharing, a robust droop control was proposed that using the load voltage
information [31]. However, it is hard to measure the load voltage since the local DG unit and
PCC are located far from each other. To remove the load voltage measurement and ensure
accurate power sharing, a modified double-loop voltage controller was developed without the

droop controller in [32]. However, the control algorithm would stop whenever the
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communication fault occurs, so that reliability and feasibility are the main concern with this
control scheme.

To simultaneously overcome the power instability and 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 [33], [34]. However, reactive
power sharing was not distributed correctly because of the mismatches among the line
impedances. In [35], the DG equivalent impedance was designed based on prior knowledge
of the line impedance parameters, and the power sharing error was eliminated effectively. On
the other hand, an estimation of DG equivalent line impedance was developed by using the
feeder current and line impedance [36]. Nevertheless, it is not easy to detect all values of line
impedance in real microgrid system with a large number of DG units.

To enhance the power sharing accuracy without using the pre-knowledge line
impedance, the modified droop control technique was proposed [37], [38]. But, the modified
droop coefficient has a substantial impact on microgrid stability [21]. The authors in [39] and
[40] resolve this stability issue by developing a tunable virtual impedance to compensate for
the voltage mismatches among inverter units. Although each DG units can properly share the
reactive power sharing, the active power oscillation issue has not been solved sufficiently. The
authors in [41], [42] mitigated the active power oscillation by injecting a real power
disturbance at the output of the inverter, but the injected power disturbance reduces the
microgrid voltage quality. To improve voltage quality, a virtual negative resistance is
introduced to counteract the effect of the line resistance [43], [44]. Although the power sharing
performance is enhanced by increasing the inductive component, the system stability is
degraded due to the reduced system damping factor. Recently, authors in [45], [46] presented
an adaptive virtual impedance based on multi-agent consensus to enhance power sharing
performance. However, the consensus control method has a long communication delay, and it
shows poor active and reactive power sharing when data drop exists [47]. To overcome this
issue, the virtual impedance optimization [48] and voltage-based Thevenin estimation [49]
were presented. However, they have a complicated estimation algorithm, and the system
performance depends on many control variables. Although many literatures have discussed

and solved inaccurate power sharing, there are still some things to be improved. For example,
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it is important to compensate the active power oscillation, mitigate the circulating current and

accurately share the reactive power regardless of the line impedance variation.

1.2.2 Inaccurate Harmonic Power Sharing among DG Units

When nonlinear loads are considered in the microgrid system, the harmonic load
power is autonomously shared among DG units according to the line impedances.
Unfortunately, because the line impedance difference is always existing in the practical
distribution system, the harmonic load power is unevenly distributed, which potentially
triggering current protection or causing DG unit overcurrent. Despite the development of
several active and reactive power sharing method, the inaccurate harmonic power sharing
issue has remained up to now. To reduce the harmonic power sharing error, a harmonic droop-
based technique was introduced by using the microgrid voltage at the point of common
coupling [50]. However, because the PCC is generally far from the DG unit, the control
method may increase the control complexity, especially when a large number of DG is
connected in the microgrid. In [41], the reactive, imbalance, and harmonic power were
distributed in microgrid by regulating the virtual impedances at the fundamental and selected
dominant harmonic frequencies. However, the power sharing accuracy cannot be ensured if
the load condition changes during the tuning virtual impedance. Recently, a distributed virtual
impedance control method based consensus algorithm was proposed to achieve both accurate
fundamental and harmonic power sharing [51]. Nevertheless, the impedance regulator

becomes quite complex as a result of the numerous controller gains.

1.2.3 Highly Distorted PCC Voltage

In addition to the incorrect harmonic power sharing issue, the PCC voltage quality is
reduced significantly when nonlinear loads are employed in the microgrid. An individual
harmonic droop controller was provided in order to distribute the nonlinear load power and
improve the PCC voltage quality [52]. However, the control method does not consider the
impact of the feeder impedance. A virtual capacitor was utilized to compensate for the
harmonic voltage drop across the line impedance to mitigate the harmonics [53]. Nevertheless,

the actual value of system line impedances is needed in the control approach. To avoid this



Chapter 1. Introduction 8

problem, a hierarchical harmonic control strategy was proposed with the aid of
communication links [54]-[56], where an external harmonic regulation loop was added to
enhance the PCC voltage quality. Although the voltage quality is improved, the control system
is complex because the many control loops and Park/Inverse Park transformation are adopted.

To attenuate the system complexity, a droop based harmonic control loop was
developed together with a virtual impedance control loop, and proper harmonic power sharing,
as well as voltage harmonic mitigation, are achieved [51]. However, the PCC voltage quality
still has a high total harmonic distortion, which does not comply with the IEEE 519-1992
standard (total harmonic distortion (THD) < 5%) [57]. PCC voltage harmonics can be
compensated by properly adjusting the DG equivalent impedances [58], [5S9]. Nevertheless,
Transferring the non-dc signal from the MGCC to the DG units through low-bandwidth

communication connections is not feasible.

1.3 Objectives of the Thesis

In this thesis, we aim to address the conventional issues in the islanded microgrid
system such as inaccurate fundamental power sharing, harmonic power sharing, and voltage
distortion at the PCC. Following a state of art in the microgrid, control objectives for properly
sharing linear and nonlinear loads across DG units, eliminating harmonic power sharing error,
and compensating for PCC voltage harmonics in islanded microgrids are presented. The
research methodology will be developed as follows:

= Advanced control techniques to offer accurate active and reactive power sharing in

islanded microgrid systems regardless of microgrid configuration and load conditions.

= The control methods can be applied easily to the microgrid without any knowledge of

the system line impedances.

= Enhanced control strategies to attenuate PCC voltage harmonics and guarantee a high

PCC voltage quality (THD< 5%), which complies with the IEEE 519-1992 standard.

* PCC voltage at the dominant harmonics (3%, 5", 7%) is selectively compensated, and

the compensation performance is ensured even if the linear and nonlinear loads change.
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Figure 1.4 The control targets of the thesis.

Fig. 1.4 shows the thesis control targets. In Fig. 1.4, targets 1 and 2 belongs to the
fundamental power sharing improvement, targets 3 and 4 focus on improving the PCC voltage

quality, and target 5 is to improve the harmonic power sharing among DG units.

1.4 Outline of the Thesis

The thesis is organized into 5 chapters, as follows:

Chapter 1 introduces the concept of microgrid and surveys the past work related to
reactive power sharing, harmonic power sharing, and PCC voltage harmonic compensation.
Then, the objectives and contributions of the research work are outlined.

Chapter 2 presents an enhanced coordinated virtual impedance control scheme based
on centralized approach to eliminate the reactive power sharing error in islanded microgrids
regardless of microgrid configuration. The proposed controller is theoretically explored and
evaluated via simulation and experiment.

Chapter 3 introduces an enhanced control scheme by adaptively regulating resistive-
capacitive virtual impedances to share active and reactive power sharing despite variations of
microgrid configuration or load condition. In addition, a modification of impedance at
harmonic frequency has also been proposed to improve the PCC voltage quality. To increase
the control feasibility, the control method was developed in both centralized approach and
distributed approach without requiring the detailed microgrid configuration.

Chapter 4 presents an impedance-based harmonics compensation to compensate for
the PCC voltage harmonics and inaccurate harmonic power sharing. Theoretical analysis and

experimental results are also provided in detail.
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Chapter 5 summarizes the works in this thesis and provides feasible recommendations

for future research.

Table 1.1 summarizes the differences in proposed control methods. From the

comparison table, it is clear that each control method is suitable for a specific microgrid

condition.
Table 1.1 Comparison of different control methods
Proposed control methods
Method in Chapter 2 Method in Chapter 3 Method in Chapter 4
“Enhanced coordinated “Resistive-capacitive “Impedance-based
virtual impedance control virtual impedances for harmonics compensation
scheme based on PCC voltage quality for accurate harmonic
centralized approach” improvement” power sharing”
) Linear Load Linear Load
Types of Loads Linear Load ) )
Nonlinear Load Nonlinear Load
Microgrid
Centralized Applicable Applicable Not Applicable
Configuration
Microgrid
Decentralized Not Applicable Applicable Applicable
Configuration
High High
Low
(fundamental and (fundamental and
Computation (fundamental frequency ) ) ) )
. harmonic frequencies harmonic frequencies
regulation)
regulation) regulation)
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Chapter 2

Accurate Active and Reactive Power

Sharing Strategies

In this chapter, an improved power sharing scheme based on a centralized approach is
proposed to share active and reactive power accurately in an islanded microgrid. In the
proposed control scheme, an additional virtual impedance is inserted into the output of the
inverter to compensate for the mismatched line impedance. By adaptively regulating the
virtual impedance, accurate power sharing is ensured among DG units even when the one DG
is connected or disconnected from the grid. Furthermore, the proposed control strategy can be
implemented directly without any prior knowledge of line impedance parameter and load
current measurement, which reduces the total cost and increase the reliability of the system.
The proposed control is examined theoretically, and its effectiveness is verified by simulation

and experiment.

2.1 Operating Principle of an Islanded Microgrid

2.1.1 Microgrid Operation

In Fig. 2.1 shows the configuration of an islanded 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 PCC bus is called a public load. Based on the operating
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Figure 2.1 Typical islanded microgrid configuration with complex line impedance.
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Figure 2.2 Equivalent model of microgrid system with the additional virtual impedance.

information exchanged between the MGCC and DG unit through low-bandwidth

communication links, the MGCC can monitor all the DG units for microgrid protection.
During islanded operation, each DG unit is operated via the conventional droop

controller, in which the angular frequency and voltage magnitude are given as follows,

respectively [60]:

w,, =w,—mP, (2.1)
Vdri :I/O -—nY, (22)

where @, and V|, are the nominal values of the DG angular frequency and DG voltage
magnitude, respectively; P and O, are the measured real and reactive powers after the low-
pass filter (LPF), respectively; m and » are the P—® and Q -V coefficients, respectively.

From (1.1) and (1.2), the instantaneous voltage reference Vrgf is given as
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Figure 2.3 DG1 phasor diagram.

Vi =Vasin([ @, dt). (2.3)

2.1.2 Reactive Power-Sharing Analysis

For a simple analysis, the equivalent model of microgrid in Fig. 2.1 is established using
two DG units with the same power rating, as shown in Fig. 2.2, and their output voltage

magnitudes V,; and V,, are given in (2.4) and (2.5), respectively
Vor =V —m Qs (2.4)

Voo =Vo =1, O, (2.5)
In order to regulate the output voltage without any power losses, the additional virtual

resistance and inductance are inserted at the output of the DG, as shown in Fig. 2.2. In Fig.
2.2, R, and X, are the virtual resistance and inductance of DGI, and R, and X, are

the virtual resistance and inductance of DG2.
Based on the equivalent circuit in Fig. 2.2, the DG1 phasor diagram is obtained in Fig.
2.3, and its output voltage (V) is derived by using the voltage drop approximation in (2.6):

Vor =Vece + AV + AV,
Rl Pl + X1 Q1 + RVIPI + XV]Q] ’ (2'6)

V. V.

o o

Ve +

where AV, ., and AV, are the voltage drop due to the line impedance and the additional

virtual impedance.
Similarly, the DG2 output voltage is expressed as follows:
R2 P2 + X2 QZ + RV2P2 + XV2Q2 )
v V

o o

Vor ®Vpee + (2.7)
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Assuming that DG1 and DG2 have the same power capability (7, =m,, n,=n, =n)

to simplify analysis. By solving equations (2.4) to (2.7), the reactive power sharing error is

obtained as follows:

Ql (AXlz+XV2_XV1)+P1(AR12+RV2_RV1)

AQ = : : : (2.8)
G, Y,

where AX,, =X, - X|, AR, =R, — R, . In order to eliminate the reactive power sharing error

in (2.8), both virtual resistance and inductance (Ry;, X};|i =1,2) should be simultaneously

tuned to compensate for the mismatched line impedance among DG units. As a result, reactive
power sharing is accurately achieved, and its dynamic performance is guaranteed even if the
load changes. In addition, the circulating current is suppressed due to the balanced voltage

drop between the DG and PCC.

2.2 Proposed Coordinated Virtual Impedance Control Scheme

In order to overcome the drawbacks of the traditional reactive power compensation
method, the coordinated virtual impedance control strategy is developed based on the complex
virtual impedance to achieve accurate power sharing irrespective of the microgrid system

parameters.

2.2.1 Microgrid Central Controller

Fig. 2.4 shows the proposed control diagram. In Fig. 2.4, F and O, are calculated
from each local DG, and this data is sent to the microgrid central controller. Then, the

microgrid central controller calculates the reference power P~ and Q) :

n

P =(1/((1/Gp)+(1/Gpy)+.+(1/Gp,))) (1/G ) D R, (2.9)

i=l1

n

0 =(1/((1/Gg )+ (1/Gga)+.+(1/Gy,))) (1/Gg ) 20, (2.10)

i=1
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Figure 2.4 Proposed coordinated virtual impedance controller.

where n is the number of DG units in the microgrid. Then, the reference power P~ and O

are sent to the individual DG unit through the low bandwidth communication link.

2.2.2 Local Controller

After receiving the power information from the MGCC, each DG local controller

adaptively tunes the virtual inductance X, and virtual resistance R, with the aid of the

secondary controller:

X, =(0/-0) (K, +Ky 5,

R, :(—1)(Q* -9, )(KpRV +Kiy /5),

(2.11)

(2.12)

where K, and K, are proportional gains; K, and K, are integral gains. In equation

(2.12), R, is oppositely tuned against the reactive power sharing error because of the counter

effect between P and Q in the complex impedance.
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Figure 2.6 Bode diagram of (a) the voltage control transfer function and (b) the output impedance

transfer function.

In addition, to compensate for any active power oscillation, the modified virtual

resistance is obtained by adding the virtual damping resistance Ry, :

R, =R, +R,,,

where R, is the modified virtual resistance, and R,, is defined as:

Ry, :(Pz* _Pz) (Kigg 1'5) 5

(2.13)

(2.14)

In equation (2.14), K, is the integral gain. The virtual damping resistance (R, )

ensures accurate active power sharing during the transient and the steady state by damping the

resonant frequency caused by the LC/LCL filter and system resonances [61].
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Table 2.1 System Parameters

Parameters Value Parameters Value Parameters Value
XV 1x1073 ), 2160 rad/s L, 1.2mH
K, 5%107 rad/s 8 110V R, 0.01Q
K ory 1x107 Gy, 0.005 C, 20uF
K. 7%1073 rad/s Gy 0.012 R, 1Q
K, 0.5 Kpi 1%10* rad/s L, 1.2mH
K, 180 rad/s ol 3 T, o 0.125s
Riine 1 0.3Q Riine 2 0.45 Q Riine 3 0.52 Q
Xiline_1 0.49Q Xline 2 0.905Q Xiline 3 1.13Q
(Sinifl‘;zon) 1605W (Sin(fl’fl‘;“t‘;on) 1305Var o 218 rad/s
(Epr;Tr?rarllent) 1012W (Exgﬁmo 835Var fwitching 10KHz
Load 2 415511?1{ Load 3 115?3{ Frampling 10KHz

As shown in Fig. 2.4, the proposed secondary controller is integrated into DG local
controller and it is implemented simultaneously with the primary droop controller to increase
the system response and reduce the effect of communication delay. Therefore, the accurate

power sharing is achieved with fast convergence, and the performance is immune to
. . * * . . . .
communication delay. Moreover, once X, and R, are optimized, accurate power sharing is

continuously guaranteed because the voltage drop caused by mismatched line impedance is

well compensated irrespective of load changes or interrupted communication.

2.3 Closed-loop Transfer Function

In Fig. 2.5, the closed-loop transfer function is obtained without virtual impedance:
Ve =G (8) Ve = Zo (5) 1, (2.15)
where G(S) is the voltage gain function, and Z, (s) represents the output impedance of the

inverter:

G,G, (1+sC,R,)
~ s’L,C, +5(R,C, +G,C,(R,G, +1)+R,C,)+G,G, +1

(2.16)

G(s)
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2K, @, s

2 2;
s"t+20, 5+ 0,

where G, =K, + G, =K

pl-

B (sL, +R, +G,)(1+sC,R,)
$’L,C, +5(R,C, +G,C,(R,G, +1)+R,C, )+ G,G, +1

(2.17)

Zy(s)

The complex virtual impedance Z, (S) is proposed to control the power sharing by
adjusting the voltage reference:

Ve =V =1, Z,(s) =V —=1,(R, + R, +sL,). (2.18)

By substituting (2.18) into (2.15), a modified equivalent output impedance Zé (S)

including complex virtual impedance is obtained as follows:
Zy(s)=Z,(s)+G(s)(R, + R, +sL,). (2.19)
In order to investigate the impact of the virtual impedance on the system, Fig. 2.6

shows the frequency-amplitude characteristics plots of G(s), Z,(s), Z,(s) and Z, (s)with
the parameters in Table 2.1. In Fig. 2.6(a), the magnitude and phase of the voltage gain G(S)

are approximately 1 and 0, respectively, while the magnitude of Z, (S) is close to 0 at a

fundamental frequency. Hence, the DG output voltage tracks its reference perfectly with a
very small phase delay at the fundamental frequency. Therefore, the transfer functions of the

LCL filter, voltage, and current control loops are simplified to be unity.

2.4 Stability Analysis

In order to verify the microgrid stability, the eigenvalues of the microgrid small signal
model are investigated. The small signal model is derived by linearizing power sharing
dynamics, P-® and Q-V droop controllers, and the proposed virtual impedance control loop.

By linearizing the active and reactive powers, the linearized active and reactive power
equations around the equilibrium operating point are obtained:

v 00 X, or, (2.20)

1

2K, AV, +K A0 +K AX, +K AR,
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%AVIH—%AQ—F %0, AXVZ.+£ -
ov, 00, oX,, OR,. _ (2.21)

1

£ K AV, +K A0 +K  AX, +K AR,

AQ =

In our study, the inner voltage and current control loop transfer functions are defined
to be unity (¥, =V, and @, = @, ) because they are used to track their reference inputs with a
very small phase delay. Therefore, equations (2.1) and (2.2) are rewritten as follows:
@, =0, =Gy I}, (2.22)
V,=V,-G, 0, (2.23)
where Gp; = m; and Gy; = n;. By linearizing (2.22) and (2.23), Aw; = n; and AV; around
the equilibrium operating point become
Aw =-G,, AP, (2.24)
AV, =-G, AQ,. (2.25)
In (2.24) and (2.25), AP and AQ are the average active and reactive powers, which

1

are defined as follows:
AP =AP, G, (s) & /(s+ @), (2.26)
AQ, =AQ, G, (s) o/ (s+a). (2.27)
where @) is the low-pass filter cut-off frequency, G, (s) is the total delay time including zero-

order hold.

Because the effect of time delay and zero-order hold is negligible to detect the average

power, the total delay time transfer function is simplified as unity (G, (s)~1) [62]. From

equations (2.20) to (2.27), the linearized control equations of the system are given as following:

AF, = - AF, + a)cpr' (_GQi AQ, ) + wCKpHiAHi ’ (2.28)
+ a)CKpXiAXVi + a)CKpRiARVl.
AD, = -0 AD (1+K,,G,, )+ 0K 4 A0 + 0 K,y AX,, 0.29)
+ a)CKqRiARVi ’
AG =G, AP. (2.30)

From equations (2.28) to (2.30), the state equation of the i DG is obtained as follows:



Chapter 2. Accurate Active and Reactive Power Sharing Strategies 20

A, A,
- - AX,.
AP |=[4]| AP +[B[][ V’}, (2.31)
- Vi
AQ, AQ,
By linearizing (2.11) to (2.14), the virtual inductance AX ,; and virtual resistance ARVi
become
AX KIXV (AQre i AQ)’ (232)
AR Kth (AI)refl AI)!) iRV (Aére i _AQ ) 4 (233)
where APrefl and AQm,l are the active and reactive power references in (2.9) and (2.10),

respectively. For simple analysis, we assume all DG units have the same power capacity and

communication delay (7, ). Then, AP

ref i

and AQ,W are expressed as follows [63]:

— _ 1 1 —
AP, =AF,, = = AR, (2.34)
' Torys+l g
AQre P AQref S +1 n* ZAQ (235)

By linearizing (2.34) and (2.35), A]émf and AQ;mf are obtained:

5 _~lp
AP, = +— 236
ref TD ref T }’l; ( )

5 _—1,
AQ, =—AQ, + ZAQ (2.37)

D

Considering equations from (2.28) to (2.37), the small signal model of the microgrid
system is derived as following:
AX, o = Ay AX, (2.38)
where

AXy =[A0, .. A0, AR, .. AR AQ, ... AQ, AX

" (2.39)
i A)(V3 A]QVI i A]2V3 ref AQref]

The eigenvalues of equation (2.39) are solved by using “eigenvalues function” in

MATLAB to evaluate the system stability. According to [64], A4,,; is singular matrix and it

has zero eigenvalues, so only the nonzero eigenvalues of 4,,; (A1 to A12) are used for analyzing
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Figure 2.7 Root locus diagram: a) K, =0.005;10° < K,,, <200. (b) K, =0; K,,, = 0.005;

107° <K, £200. (¢) K,y = K,y =0.005; 10° <K, <200. (d) Line resistance variation

10° <R, <10.

microgrid stability. In order to achieve a good system performance, small proportional gains

(K zy» K,y ) are used as shown in Table 2.1.

Fig. 2.7 shows the root locus for different control parameters. From Fig. 2.7 (a), the

system damping is reduced when increasing K;,,, because A7.;2 move toward the image axis.

In Fig. 2.7(b), the system becomes unstable when K, is higher than its stable value
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Figure 2.8 Root locus diagram: (a) Line inductance variation 107 <X, <10 . (b)

Communication delay variation 0.002s <z, <20s.(c) 107 <G,, <0.05.(d) 107 <G, <0.05.

(Kzy >20) because As and ¢ are real numbers. As K, increases in Fig. 2.7(c), A4 and As

move toward the real axis, which reduces the system stability.

The effect of different line impedances is evaluated by adding additional resistance
R,, and inductance X, to DG line impedance, and its root locus diagram is shown in Fig.
2.7(d). When R, increases, the dominant eigenvalues move closer to the imaginary axis, and

system stability is decreased, as shown in Fig. 2.7(d). Meanwhile, the system becomes more

stable when increasing X, because the dominant eigenvalues move from the right to the left,
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as shown in Fig. 2.8(a). Fig. 2.8(b) shows the effect of the communication delay on the system.
As 7, increases, A4 move to the right half-plane, and the system stability is reduced. Figs.
2.8(c) and (d) show the system root locus diagram when the droop coefficients have some

variation. As shown in Figs. 2.8(c) and (d), when G, and G, increase, the system damping

is reduced and the system stability is decreased, respectively. By balancing between damping
and transient responses, the controller parameters are determined to effectively regulate the
virtual resistance and inductance for accurate power sharing. The design parameters are given

in Table 2.1.

2.5 Simulation Results

The microgrid with three DG units in Fig. 2.1 is simulated using PLECS to verify the
effectiveness and feasibility of the proposed control strategy. An enhanced adaptive virtual

impedance control strategy [39], which improves the power sharing by adaptively tuning the

virtual impedance variable K , » 1s compared to evaluate the proposed control strategy. For

reasonable comparison, both controller parameters are chosen to have the same steady-state

performance and reactive power settling time (7, ). Each state used in the simulation is defined

as follows:

State 1: The compensation controller starts to compensate the power sharing error.

State 2: Load 2 is connected to the microgrid to examine the performance of the
proposed control scheme.

State 3: The communication is interrupted, and load 3 is connected to evaluate the
system dynamic performance and system stability.

To evaluate the performance of the proposed system, percentage reactive power error

AQ, (%) is defined as following:

/O x100% . (2.40)

20, %)=~ |0 -0

Figs. 2.9(a) and (b) show the power sharing performance of the conventional and the
proposed controllers in three states. When the compensation starts at 2.5s, the reactive power

sharing is accurately achieved after some transient intervals regardless of the controller.
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Figure 2.9 Simulation results of the conventional and proposed controller (a) active power

sharing. (b) reactive power sharing. (¢) PCC voltage.

However, the conventional controller shows more oscillation and its transient performance is
not smooth as shown in Figs. 2.9(a) and (b). On the other hand, the proposed controller shows

a good dynamic response with a remarkable reduction of 7, from 0.7s to 0.4s when load 2 is

connected at 4.5s. To evaluate the system dynamic performance, load 3 is connected at 6s

during interrupted communication link. As we can see, the reactive power sharing error of the
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Figure 2.10 Laboratory islanded microgrid system.

proposed controller (AQ (%) =0.12% ) becomes much smaller than that of the conventional

err

controller (AQ,, (%) =4.6%).

(&

During the reactive power compensation, the proposed controller also reduces the
active power oscillation AP , and settling time 7, significantly from 60W to 27W and 1.4s to

0.7s, respectively by using the virtual damping resistor. From Fig. 2.9(c), the further voltage
drop (AV") in state 3 between our proposed and the conventional methods is acceptable with
only 0.35% difference. This small voltage drop is caused by higher total virtual impedance in

the proposed control method. While the conventional controller only uses the virtual

impedance variable (K » ), the proposed controller considers virtual resistance, inductance and

damping resistance to improve the power sharing performance and damp the active power

oscillation.

2.6 Experimental Results

For experimental verification, the AC microgrid in Fig. 2.1 is set up with three DG
units with the parameters in Table 2.1. DG units are controlled using a Texas Instruments
TMS320F28379D microcontroller, and 20ms communication delay caused by the low-
bandwidth communication is emulated by using zero-order hold [35]. Fig. 2.10 shows the

laboratory islanded microgrid system with 3 DG units. The active and reactive powers are
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Figure 2.11 Experiment results of power sharing performance for (a) conventional controller and

(b) proposed controller.

calculated by the digital signal processor and exported to digital to analog converter module
(Analog AD5325BRMZ) to fully monitor the power in real time.

To investigate the performance of the proposed controller, the three states defined for
the simulation are investigated experimentally. Fig. 2.11 shows the power sharing
performance comparison between the conventional and proposed controller. For reasonable
comparison, both controller parameters are chosen to have the same reactive power settling

time (7, =0.5s) in state 1. From Figs. 2.11(a) and (b), the proposed controller has better

performance with a smooth transient response compared to the conventional controller. The

smooth transient response is important because any reactive power oscillation directly affects
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Figure 2.12 The performance of DG current in 3 difference states: (a) State 1: Before the
compensation starts (b) After the compensation starts. (c) State 2: Load 2 is connected. (d) State 3:

Load 3 is connected at communication failure.
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Figure 2.13 Reactive power sharing performance when load change during communication

interruption. (a) The conventional controller. (b) The proposed controller.

the output voltage and causes the fluctuation of the circulating currents among DG units. In
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Figure 2.15 Reactive power sharing performance with various communication delay times.

addition, when load 2 is connected to the microgrid, the dynamic performance of the proposed

controller is also superior with a remarkable reduction of 7, from 1.6s to 0.7s. So, we can

say that the proposed controller effectively controls the complex virtual impedance.

When load 3 is connected to the grid at the communication failure, the conventional

controller shows remarkable reactive power sharing error (AQ, . (%) =3.3%), while the error

becomes much smaller with the proposed controller (AQ, . (%) =0.15%), as shown in Figs.

2.11(a) and (b). As we can see from Figs. 2.11(a) and (b), the active power oscillation AP is
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Figure 2.16 The power sharing performance when DGI is disconnected from and connected to

the microgrid.
well damped during the reactive power compensation with a half reduction (AP = 16 W<30W).
Also, the active power settling time 7, is considerably reduced from 1.25s to 0.8s.

In order to show the feasibility of the proposed controller, the DG current is directly
measured using current probes to avoid measurement error. In Figs. 2.12, we can see that the
current-sharing accuracy is significantly improved with a fast response. So, we can say that
the circulating current among the DG units is reduced irrespective of the load power change.

Fig. 2.13 shows the power sharing performance when the communication link is

shortly interrupted in a period. From Fig. 2.13, the reactive power sharing error of the

proposed controller (AQW(%)=3.6%) is much smaller than that of the conventional

controller ( AQW(%)=5.8% ) even though the load is doubly increased. When
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communication is restored, the proposed controller smoothly recovers its power sharing
accuracy.

The reliability of the proposed controller is verified in Fig. 2.14 when loads are
sequentially connected to the microgrid with 2s intervals. From Fig. 2.14, it is obvious that
the proposed controller shows excellent dynamic performance with fast steady-state response
compared to the conventional controller.

Fig. 2.15 shows the power sharing performance with various communication delay
times. As we can see in Fig. 2.15, the power sharing error is not affected even though the
communication delay is changed from 0 to 2s thanks to the proposed secondary controller.
Therefore, the dynamic response and stability of the microgrid system are increased.

To investigate the effectiveness of the proposed method during DG connection, DG1
is disconnected and connected at #; and £, respectively, as shown in Fig. 2.16. From Fig. 2.16,
accurate active and reactive powers sharing are guaranteed with a good dynamic response for
both disconnected and connected cases thanks to the proposed controller.

From the experiment results, it is clear that the performance of the proposed controller
is better than that of the conventional controller with proportional load power sharing among
the DG units. Also, the power sharing performance is guaranteed with smaller error even if
the load changes during communication interruption, and the power sharing error is unaffected

by the communication delay. The experimental results match well with the simulation results.

2.7 Conclusion of the Chapter

This chapter proposes a coordinated virtual impedance control strategy to solve many
important issues such as the active power oscillation, inaccurate reactive power sharing among
DG units, and the system dynamics. In our control method, both virtual resistance and virtual
inductance are adaptively tuned without using the system parameters to effectively
compensate the mismatched line impedance among DG units. In addition, a power coupling
is considered to effectively mitigate the active power oscillation. As a result, the active power
oscillation is mitigated about 50% in transient condition comparing to the conventional control
methods, and the system dynamic performance is improved with the reactive power sharing

error less than 0.15%. Furthermore, the microgrid system still has good power sharing
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performance even if the load changes during the communication interruption. Therefore, our
control scheme is very useful for effective operation of DG units in islanded microgrid. This
chapter also presents a design procedure and stability analysis for practical applications. The
effectiveness and flexibility of the proposed control strategy are verified through simulations

and experiments.
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Chapter 3

PCC Voltage Harmonic Compensation

Strategy

Besides the reactive power sharing issue, the voltage harmonic distortion at the PCC
is also a big concern because the droop controller only regulates the fundamental components.
When a nonlinear load is connected to the grid, the uncontrolled harmonic currents cause
instability in the microgrid and PCC voltage distortion. In previous DG control schemes, it is
impossible to satisfy the requirements of PCC voltage quality with only a fundamental virtual
impedance controller (VIC). In this chapter, we propose an enhanced virtual impedance
control scheme to provide voltage harmonic compensation in islanded microgrids while
maintaining accurate power sharing. To increase the control feasibility, the control method
was developed in both a centralized approach and distributed approach without requiring the

detailed microgrid configuration.



Chapter 3. PCC Voltage Harmonic Compensation Strategy 33

Communication link

s

MGCC
T Vice £ Opcc I 226 Z <6 I 46
q |
PCC Bus
0 00\

|
| |
Figure 3.1 The islanded microgrid system with linear and nonlinear load at the PCC bus.

3.1 PCC Voltage Distortion Issue

Although the droop controller can share total load power autonomously in the islanded
microgrid, it cannot regulate the harmonic current because the droop control voltage only
consists of the fundamental components. When the nonlinear load is connected to the grid, the
uncontrolled harmonic currents cause a large harmonic voltage drop on the line impedance,
so that the PCC voltage become highly distorted. According to the IEEE 519 standards [57],
it is important to maintain a high PCC voltage quality with total harmonic distortion (THD)

smaller than 5%.

3.2 Centralized Control Strategy

In the centralized control approach, the MGCC is used to monitor the PCC voltage
quality and send the PCC voltage information to each DG unit, as shown in Fig. 3.1. The
MGCC collect the information from the DG units and send the control signal to each DG unit.
In order to compensate the PCC voltage distortion, the PCC voltage harmonics have to be
extracted. To reduce the communication data transmission, the MGCC measures and
decompose PCC harmonic components, and these values are sent to all DG units. In this

chapter, the harmonic distortion (HD) index is extracted by the MGCC as given below:
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Figure 3.2 Equivalent circuit of 2 DG units for fundamental frequency.

h
HD, =(@J 100% . 3.1)

PCC

where ¥V} and V.. are the RMS values of the PCC harmonic and fundamental voltages,

respectively.

3.2.1 Power Sharing Scheme under PCC Voltage Distortion

During a nonlinear load connection, active and reactive powers become distorted due
to harmonic voltage drop on the line impedance. To obtain a clean active and reactive power
measurement, a low-pass filter with smaller cut-off frequency is applied to filter out the

distorted the active and reactive powers:

G, (8) = —225 (3.2)

S+ Oppp
To realize power sharing and synchronize each DG, the droop control is adopted with

the filtered powers:
®,, =0, —mRP, (3.3)
vV, =V, -nQ, (3.4)
where an index i represents each DG, @ and o, are the output and nominal values of the
fundamental DG output frequency, ¥V and ¥, are the output and nominal values of the

fundamental DG output voltage, m and » are the active and reactive droop coefficients, and

P and @ are the filtered output active and reactive powers, respectively.
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Figure 3.3 Bode diagram of the RC fundamental virtual impedance.

3.2.2 Proposed Fundamental RC Virtual Impedance Control
Scheme

In order to achieve the accurate reactive power sharing under distorted microgrid
voltage, we propose a virtual capacitance to counteract the effect of the physical line
inductance. In addition, a virtual resistance is also considered to compensate the effect of the
parasitic line resistance. The equivalent circuit of two paralleled DG units for fundamental
frequency with the proposed virtual impedances is shown in Fig. 3.2.

The resistive-capacitive (RC) virtual impedance at the fundamental frequency Z,, is

obtained as follows:

+L (3.5

Z _
vfi
SCW- .

R

i

The Bode diagram of Z,; with some specific values is shown in Fig. 3.3. From Fig.

3.3, it is obvious that the RC virtual impedance in (3.5) combines all characteristics of the
resistance and capacitance. Compared to the conventional methods [65], [66], which only
regulate the magnitude of the virtual impedance, the proposed control method can flexibly

control both the phase and magnitude of the virtual impedance. Thus, the proposed RC virtual
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impedance overcomes the phase difference issue in the conventional method, and the line

impedance mismatch among DG units is effectively compensated.

The proposed virtual resistor (R, ) and capacitor (Cy;) of i DG in Fig. 3.2 are

regulated by using the following external control loops:

Ry, =(K,/s)(E -R), (3.6)

Cy.=(Kyp!5)(0"-0,), (3.7)
where P" and Q. are the reference active and reactive powers, which are calculated from the

microgrid central controller:

n

3*:(1/(},,,.)[1/(2":1/(},,,)} P, (3.8)
o =(1/GQ,.)(1/(2'1“1/GQ,.D 0. (3.9)

By emulating the output resistance and capacitance, the reference signal from the

droop controller is modified as follows:

vl =V, sin([ o, di)-———11,~R,.. (3.10)

a)dri Vfi

where 7/,

ref i

is the DG fundamental voltage reference for the voltage controller, and /,; is the

S

conjugated signal of the DG fundamental current I/, which is obtained by delaying I/, for

one quarter of the fundamental cycle [67].

3.2.3 Proposed Harmonic RC Virtual Impedance Control
Scheme

In order to compensate the PCC harmonic voltage, the proposed resistive-capacitive
virtual impedance can be extended for the harmonic frequency to regulate the harmonic
current Fig. 3.4 shows the equivalent circuit of the microgrid for harmonic frequency. From
Fig. 3.4, the proposed RC virtual impedance is coordinated with the line inductance to form a
virtual passive filter. By controlling RC virtual impedance, the passive filter resonance is
adaptively regulated to meet the PCC harmonic frequency, and the PCC voltage distortion is

compensated.
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Figure 3.5 Block diagram of the DG equivalent impedance at 3™ harmonic frequency with the RC

virtual impedance.

To show the effectiveness of the proposed RC virtual impedance, the Bode diagram of
DG equivalent impedance at the 3™ harmonic frequency is plotted in Fig. 3.5. The DG
equivalent impedance at the 3™ harmonic frequency is reduced significantly thanks to the RC
virtual impedance. Therefore, DG absorbs more load harmonic current, and the 3" PCC
harmonic voltage is compensated.

In the ideal case, the virtual harmonic resistance (R,,,) 1s set as zero to compensate

PCC voltage with high performance. However, this ideal value of R, reduces the system
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Figure 3.6 Bode diagram of multi non-ideal PR controllers.

stability because of the increased sensitivity to PCC voltage harmonics variation [68].

Therefore, the value of R, should be large enough to enhance the system damping and small

enough to maintain harmonic compensating performance. To satisfy these constraints, the
virtual harmonic resistance is chosen from 0.1Q to 3Q [68], [69]. In this paper, the virtual

harmonic resistance (R,, ) is set as 0.1, while the virtual harmonic capacitance (C,,,) is

continuously adjusted:
Cy =(K,/s)(HD,,, - HD,) (3.11)

where HD,,, and HD, are the reference and present values of the h™ PCC harmonic

h

distortion, and HD, is the index received from the MGCC.

3.2.4 Modified Inner Voltage and Current Controller

In order to track the voltage reference effectively, the following multiple non-ideal
proportional-resonant (PR) voltage and current controllers are applied to regulate the DG
output voltage

2K
G (s)=K, + », ——mlo’ (3.12)

2 2 2
h=1,3,5,7 s + COCV S+ C()h
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G,(s)zKP,, (3.13)

where K, and K, are the proportional gains, K, is the resonant gain of the PR controller,

and o, and @ are the cut-off frequency and resonance frequency of the PR controller,
respectively.
Fig. 3.6 shows the Bode diagram of the non-ideal PR controller with different @,

values. From Fig. 3.6, it is obvious that the PR controller has high gain at both fundamental
and harmonic frequencies for enforcing small steady-state error. Because disturbance always

exists in the islanded microgrid, the PR controller bandwidth is needed to be optimized for
ensuring the system stability. For this purpose, @, is chosen as 1 rad/s to minimize the system

disturbance and the steady-state error. The block diagram of the inner voltage and current

control loops is shown in Fig. 3.7.

3.2.5 Output Impedance Analysis

The closed-loop transfer function of the system without considering the virtual

impedance is obtained from Fig. 3.7:

Ve=G,  (s)V =Zy,(s)1,. (3.14)

Sys

In(3.14), G

Sys

(S) and Z,,, (s) are the transfer functions of DG voltage gain and output

impedance, respectively, which are given below:

G, (s)= GG,
" s’L,C,+sR,C, +5G,C, +G,G, +1’

(3.15)
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(3.16)

By considering the proposed RC virtual impedance, the DG output impedance Z,,, (s)

1s modified as follows:
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Table 3.1 Islanded Microgrid System Parameters
Parameters Value Parameters Value
K, 0.5x1072 rad/s L, 1.2mH
K, 5% 102 rad/s R, 0.02Q
K, 1x1073rad/s L, 1.2mH
K, 2 C, 20uF
K., 1.0 G, 0.012
K, 20 rad/s GQi 0.015
Z, 0.1+0.39; Q v 110V
Z, 0.15+0.7] Q @, 377 rad/s
Z, 0.2+1.1 Q Oy 1 rad/s
Load Change 10Q2 HD,,s, 1%
45mH ‘
Z(,)uz(s):ZOuz(S)*'GSys(S) Z, (S)» (3.17)

To evaluate the effectiveness of the proposed controller, the frequency-amplitude

characteristic of DG voltage gain G, (s) is plotted in Fig. 3.8. From Fig. 3.8, the magnitudes

of G, (s) are equal to 1 for all of the 1%, 3", 5™ and 7™ frequencies, and the voltage drop

sys
between the voltage reference and DG output voltage becomes zero. In addition, the phase of

G,, (s) at both fundamental and harmonic frequencies is close to 0, which shows that the

output voltage has zero phase delay. Thus, we can say the inner controllers perfectly track the

voltage reference.

Fig. 3.9 shows the Bode diagram of the DG output impedances Z,,, (s) and Z,,, (s).

From Fig. 3.9, it is clear that the modified output impedance Z,,, (s) has a sufficient gain at

both fundamental and harmonic frequencies to compensate the mismatched line impedance as
well as PCC voltage harmonics. As a result, reactive power sharing is accurately achieved,
and the system dynamic performance is guaranteed even if the load changes. In addition, the

PCC voltage harmonics are effectively compensated by means of RC virtual impedance.
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Figure 3.11 Power sharing performance with the proposed controller.

3.2.6 Experimental Results

The effectiveness of the proposed control method is experimentally verified with 3

DG units in Fig. 3.1, and the experimental parameters are given in Table 3.1. DG units are

controlled using a Texas Instruments DSP TMS320F28379D microcontroller, and the

laboratory islanded microgrid system with 3 DG units is shown in Fig. 3.10.
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Figure 3.13 PCC harmonic voltage quality with the proposed controller.

Fig. 3.11 shows the power sharing performance of the microgrid with the proposed
controller. From Fig. 3.11, the active power is shared equally among DG units with the
conventional droop controller, while the reactive power is not accurately shared due to the

mismatched line impedance. When the proposed controller is applied, the RC virtual
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impedance is inserted to compensate the unequal line impedance, so that the reactive power
sharing is accurately achieved after a short transient period as shown in Fig. 3.11. In addition,
the accurate active power sharing is still guaranteed during reactive power compensation with
a small transient oscillation by means of the proposed virtual resistance. Furthermore, the RC
virtual impedance is continuously tuned to keep accurate power sharing even though harmonic
compensation and load power changes, as can be seen in Fig. 3.11.

Fig. 3.12 shows the performance of the PCC harmonic voltage compensation. From
Fig. 3.12, the HD3, HDS, and HD7 are initially 5.6%, 3.1%, and 2.2%, respectively, and they
are all reduced to 1% with a smooth response after compensation. In spite of the load changes,
the harmonic compensation shows good dynamic performance. In order to investigate the
transient performance of the proposed controller, the PCC voltage is measured in Fig. 3.13. In
Fig. 3.13, the PCC voltage harmonics are seamlessly compensated without any oscillations or
fluctuations, and the desired harmonic distortions are accurately achieved. From the
experimental results, the proposed RC virtual impedance method shows a good performance

with a fast and smooth response.

3.3 Distributed Control Strategy

Although the centralized control strategy can improve the power sharing performance
and PCC voltage quality, the point-to-point communication link between MGCC and DG units
is needed. If one communication link between MGCC and DG units fail, the control algorithm
is not updated, and the system stability is reduced. In addition, it is hard to apply the
centralized control strategy in the large scale because it required a long-distance
communication link among MGCC and DG units.

To improve the system reliability and less complexity, the distributed control strategy
is proposed in this section. In the proposed control method, the sparse communication link is
considered in the islanded microgrid, and the information is shared among DG units regardless
of the MGCC. By distributed controlling the impedance among DG units, the proposed
method obtains a same power sharing performance and PCC voltage harmonic compensation
compared to the centralized control approach.

Fig. 3.14 shows a typical islanded microgrid configuration with a sparse
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Figure 3.14 Islanded microgrid configuration with a sparse communication link.

communication link, where each DG unit has to work independently and share the load power
autonomously. In this configuration, one DG which is nearest the PCC bus will measure the

PCC voltage, extracts the harmonic components, and send that information to another DG unit.

3.3.1 Proposed Distributed Control Scheme

In order to address the inaccurate power sharing and PCC voltage distortion issues,
this paper proposes the coordinated virtual impedance control scheme that inserts the
fundamental virtual resistance and capacitance at the inverter output to balance the equivalent
impedance among DG units. In addition, the virtual resistance and capacitance are considered
at the harmonic frequency to compensate the PCC voltage harmonics.

Fig. 3.15 shows an equivalent circuit of two DG units with the proposed coordinated
virtual impedance control scheme at the fundamental frequency. From Fig. 3.15, the
fundamental virtual capacitance is presented to counteract the effect of the physical line

inductance. Besides, the fundamental virtual resistance is proposed to compensate the
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Figure 3.16 Phasor diagram of two DG units at the fundamental frequency.

mismatched line resistance among DG units. Based on the equivalent circuit in Fig. 3.15, the

DG phasor diagram is obtained in Fig. 3.16, and their DG output voltages (Vyy,,V,,, ) are

derived as follows:

Vopr =Voce_ s +(AV +AV,,,)
. (R1n1+RVf1)P1+(X1n1_XW1)Q1 ’ (3.18)
—rpcCc_f I/o
Vors =Vece s+ (Rln2 - RWZ)PZ ;(Xlrﬂ _XWZ)QZ ’ (3.19)

o

where Vpo , is the PCC fundamental voltage, and R;; and X, (i=1,2) are the virtual

resistance and capacitive reactance at the fundamental frequency, respectively. For simple

analysis, we assume that DG1 and DG2 have the same rated power ( Gy, =G, G, =G, ).

Because the line impedance is highly inductive due to the large grid side output inductance,
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the P—@ droop controller can properly share the active power shared between 2 DG units

(R =~ P) [46]. The reactive power is shared accurately among DG units only if the DG1 and

DG?2 output voltages are the same (V,,, =V,,,), which is given as follows:

(Rln2 _Rlnl + Rsz _RVfl )Pl +

Voo =Von = %
° : (3.20)
(Xan _Xlnl +XW1 _ny‘z)Qz -0
V

o

To satisfy equation (3.20), the virtual resistance and capacitive reactance (Ry;, X, |

i=1,2) have to be coordinated controlled to compensate the mismatched line impedance among

DG units. The proposed virtual resistance ( R; ) and capacitive reactance (X, ) of i" DG unit

are simultaneously tuned by using the following external control loops:

R, =(K,/s)(5P). (3.21)
X, =1/(o,Cy,). (3.22)
Cpi=(K,p+K!5)(0Q). (3.23)

where K, is the proportional gain, K;,and K, are the integral gains, and 6F, and 60, are

the active and reactive power mismatch, respectively, which are calculated among the i DG
unit and its neighbors. The active and reactive power mismatches of the ith DG unit are

calculated based on the consensus algorithm [51]:

SR=C, % a,(P,~P). (3.24)
50, :CQZaij(Qj—Qi). (3.25)

where a; represents the connection status between the i and j' DG units, and G and C, are

consensus coupling gains. To reject the harmonic disturbance in the fundamental complex
virtual impedance, a second-order generalized integrator (SOGI) is adopted to decompose the

fundamental output current and generate the voltage drop on the fundamental virtual

impedance (V},,) [70]:

Viri = Zupi Loy = Riyilogi o +(1/(")f CVfi))IOfi,ﬂ : (3.26)
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Figure 3.17 Equivalent circuit of two DG units with the coordinated virtual impedance control

scheme at fundamental frequency.

where 1, , and [, , are the SOGI fundamental current and its quadrature fundamental

current, respectively.

In addition to the fundamental power sharing improvement, the proposed coordinated
virtual impedance control scheme is extended for the harmonic frequency to compensate PCC
voltage harmonics. Fig. 3.17 shows an equivalent circuit of two DG units with the proposed
control scheme at the harmonic frequency. From Fig. 3.17, the PCC harmonic voltage

becomes

1 1 1
folCC = _ILoadih /(Zh—} = _ILnad7h /[Z_h + Zh ]’ (327)

eqtotal eq?2

where V. is the PCC harmonic voltage, and Z ». and Z , are the equivalent impedance of

DG1 and DG2 at the harmonic frequency, respectively:

Zehql = \/(an + Ry, )2 +(Xlnhl _XVhl)2 : (3.28)
Zeth = \/(Rth + R, )2 +(Xln112 =Xy )2 : (3.29)
Xy :1/(a)h CVhi); Xyopi = O Ly (3.30)

In order to improve the PCC voltage quality, V}f’cc in (3.27) has to be mitigated by

reducing Z! and Z],. Because the line impedance values (R,; X,,,;,i =1,2) are constant,

h

the proposed harmonic virtual resistance and virtual capacitance ( Ry, X}, ) are added to Z,
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and Z"

.2 for emulating a low impedance at the specific harmonic frequency. Thus, harmonic

current flows through the virtual impedance, and the PCC voltage quality is improved.

The harmonic virtual resistance (R,,) and virtual capacitance ( x,,, ) are defined as

Vhi

follows:
R, =R, +R,,. (3.31)
Xy, =1/(ho, Cp,). (3.32)
Crri =Cpi+ Croom: (3.33)

where R, and C),; are the virtual impedance values from the fundamental frequency, R,

is the virtual damping resistance, and C,

comi

is the virtual compensating capacitance.
The value of R,,; is selected to be large enough to enhance the system stability by
damping any microgrid disturbance, and it is commonly chosen as 0.1 to 2€Q [68], [69]. In this

paper, R, is set as 0.2Q to obtain a minimal voltage drop, and the virtual compensating

capacitance (C,_ .) is adaptively regulated by an external controller:

Veomi

Creoni =K + K,/ s)(HD,,, — HD, ). (3.34)

Veomi
HD, = (Ve [Vilee ) 100%. (3.35)
where K, and K, are the proportional and integral gains, /D, , and HD, are the desired

and present values of the harmonic distortion at the h'" harmonic frequency, and V.. is the
PCC fundamental voltage, respectively. To meet the requirements of IEEE 519 standards [57],
HD,,ef at the 3rd, 5th, and 7th harmonic frequencies is set to be 1.0%.

In order to integrate the harmonic compensation in each DG unit, /D, is extracted

by a single DG unit by using multiple synchronous harmonic dq transformations [71], and the

HD, value is sent to other DG units in the microgrid using a distributed communication link,

as shown in Fig. 3.14. Considering the harmonic virtual resistance and virtual capacitance in

(3.31) and (3.33), the voltage drop on the harmonic virtual impedance is defined as follows:
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Figure 3.18 Block diagram of the proposed coordinated virtual impedance control scheme.

VVhi = Z ZVhi IOhi

h=3,5,7

- Z Ryidoni_a +(1/(hwh CVhi))IOhifﬁ

h=3,5,7

: (3.36)

where 1, , and I, , are the SOGI harmonic currents, respectively. By using the voltage

drops on the fundamental and harmonic virtual impedance in (3.27) and (3.37), the voltage

reference finally becomes

Vrefi =V, — VVfi —Von
v, _( Ryidoy, (10, C)) Loy, ﬂ) . (3.37)
- h;7(RVhiIOhi_a + (1 / (a)h Coi ))IOhi_,B)

Fig. 3.18 shows a block diagram of the proposed control scheme. In Fig. 3.18, a

modified control loop is applied to decouple the fundamental and harmonic frequencies:
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. 2K, @
! =(KPV " s° +2a)cs+a); (Vdr Py _Vc)

2K, @, '
+ Ivh ~C [ P ZA g
h;j[sz +20.5+, )( v C)

(3.38)

where K, is the proportional gain, and K, and K, are the resonant gains, respectively.

3.3.2 Steady-state and Small-Signal Analysis

In order to evaluate the stability of the proposed control scheme, the microgrid is
analyzed based on the small signal state-space model [38]. When we assume that the
fundamental power is shared proportionally at the steady-state, the system stability mainly
depends on the harmonic compensation scheme [72]. To ensure the ripple-free at the PCC, the
harmonic distortion in (3.36) is filtered using a low-pass filter:

100w, p

HD, (%)= .
h( 0) (S+a)LPF)VPfCC

Vie . (3.39)

where @, is the cut-off angular frequency of the filter. By linearizing (3.39), the small signal

variation of the harmonic distortion is derived as follows:

100w, .

(S T Oppp ) VPfCC

where the operator A represents a small signal disturbance around the microgrid equivalent

AHD, = AV} (3.40)

operating point. The small-signal variation of the harmonic virtual impedance in (3.33) is
obtained as

~AC,,
AX,,, =—— — =y, AC,,,. (3.41)

ho,(Cy)

where y, :—1/(h a)f(CV,”.)Z). By substituting the small signal variation of the virtual

capacitance AC,,. into (3.41), AX),. becomes:

AX,, =y, (K, +K,/s)AHD,. (3.42)
Similarly, the small-signal variation of the equivalent line impedance is obtained from

(3.28):
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Figure 3.19 Root locus diagram according to control gain K,,(h=3) with 10° <K, <20.

(XVhi = X )AXVhi

AZ! = : (3.43)

) 2

\/R +(X1nhi _XVhi)

where R=R,,. +R, ;. In case of » DG units, the harmonic voltage in (3.27) becomes:
1
V;’CC _ 1 ‘ lLoadh‘ 1

ottt (3.44)

Zeql Zeq2 Zeqn

The small-signal variation of V;CC is obtained by linearizing (3.43):

Vice =D aAZL =aAZ! +a,AZ!  +..+a,AZ] . (3.45)

i=1

where «, =0V, /0Z" with i=1,2,..,n. By manipulating equations (3.39) to (3.45), the

eqi

small-signal state-space model of the proposed control scheme is derived as

X0 = A, X (3.46)

MG MG *

where X,; =[AX,,, AX,,, - AX,, AHD,] and 4, is the state matrix. The matrices 4,

in (3.46) is expressed as followed
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A =| T . (3.47)

where

AXHD:[V/lKih 29 GRS ‘//nKih] >
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Table 3.2 Microgrid Configuration

Parameters Value Parameters Value
(€ PN 0.005 L 1.2mH
Gy li-123 0.002 R, 0.01Q
HD,, s+ 1% G 20uF
K,, 1.0 a. 1 rad/s
K, 180 rad/s 8 110V
K., 20 rad/s Jo 60Hz
K, 1.5 G 0.4
K, 0.45 rad/s G 0.4
K, 0.45 rad/s [Switching 10KHz
K, 2x10* K, 2x10*
K, 0.98 rad/s O, pr: 27100 rad/s
0 0
0,,=|: ,0,.,=[0 0 - o],
0 0
o0, = [O 0o - 0] ,
000 ) ()

2

Viee \/R2 +(Xlnh1 _XVhl)z \/R2 +(X1“h2 _Xm)

a, (Xth _Xlnhn)

\/R2 +(Xlnhn _Xth)2

The eigenvalues of the small-signal state-space model in (3.46) is solved by using

“eigenvalues function” in MATLAB to evaluate the system stability. In this paper, we consider

the microgrid system with three DG units using the parameters in Table 3.2. The impact of the

control gain on the system dynamics is examined using root locus diagrams with different

K, (h=3,57).
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Fig. 3.19 shows the trajectories of all eigenvalues when increasing the gain K, (h=3).

The system becomes more stable as K ; increases because the dominant eigenvalues move
from the right to the left half-plane, as shown in Fig. 3.19. Figs. 3.20 and 3.21 show the root
locus diagrams for different values of K, and K.,. When K, >10(i=5,7), the system
damping is reduced because the eigenvalues 4 and A, move toward the image axis. From the
eigenvalue analysis, the desired system damping, and system dynamics are obtained by

selecting the value of 0.98 for each harmonic control gain K, .

3.3.3 Stability with the Communication Time Delay

In order to investigate the influence of the communication time delay, the small-signal

variation of DG equivalent impedance in (3.42) is rewritten as follows:
AX, =, (K, +K, | s)AHD, ,, (3.48)
where AHD, |, =AHD, (t—7,,) and 7,, is the delay time among DG units.

With the modified DG equivalent impedance, the proposed control system in (3.46)

becomes:

KXo =Buo Xy + BMG_DLXMG_DL . (3.49)
where XMGfDL = I:AXVhl oL DX yopr - AX AHDhDL:I .

By considering the communication delay, the characteristic equation of the system in
(3.49) is obtained [73]:
det(=sI + B, + By e ™) =0. (3.50)

where
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Figure 3.22 Root locus diagram according to communication delay 7, : 0<7,, <50ms.

It is difficult to find all the eigenvalues of the system in (3.50) because the

characteristic equation (3.50) has infinite solutions. To find the eigenvalues for a specific

communication time delay, we solve the characteristic equation using the numerical approach

in [73].

Fig. 3.22 shows the trajectories of all eigenvalues when increasing the communication

delay (7,, ) from 0 to 50ms. In Fig. 3.22, all eigenvalues move to the right half-plane when

7, increases, and the system becomes unstable when 7,, >35ms. Therefore, the microgrid

stability is ensured with the communication delay 7, =20ms which is considered in this

study.
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Figure 3.23 Laboratory microgrid system.

3.3.4 Experimental Results

The proposed coordinated virtual impedance control scheme was applied to an
islanded microgrid in Fig. 3.14, which is composed of three DG units, linear and nonlinear
loads. The microgrid system was built with the parameters in Table 3.2 and Table 3.3, and the
test bed is shown in Fig. 3.23. DSP microcontroller TMS320F28379D was used to implement
the control algorithm, and both switching frequency and sampling frequency were selected as
10 kHz.

From Figs. 21 to 24, the performance of the proposed coordinated virtual impedance

control scheme is experimentally compared with that of a conventional control scheme in [22],
and experimental conditions are defined as follows. At # <7, , the conventional droop control
scheme is originally adopted. Then, the proposed control scheme is started at £ =¢, by
inserting the fundamental virtual resistance and capacitance in the DG output impedance for
accurate reactive power sharing. At f =1,, the PCC voltage harmonics is compensated by

adding the harmonic virtual resistance and capacitance. The compensating performance with

the proposed control scheme is then evaluated by connecting load 3 to the microgrid at ¢ =¢;.
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[ PCC Harmonic Distortion (%) }

C tional " .
Coszzflnsl‘:;;e Proposed Coordinated Virtual Impedance Control Scheme
«—> < >
tl t2 t3

" .
0% -
3 -3.20/ S
- | s

2%/div
2s/div

A

"\‘ TELEDYNE LECROY

Everywhereyoulook”

(= HD3(%) = HD5(%) ==HD7(%)

Figure 3.25 PCC harmonic distortion with the proposed control schemes.

Figs. 3.24(a) and (b) show the active and reactive power sharing. At f <7, in spite of

accurate active power sharing in Fig. 3.24(a), the reactive power is not shared correctly with
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Figure 3.26 PCC voltage and its FFT along with zoomed waveforms.
the conventional control scheme as shown in Fig. 3.24(b). However, when the proposed

control scheme is applied at # =, the unequal line impedance is compensated by actively

controlling the virtual resistance and capacitance at the inverter output, so the reactive power
sharing is accurately achieved. Because of the virtual capacitance regulation, the active power
has a small oscillation, but it decays to almost zero after 0.8s thanks to the adjustable virtual

resistance. In addition, the harmonic virtual impedance does not affect the fundamental power
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Figure 3.27 Comparison of PCC voltage THD.

sharing in parallel DG system, which shows that the fundamental and harmonic voltage
components are fully decoupled by means of the modified voltage control loop. Furthermore,

the fundamental virtual resistance and virtual capacitance are continuously regulated to

guarantee accurate power sharing even if the load changes at ¢ =¢;.
Fig. 3.25 shows the PCC harmonic distortion. During the conventional period (¢ <¢,),
HD,, HD,, and HD, are relatively high at 5.5%, 3.2%, and 2.3%. When the proposed

control scheme is applied at ¢t =¢,, HD,, HD,, and HD, are all attenuated to 1% without
oscillation and undershoot by means of the harmonic virtual resistance and capacitance. In
spite of the load change at f =1, , harmonics are kept without variation. In order to investigate

the PCC voltage waveforms according to the coordinated virtual impedance control, the PCC
voltages and each sectional zoomed-in waveform are shown in Fig. 3.26 along with the fast
Fourier transform (FFT). From Fig. 3.26, when the proposed control scheme is activated, the
PCC voltage becomes more sinusoidal because the voltage harmonics are effectively
compensated. In addition, the PCC voltage quality is guaranteed even if the load changes,

which shows the reliability of the proposed control scheme. Fig. 3.27 shows the total harmonic
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Table 3.3 Prototype Hardware Parameters

Parameter Value
R, X, 0.1Q, 0.52Q
R, X, 0.2Q, 0.805Q
R, X5 0.3Q, 1.13Q
fsampling 10KHz
Microcontroller TMS320F28379D
Hall current sensor LA25-NP
Hall voltage sensor LV25-P
Protal 1050W
Qrotal 525Var
Load 2 80?&33311:’
Load 3 10Q; 45mH
Communication delay 20ms
Dead time 1.5pus
DC storage capacitor 1000uF/600V

distortion (THD) of the PCC voltage. From Fig. 3.27, it is obvious that the 3rd, 5th, and 7th
harmonics are significantly reduced with the proposed control scheme, and THD is reduced

from 8.806% to 3.644% after compensation.

3.4 Conclusion of the Chapter

In this paper, a coordinated virtual impedance control scheme was proposed to address
the inaccurate power sharing and PCC voltage distortion issues. The proposed control scheme
flexibly controls the fundamental virtual resistance and capacitance to compensate for the line
impedance mismatch, so the power sharing error is eliminated. In addition, the output
impedance at harmonic frequencies is modified by means of the adjustable harmonic virtual
impedance to enhance PCC voltage quality. By controlling the harmonic voltage components

independently, the harmonic virtual impedances are decoupled in the frequency domain, and
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the PCC voltage harmonics are properly compensated to comply with IEEE 519 standards.
Furthermore, the values of virtual resistance and capacitance are continuously adjusted to
ensure accurate power sharing and desired PCC voltage quality in spite of the load power
change. The output impedance characteristics were analyzed by means of a Bode diagram to
verify the feasibility of the proposed coordinated virtual impedance control scheme. The

experimental results showed the effectiveness and reliability of the proposed control scheme.
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Chapter 4

Accurate Harmonic Power Sharing with

Enhanced PCC Voltage Quality

This chapter presents an enhanced compensation strategy for distributed generation
(DQG) systems to simultaneously achieve accurate power sharing and harmonics compensation
at the point of common coupling (PCC). In the proposed control strategy, the output
impedance is modified at the fundamental and harmonic frequencies to compensate for the
line impedance mismatches among DG units, which results in accurate power sharing. In
addition, load harmonic currents are effectively adjusted by the DG units to effectively
compensate the PCC voltage harmonics. Additionally, the DG equivalent impedance is
regulated adaptively to ensure accurate harmonic power sharing even in the presence of
sudden load changes. Furthermore, a distributed communication network is adopted instead
of a central controller to increase the reliability and stability of the microgrid system. The
proposed control strategy is applied to a prototype microgrid system, and its effectiveness and

reliability are experimentally validated.



Chapter 4. Accurate Harmonic Power Sharing with Enhanced PCC Voltage Quality 64

Fundamental Frequency

~

DG-1 | Ry Ly, Ry Ly, || DG-2
/\/\/—f I
Virtual Virtual
+ +
Impedance Impedance/

SN W TN

Figure 4.1 Equivalent circuit of two DG units considering the fundamental virtual impedance.

4.1 Virtual Impedance for Accurate Fundamental Power
Sharing

To overcome inaccurate reactive power sharing, fundamental virtual resistance (R,;;)
and virtual inductance (L, ) are proposed to compensate for the mismatched impedance
among DG units. Fig. 4.1 illustrates an equivalent circuit of two DG units considering the

fundamental virtual impedance. From Fig. 4.1, it can be seen that the equivalent fundamental

impedance (Z, e’;J.) of i" DG (i=1,2) is derived as follows [74]:

Z! =72+ 2y, = (R + Ry, )+ jo, (L, + Ly, ). (4.1)

eq i Ini Ini

where the index i represents the ith DG, @, is the fundamental angular frequency, Z,; and

Ini

Z,,,; are the line impedance and virtual impedance, and R, ; and L, are the line resistance

Ini

and inductance, respectively. By adaptively controlling R, and L, in (4.1), the equivalent

fundamental impedance is regulated to compensate for the mismatched impedance, which
results in accurate power sharing. To properly compensate the mismatched line impedance,

both R, and L, are continuously adjusted by the external loop controller:
R, =K, (5P)+(K, ,/s)(5P). (4.2)
Ly, :Kini(é‘Qi)—'—(KiQii /S)(5Qi)s (4.3)
where K , , and K, , are the proportional gains, and K, ; and K, ; are the integral gains.

In addition, 0P and 00, are the active and reactive power mismatches among the i DG and
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Figure 4.2 Proposed harmonic control scheme.

its neighbors, respectively. To overcome central controller complexity, the consensus
algorithm is adopted in the distributed microgrid to calculate the active and reactive power

mismatches, and they are determined as follows [46]:

SR=G, a,(F,~F). (44)
50, :GQZay.(QJ.—Qi), (4.5)

where G, and G,, are the consensus coupling gains, and & is the factor that represents the

control gain between node i and node j. To reject the harmonic disturbance in the virtual
impedance, the second-order generalized integrator (SOGI) currents at the fundamental

frequency are adopted to generate the fundamental voltage drop (V) [70]:

Viri = Zpi Lopi = Ryidogi o =@ Lyyi Loy . (4.6)
where 1, is the fundamental output current, and 1, , and [, , are the fundamental and

quadrature currents, respectively.
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Figure 4.3 Equivalent circuit of the ith DG unit at the hth frequency.

4.2 Proposed Accurate Harmonic Power Sharing Scheme

In order to address the drawbacks of the conventional control scheme such as
instability and overmodulation, an enhanced compensation strategy is proposed that directly
modify the DG equivalent impedance at harmonic frequencies. Fig. 4.2 shows the proposed
harmonic control scheme with an enhanced harmonics compensation module. From Fig. 4.2,

the proposed control scheme uses both PCC voltage and output current to build the voltage
drop due to harmonic virtual impedance (¥}, ):

Vi = KoiVoce w+Zomi Lon: (4.7)
where /,,. is the harmonic output current, and K, is the compensation gain for mitigating
the PCC harmonic voltage at the selected h™ harmonic frequency (h=3,5,7,9). Z,,. is the

proposed harmonic virtual impedance, which is used for mismatched harmonic impedance
compensation, and is defined as follows:

Zyi =Ry +jo hL,,. (4.8)

To implement the harmonic virtual impedance, the harmonic voltage reference of the

i" DG unit (Vo*h ;) 1s defined as follows [35]:

Vo =0=V,,.. (4.9)
Based on Thevenin theorem, the equivalent harmonic voltage source of a DG unit from
(4.6) to (4.9) can be drawn as shown in Fig. 4.3. From Fig. 4.3, it can be seen that the DG

model at the h" harmonic frequency is represented by the harmonic voltage source
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(Vogn i+ =—KVpce ) in series with the virtual impedance (Z,,,). To show the effectiveness

of the proposed control method, the equivalent harmonic impedance (Z:lq;) at the PCC bus is

derived from Fig. 4.3 by means of Kirchhoftf’s theory:

Z! = Voce o Loy =2y 1 (14K, )+ 2y, 1 (14K, ). (4.10)

eq i Ini hi

When increasing K, , the equivalent harmonic impedance Z,,, in (4.10) is decreased

so that the i DG absorbs more harmonic current. As a result, the PCC harmonic voltage is

compensated, and the voltage quality is improved. In addition, the proposed Z,,. in (4.10)

emulates the harmonic impedance at the DG output to damp the DG harmonic disturbance
and the PCC transient perturbance.

To achieve the desired PCC harmonic distortion ( /1D,

o1 )» K, 1s adaptively adjusted

using the external control loop:
K, =(K, +K,/s)(HD,,~HD,) . (4.11)

where K,

and K,, are the proportional and integral gains, respectively. HD, is the
current harmonic distortion (HD) at h®™ frequency, which is detected using multiple
synchronous harmonic dq transformations [71].

In the conventional harmonics compensation methods in [53], [75], the harmonic
virtual impedance was used with fixed values. However, to fully achieve the required
harmonic distortion, the proposed control method adaptively regulates the harmonic virtual
impedance at the chosen h™ harmonic frequency. Therefore, the microgrid flexibility and
reliability are increased.

In addition to the voltage harmonic compensation, the harmonic power among DG

units have to be shared accurately. The harmonic power Q" for the i DG is obtained as

follows [76]:
O =V I ~ (Eo /‘/E)[zh)(;w (4.12)
where V), and I} are the RMS values of the fundamental output voltage and harmonic

output current, respectively. From (4.12), Qf can be controlled by Igcl. since VZ{G,. is kept

almost constant with a small variation due to the droop control characteristics. As shown in

Fig. 4.3, the harmonic output current can be directly controlled by regulating the equivalent
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h
eq_i°

harmonic impedance Z To perfectly regulate Z e”q_[, the harmonic voltage in (4.7) is

modified by applying the harmonic power sharing variable (C,, ):

Vini = G (KhiVPCCJI +Zy,; Iom‘)7 (4.13)
In (4.13), C,, is adaptively regulated with the aid of the distributed consensus

algorithm:

Coo =Ko+ Kign /5) (¢, ) (4.14)

where K, and K, are the proportional and integral gains, respectively. e, . is the

&,
harmonic power sharing error, which is obtained by applying the distributed consensus

algorithm:

€0 = Hzaij(Ghy‘ Q?_G['Ii Qih), (4.15)

JeN;
where C,, is the consensus coupling gain, and G, is the harmonic power sharing coefficient

of the i DG. G, is set to be equal to the P—w droop coefficient ( G,; =m,). By using the
proposed control method, the equivalent harmonic impedance (z! ) of the i" DG in (4.10) is
modified as follows:

z! . =(2,,+C ZV,”,)/(1+CM K,). (4.16)

Ini hi
In (4.15), the equivalent impedance of the i DG unit at the dominant harmonic

frequency is flexibly controlled through K, and C,,. Here, K, is continuously adjusted to
reduce the DG equivalent impedance for attenuating the PCC voltage harmonics, and C,; is

adaptively regulated to compensate the mismatched line impedance compensation for power
sharing accuracy. Thus, the proposed control scheme flexibly adjusts the DG equivalent
impedance to simultaneously attenuate the PCC voltage harmonics and eliminate harmonic
power sharing error. The output voltage reference is generated by combining the fundamental

and harmonic virtual impedance:

VO*i =V, _VVfi - Z Vowi =Vai _(RVfiIOfifa -

h=3,5,7,9

a)fLsz’ IOfifﬂ)_ Z G, (KhiVPCC7h+ZVhi ]Ohi)'

h=3,5,7,9

(4.17)
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Figure 4.4 Inner control loop block diagram.

4.3 QOutput Impedance Analysis

By using the proposed harmonic control scheme, the voltage reference in (4.16) is
modified to regulate the PCC voltage harmonics and accurately share the power among DG
units. To track the voltage reference accurately, the inner control loop should be properly
designed and its block diagram is shown in Fig. 4.4. In Fig. 4.4, the DG closed-loop transfer

function without considering the virtual impedance is obtained as follows:
Ve =Gy (s)V,=Z,(s)1, =G (5)V,, = Z,(5)1,. (4.18)
where G (s) and Z,(s) are the control gain and inverter impedance transfer function,

respectively. They are given below:

G,G
G, (s)= L . 4.19
5 (4) $’L,C,+5(R,C, +G,C,)+G,G, +1 19
L, +R.+G
Zy(s)=— (5L, + R, +G)) . (4.20)
$’L,C, +s(R,C,+G,C,)+G,G, +1

In (4.19) and (4.20), G, (s) and G, (s) are the voltage and current controller transfer

functions:
2K, 2K,,s
GV(s)=KPV+2—IVf2+ — . (4.21)
STH20 5+ @, 455008 H20,.5+ o,
G, =K. (4.22)

where K, and K, are the proportional gains, and K, and K}, are the resonance gains,

respectively.
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Figure 4.5 Bode diagram of a DG inverter: (a) Gg (s) ;(b) Z, (S) and Zé (S) .

By considering the proposed virtual impedance, the closed-loop transfer function in

(4.18) is rewritten as:

Ve =G (S)[Vd - ChKhVPCChj_Zé (S)Io, (4.23)

h=3,5,79

where Z,, (s) is the modified output impedance, which is defined as follows:

Z(/) (s) =Z, (s)+ Gy (S)(ny (S) G, (S) +h_§7,9 cz, (S)Gh (S)j (4.24)

where G, (s) and G . (s) are the active bandpass filters (BPFs) to separate the fundamental

and harmonic voltage components, respectively. They are obtained as follows:

G, (s):(a)cs)/(s2+a)cs+a); ) (4.25)
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Figure 4.6 Studied microgrid system.
G, (s)=(@cs)/(s* +o. s+ ). (4.26)

To evaluate the influence of the proposed virtual impedance on the system, bode

diagrams of G;(s), Z,(s),and Z, (s) are plotted in Fig. 4.5 with the listed parameters in

Table 4.1. The magnitude and phase of G, (s) at the 1%, 3%, 5 7% and 9™ frequencies shown

in Fig. 4.5(a) are 1 and 0, respectively. In addition, the magnitude of z, (s) at the h™ frequency

is close to 0, as shown in Fig. 4.5(b). Therefore, the DG output voltage tracks its voltage

reference perfectly without a phase delay at both the fundamental and harmonic frequencies.

After properly designing the inner voltage and current controller, the PCC harmonics

compensation and harmonic power sharing can be precisely achieved if the DG equivalent

impedance is adaptively regulated. By using the proposed control scheme, the fundamental

output impedance is modified, as shown in Fig. 4.5(b), with a sufficient gain to compensate

for the mismatched line impedance and to properly share the reactive power.
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Table 4.1 Microgrid System Parameters

Parameters Values Parameters Values Parameters Values
K, 0.001 v, 110V L, 1.2mH
0.005,
K, . 0.005rad/s | M7 |03 0.002 R, 0.01Q
K. 0.001 HD, 5, 1%, HD, 0.7%
Kp . 0.005 rad/s K,.K, 0.1,2 ¢, 20uF
K,, 1.0 K on Kion 0.01,0.3 K, 30 rad/s
Ky 180 rad/s K, 2 o 278 rad/s
R, 0.2Q R, 0.3Q R, 0.4Q
X 0.52Q Xins 0.805Q Xis 1.13Q
PT()tul 680W QTatal 370Var fSwitching 20KHZ
10Q
Load 3 45mH G, G, 0.4,0.4 fSampling 10KHz
Nonlinear 12002
640uH C, 0.5 /o 60Hz
Load 4
150uF

From Fig. 4.5(b), it can be seen that the modified output impedance has a finite gain
at the dominant harmonic frequencies with the proposed control scheme. Therefore, system
damping at the h™ frequency is increased, and system stability is attained. Furthermore, the
gain and phase of the controller at each harmonic frequency are completely separated. Thus,

the harmonic coupling problem is eliminated.

4.4 Closed-Loop Stability Analysis

The system characteristic is examined to validate the system stability with the
proposed controller. To simplify the microgrid system, it is assumed that the fundamental

power is proportionally shared in the steady-state. Then, the system in Fig. 4.6 can be modeled
considering the delay effect in Fig. 4.7. The system transfer function G, (S) can be obtained

by analyzing the block diagram in Fig. 4.7 as follows:
1-D > CK,G,(s)

G 20 _ h=3,5,7.9 .
s (5) V' DG,(s)Z,+Z,+D Z C,G,(s)(Z,-K,Z,) (4.27)
h=3,5,7,9

where D represents the total delay in the harmonic impedance control loop (7, = 0.0001s):
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2-T,s
D= b (4.28)
24T,s

After analyzing the system, the poles of G, (s) are plotted in Fig. 4.8(b), with K,

increased from 1 to 50 and C, is set to 0.8. Generally, the control system is stable when all of

the poles are located in the left-half plane, as can be seen in Fig. 4.8(b). When K, increases,

the system damping is reduced since the dominant poles move toward the origin coordinates.

If K, is too large (K, >25.5), the dominant poles are located in the right-half plane. Thus,

the system becomes unstable. This system behavior occurs when the absorbed harmonic
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Figure 4.9 Laboratory microgrid system.

current exceeds the DG capability, which implies that the phase margin of the system control

loop is reduced to less than 0 degrees. Based on a root locus analysis, the limitation of K
(K, <25) is designed to ensure system stability and a fast-transient response. Similarly, a

limitation of C, is designed (C, <2) to have a high system damping.

4.5 Experimental Results

The AC microgrid system shown in Fig. 4.6 with 3 DG units is set up using the
parameters listed in Table 4.1. The DG unit is operated by a DSP (TMS320F28379D) from
Texas Instruments, and the 20-ms delay time induced by low-bandwidth contact is generated
using a zero-order hold. To obtain real-time monitoring, the fundamental and harmonic
powers are exported to an oscilloscope using a DAC module (AD5325BRMZ) and a harmonic
analyzer (PPA5530). In the experiment, only DG1 and DG2 are considered to have the
capacity to compensate the PCC harmonics voltage. The laboratory microgrid system is
shown in Fig. 4.9

The effectiveness of the proposed controller is evaluated by comparing experimental
results to those of the conventional method in [53]. The conventional method is well known
as the enhanced harmonic virtual impedance, which is regarded as the most advanced control
scheme in terms of the PCC harmonic compensation. For a fair comparison, the parameters

of the conventional controller are chosen to obtain the same settling time as the proposed
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Figure 4.10 Reactive power sharing among distributed generation units: (a) dynamic performance

of conventional and proposed controllers; (b) expanded waveforms for zones (I) and (II).

controller. To satisfy the requirements of the IEEE 519-2014 standard [77], #D,, at the 3™,
5™, and 7" harmonics are set as 1.0%, and #D,, at the 9™ is set as 0.7%.

In the experiment, the test conditions are defined as follows.

State 1: The microgrid with load 1 and load 2 adopts the conventional droop controller
to autonomously share the load power among the DG units.

State 2: The accurate fundamental power sharing algorithm is adopted to remove the

reactive power sharing error.
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Figure 4.11 PCC power quality: (a) harmonic distortion of the conventional and proposed

controllers; (b) transient currents during compensation.

State 3: The harmonic compensation algorithm is applied to the DG units for
improving the PCC voltage quality and harmonic power sharing accuracy.

State 4: The additional load 3 is connected to the microgrid system.

According to the test conditions, the predefined states are applied for the experimental
verification. Fig. 4.10 shows the efficiency of the conventional and proposed controllers in
terms of reactive power sharing. From the expanded waveform of zone (I) in Fig. 4.10(b), it

can be seen that the proposed controller considerably reduces the reactive power settling time
t, from 6s to 2.5s when compared to that of the conventional method. When a load is suddenly
connected to the microgrid in zone (II), the proposed controller achieves smooth and reduced
transient response time f;, from 2.8s to 2s. Therefore, when compared to the conventional

control approach, the proposed controller can be seen to have better performance with faster
response.

To show the effectiveness of the proposed harmonic control scheme, the harmonic
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Figure 4.12 THD values of the PCC voltage: (a) before applying the conventional or proposed
control methods; (b) after applying the conventional control method; (c) after applying the proposed

control method

distortion of the PCC voltage is fully monitored in real-time, as shown in Fig. 4.11(a). In Fig.
4.11(a), the proposed controller shows a smooth transient response, while the conventional
controller shows fluctuation. It is important to achieve a smooth transient response because

PCC HD oscillation causes harmonic circulating and fluctuating currents among DG units,
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Figure 4.13 Harmonic power sharing performance: (a) 3rd and 5th harmonics;

(b) 7th and 9th harmonics.

which reduces the stability and reliability of microgrid systems. When load 3 is connected to
the microgrid, the PCC HD remains constant, which demonstrates the assurance of the
harmonic compensating performance with the proposed controller, as shown in Fig. 4.11(a).
To show the effectiveness of the proposed controller, DG currents during transients
are directly captured using the “Trigger function” in an oscilloscope, and they are shown in
Fig. 4.11(b). Since the harmonic power is not equally shared in the conventional controller
shown in Fig. 4.11(b), the DG currents have a noticeable harmonic current deviation between
DG1 and DG2. Meanwhile, they are minimized with the proposed controller thanks to the

equally shared harmonic power.
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Figure 4.14 Power quality during sensitive load connection: (a) harmonic distortion performance;

(b) voltage quality after load connection.

To evaluate the PCC voltage quality, the THD values of the conventional and proposed

control methods are measured, and their values are shown in Fig. 4.12(a), Fig. 4.12(b), and

Fig. 4.12(c). Before applying the conventional and proposed control methods, as shown in Fig.

4.12(a), the PCC voltage is distorted with a high THD value (THD=8.5%). From Fig. 4.12(b)

and Fig. 4.12(c), it can be seen that the PCC voltage quality is improved after compensating

the PCC voltage harmonics. It can also be seen that the THD value of the proposed control

method is smaller than that of the conventional method (THD=3.06%<3.12%).
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Fig. 4.13(a) and Fig. 4.13(b) show the accuracy of the harmonics sharing between the
conventional harmonic impedance and proposed harmonic control methods, respectively.
From Fig. 4.13(a), it can be seen that the power deviations at the 3" and 5™ harmonics are
significant in the conventional method due to the unequal harmonic line impedance. However,
in the proposed controller, the 3" and 5™ harmonic powers between DG1 and DG2 reach the
desired values within 1s and they remain constant as shown in Fig. 4.13(a) even when load 3
is plugged into the system. In addition, the 7" and 9™ harmonic powers are shared accurately
among DG units with the proposed control method as shown in Fig. 4.13(b). Hence, the 3%,
5t 7% and 9™ harmonic power sharing errors are eliminated with the proposed control method.

To investigate PCC voltage quality during a sensitive load connection, loads 3 and 4
are connected to the PCC bus at £ and £, when the microgrid is operated in state 3, as shown

in Fig. 4.14(a). From Fig. 4.14(a) and Fig. 4.14(b), the harmonic distortion performance of the

proposed control method is faster than that of the conventional control method with a
remarkable reduction of #, from 3s to 2s. In addition, the proposed control method has a

smaller THD value than that of the conventional method despite the sensitive load connection
(3.061%<3.13%). It is obvious from the obtained experimental results that the proposed
control method increases the quality of the PCC voltage. It can also be seen that its

performance is guaranteed regardless of the sensitive load connection.

4.6 Conclusion of the Chapter

In this chapter, an enhanced compensation strategy is proposed to simultaneously
achieve a desirable PCC harmonics compensation (THD<5%) and an accurate distribution of
the power in both the fundamental and harmonic components. By adaptively controlling both
the fundamental and harmonic equivalent impedance, the mismatched line impedance among
DG units and harmonic currents are well compensated. Thus, both fundamental and harmonic
power sharing errors are eliminated. In addition, the equivalent harmonic impedance is
regulated to achieve a high PCC harmonic voltage quality, which complies with IEEE 519
standards. Furthermore, the proposed control strategy can be applied to a microgrid system
without the use of microgrid system parameters. Even if the loads change suddenly, the

microgrid system maintains good fundamental and harmonic power sharing performance with



Chapter 4. Accurate Harmonic Power Sharing with Enhanced PCC Voltage Quality 81

excellent transient behaviors. The effectiveness and reliability of the proposed control method

are demonstrated by a number of experimental studies.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

In this thesis, an advanced virtual impedance control scheme has been developed for
islanded microgrids to enhance the power sharing accuracy and improve PCC voltage quality.
First of all, the thesis examined the inaccurate reactive power sharing, harmonic power sharing,
and PCC voltage distortion problems in islanded microgrids. Then, many control schemes
have been proposed to improve microgrid control performance. The reliability and
effectiveness of the proposed control strategy are validated by simulation and experimental
results. The summarized conclusions of the thesis are listed in the following.

In chapter 2, a centralized virtual impedance control scheme has been proposed to
realize accurate active and reactive power sharing. Because no knowledge of microgrid
configuration is required, the control method is simple and easy to implement to the microgrid
system. Furthermore, the microgrid system still has good power sharing performance even if
the load changes during the communication interruption. Hence, our control scheme is very
useful for the effective operation of DGs in islanded microgrid. However, the communication
link between MGCC and each DG units is necessary to implement the control method, so that
the proposed control method might not apply to the islanded microgrid system with a high
number of DG units. Furthermore, the voltage distortion issue at the PCC bus has not been
considered in this chapter.

To attenuate PCC voltage distortion and reactive power sharing error, the harmonic
mitigation scheme is presented in chapter 3. In the proposed method, the resistive-capacitive
virtual impedances are introduced to the output of converter to regulate active and reactive

powers among DG units. In addition, resistive-capacitive virtual impedances have also been
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extended to the 3%, 5™ and 7™ harmonic frequencies to compensate for the PCC harmonic
voltage. To improve the control feasibility, the control scheme was designed in both a
centralized and distributed approach, and it does not require a detailed microgrid structure.
Although the control scheme in this chapter can mitigate the PCC voltage harmonic distortion,
it cannot share the harmonic power properly among DG units.

To simultaneously compensate the PCC voltage distortion and share the harmonic
power, the effective impedance-based harmonics compensation is proposed in chapter 4. By
adaptively controlling both the fundamental and harmonic equivalent impedance, the
mismatched line impedance among DG units and harmonic currents are well compensated
with the proposed control scheme. In addition, a high PCC harmonic voltage quality is
guaranteed and complied with IEEE 519 standards.

When the microgrid mainly consists of linear load, the control scheme in chapter 2 is
a suitable solution to realize accurate active and reactive power sharing. On the other hand,
when nonlinear loads are extensively used, the adaptive impedance scheme in chapter 3 can
be adopted to improve the PCC voltage quality without degrading fundamental power sharing
performance. In the strict microgrid system where accurate harmonic power sharing is a
required function, the control scheme in chapter 4 becomes a cost-effective solution because

it only requires a distributed communication link among DG units.

5.2 Future Works

Although various control methods have been proposed to address the power sharing
inaccuracy and PCC voltage distortion issues, to further enhance the islanded microgrid
operation, some certain areas are needed to be investigated in the future such as:

e The modified nonlinear droop controller for improving the active and reactive power
sharing accuracy.

e Model-based predictive control for PCC voltage harmonics compensation.

e Sensor-less synchronization methods for seamlessly connecting a DG unit to the
microgrid in both grid-connected and islanded mode.

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

protection, and fault override capability of inverters.
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