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ABSTRACT

Advances in power electronics and generation technologies have increased the
viability of distributed generation systems. A microgrid is a special category of
distributed generation systems that is distinguished by its size and the ability to operate
independently as an islanded system. As long as a microgrid is connected to a large grid,
quality of the voltage is supported by the main grid and each power source connected to
the microgrid generates independently. In contrast, in the islanded operation of
microgrids and in electrical islands such as shipboard distribution systems, dynamics are
strongly dependent on the connected sources and on the power regulation control of the
grid interfacing converters. In this mode, power sources in a microgrid should be
controlled in coordination with each other so that a stable balanced three-phase sinusoidal
voltage is provided.

In many cases, energy sources ina microgrid are interfaced through power
electronic converters. A higher degree of controllability of converters as compared to
electrical machines allows for the possibility of ancillary functions for power quality
improvement when converters have unused capacity. The present work proposes a
cooperative control approach for converters ina microgrid in which, by efficiently
utilizing power converters in response to load demand and required ancillary functions,
the operation of the microgrid is optimized. Efficient utilization of power converters is

determined by a management system according to an optimization function.



A higher level control is also proposed in this work which exchanges set-point
values with local controls through low bandwidth communication links in order to
eliminate voltage magnitude deviation, frequency error, imbalance and harmonic
distortion at a load bus.

Each of a converter’s tasks can be expressed in terms of current components
measured at a converter’s point of connection to the system. Thus, current-based
coordination of a microgrid is performed through a decomposition of current into
orthogonal components. Different components of a converter’s output current are
controlled independently in order to enable optimization of various parameters of a
microgrid. All converters in the system are considered including converters that are not
actively interfacing an electrical energy source to the grid.

Some power units in microgrids are controlled to generate active current
according to a reference made by an internal control system such as MPPT! system or
SOC? controller. The presented cooperative control approach is expanded to allow these
units to supply active current in accordance with the local reference while they also
contribute to generation of non-active currents in coordination with other units.

Simulation results verify the benefits of the control approach developed here in
both coordination and voltage quality improvement. Thus, the method allows operation
of the microgrid to be improved by utilizing the available converters to the fullest extent

possible. This reduces the need to connect additional resources to the microgrid.

! Maximum Power Point Tracking
? State Of Charge
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CHAPTER |
INTRODUCTION TO COORDINATED CONTROL OF CONVERTERS IN AUTONOMOUS

MICROGRIDS

The world is at the edge of a major shift in the paradigm of electrical energy generation,
transmission, distribution and storage, by moving from existing, centralized generation
towards DER®. The new paradigm has the potential to result in higher stability margins
and better reliability, reduction of transmission lines power loss, power quality increase,
ability to shift peak loads, etc. Smart grid technologies help utilities to operate, control,
and maintain DER as well as interconnect them to the main grid. In the new paradigm of
the grid, the complexity of technical tasks have changed from dealing with local SCADA*
data into a variety of massive field data collection, that allows a more comprehensive
view of the power system status, energy flows, hierarchical control, asset management,
equipment conditions etc. A Microgrid is a localized grouping of DER and loads that has
the capability of islanding and operating independently from the grid as well as grid-
connected mode of operation. Smart technologies bring about the possibility of a smart
microgrid. A smart microgrid typically integrates the following components [1].

a) Power plants capable of meeting local demand as well as feeding the unused

energy back to the electricity grid. Such power plants are often renewable

® Distributed Energy Resources
* Supervisory Control And Data Acquisition



sources of energy, such as wind, sun, and biomass.

b) It services a variety of loads, including residential, office and industrial loads.

C) It makes use of local and distributed power-storage capability to smooth out the
intermittent performance of renewable energy sources.

d) It incorporates smart meters and sensors capable of measuring a multitude of
consumption parameters (e.g., active power, reactive power, voltage, current, harmonics,
unbalanced current and so on) with acceptable precision and accuracy.

e) It incorporates a communication infrastructure that enables system components to
exchange information and commands securely and reliably.

f) It incorporates smart terminations, loads, and appliances capable of
communicating their status and accepting commands to adjust and control their
performance and service level based on user and/or utility requirements.

0) It incorporates an intelligent core, composed of integrated networking, computing,
and communication infrastructure elements, that appears to users in the form of an
Energy Management System that allows command and control on all nodes of the
network.

In many cases the energy sources in a microgrid are interfaced through power
electronic converters. The controllability of instantaneous output current/voltage of
power converters has caused these converters to be used in different applications. Output
current of the sources that include interface converters can be controlled with more
degrees of freedom. In order to avoid instability in the system and to increase the
efficiency of the microgrid operation, all of the converters in a microgrid should be

controlled in coordination with each other.



1.1 PROBLEM DESCRIPTION

In the grid-connected mode of operation, a microgrid is supported by the main grid’s
voltage and frequency. The task of interface converters in this mode is to control current
into the established voltage, whereas in islanded mode of operation the task is to establish
that voltage. A general architecture of a microgrid is represented in Figure 1.1. In the
islanded mode of a microgrid, dynamics are strongly dependent on the connected sources
and on the power regulation control of the converter interfaces [2]. This may affect
control accuracy and stability of the system. Furthermore, operation of a microgrid
should be optimized in terms of fuel cost, power loss, reliability, etc. Therefore,
distributed power sources in a microgrid must be controlled in coordination with each
other in order to meet the operating criteria of the microgrid as a whole as well as to
follow an operation optimization function for the system. A cooperative control approach
of converters is required so that every action to respond to load demands or to improve
grid operation is coordinated among all power converters in the microgrid including the

converters that are not actively interfacing an electrical energy source to the grid.

. PCC
D .
Wind Turbine .
Static Switch
E Circuit Braker
Battery O Power Flow Controller
D Energy Manager

— Electrical Load

---------------------------- ] Diesel
1
Generator

Figure 1.1. General architecture of a microgrid [3]



Also, in the islanded mode of operation, a microgrid can suffer from voltage
magnitude deviation, voltage distortion, asymmetry and frequency variation which may
affect sensitive loads operation. A control method is required to control power quality
indices at sensitive load buses while it does not disturb the desired coordination among
power sources. Figure 1.2 shows the two problems that are targeted to be solved in this
research.

The term microgrid is not strictly defined and covers a wide range of possible
systems. Islanded microgrids have been used in applications of avionics, automotive,
marine and rural areas [4]. Electrical islands such as shipboard distribution systems,
aircraft distribution systems, and offshore oil/gas platforms differ from microgrids only in
that connection and disconnection from a larger scale grid is not a regular event [2].
Therefore, all control applications which are used in islanded mode of a microgrid would
be applicable to an electrical island power system. The functionalities expected in these

small local grids are active and reactive power flow control, frequency and voltage

Coordinati
oordination Power Quality

for
Optimization Improvement
J? \Y

]Cl 7 V[,nnd

—= -

2 —

ICZ 7 I 6ad

Ien - I

Figure 1.2. Microgrid problems that are solved in this dissertation



stability, black start operation, active power flow capabilities and storage energy
management among others [5]. Optimization of microgrid operation requires the
functionality of control over harmonics and unbalanced power flow as well.

In AC microgrids, there are four major power components, i.e. active, reactive,
harmonic, and unbalance components that need to be coordinated. The focus of this
dissertation will be on this type of microgrid. For DC microgrids, there is only one power
component to control i.e. active component which results in simplicity of the control
system compared with the AC microgrid case. Also power quality indices of AC voltage
are more numerous as compared to DC. Thus, AC microgrids are the focus of this
dissertation with the expectation that the results are directly extendable to DC microgrids.
1.2 LITERATURE REVIEW

Several methods for control of converters in a microgrid have been proposed in
the literature. Some of the authors’ contribution to converters control in microgrids is
distributed compensation, some aim at increase of power quality indices, while others’
attention is on power sharing among converters. In general, cooperative control of
converters in a microgrid can either be central or decentralized, disregarding master-slave
control of converters in microgrids for which only a few papers can be found. For each
control method, expansion of the control system has been investigated in the literature
and some improvements have been proposed.

1.2.1 Control of converters in a microgrid — central control of distributed
compensators

In large scale grids compensators connected to the grid are designed to suit local

needs assuming no interactions with the rest of the network, however, in a microgrid



distributed compensators interact with each other and with the rest of the network. In
such a context a cooperative control approach of interface power converters and any
other Electronic Power Processor acting in the grid is required. Every action to improve
grid operation (power flow control, voltage support, unbalance compensation, harmonic
mitigation) must be coordinated among all electronic power processors acting in a
microgrid including interface power converters, Active Power Filters, Static Var
Compensators and STATCOMs. References [6-10] introduce a central control method for
cooperative control of distributed compensators and interface converters. This includes
compensation of reactive power, harmonics and unbalance loading. The architecture of
this cooperative control generally includes a Central Control Unit and a set of Local
Control Units one per each Electronic Power Processor. In Figure 1.3 the architecture of
this control is shown along with the connections to power circuit. Power circuit consists
of distributed compensators and the network. All of the loads are considered in network

model.

—t i 5 _éi
4! [CRG —PS [
P s 3w
I I |
ii
O—_’
+ . N
u LCU
o—

Figure 1.3. Architecture of the control system [10]
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The measurement point of central control is PCC' which provides reference
values for all local control units. The aim of the control is to make it possible the
exploitation of both quasi-stationary and dynamic compensators. In this sense, based on
the characteristics of different components of current to be compensated, and also
considering the speed of each type of compensator the compensation is shared between
units. Other factors such as compensator’s power rating, distance between the
compensator and PCC, and workload of each compensator is also considered in sharing
of the duties. Quasi stationary compensators are used to take care of parts of the workload
of the dynamic compensators and free their capacity to be used when required. Notice
that with this strategy, a high bandwidth communication is required especially when
harmonics and transient compensation is part of the work. Also, since the configuration
of the system is not generally known, an identification process is essential to evaluate the
voltage and angle difference between PCC and the installation point of each
compensator.

1.2.2 Control of converters in a microgrid — decentralized control of
converters

Central control and master-slave control of power sources rely on communication
for reliable operation. Control commands solely based on local measurements exhibit
superior redundancy and reliability, where they can only be achieved at the price of
permitting a small error. These controls have only proportional controller for frequency
and amplitude of voltage lacking any form of integral control. Due to the small error,

these techniques are generally denoted as droop control methods.

! point of Common Coupling



One of the applications for droop control of inverters is coordinated control of
multiple APFs® in the grid without real time communication. APFs might be installed at a
substation [11] to suppress harmonic resonance or along a radial distribution line [12-15].
Multiple APFs are installed along the distribution line to damp voltage harmonics
produced by series resonance between line inductance and power factor correction
capacitors. Each APF operates as a harmonic conductance to reduce the voltage
harmonic. The APFs can share the harmonic filtering workload by using droop control
method. The droop relation is between the harmonic conductance command and the volt
ampere of each APF. A block diagram of the system is shown in Figure 1.4.

With the constant droop line, voltage distortion may not be reduced enough in
some cases and may be reduced more than enough in other cases. To utilize the filtering
capacity more efficiently, voltage THD? at the installation point of each APF is used in

[14] to dynamically adjust the VA capacity and the slope of droop characteristics so that
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Figure 1.4. Application of droop control for voltage harmonic filtering by parallel APFs [12]
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the voltage THD of the installation point can always be maintained at an allowable level.
Also, in this scheme, there is one conductance for all of voltage harmonics and different
harmonics are not separated. Therefore, current harmonics can be different based on the
value of voltage harmonics. An extension of this control has been proposed in [16] and
[17] that enables control of harmonic loads separately for different orders of harmonics.
Authors in [18] introduce a cooperative imbalance compensation method using
droop control method. A droop control method based on the reactive power produced by
the negative sequence current and positive sequence line voltage is proposed. Authors
have proposed that the idea can be merged with the voltage and frequency droop controls
and be used for interface converters in the grid. Droop control of interface converters ina
microgrid is discussed in [2&4][13][19-27]. This control technique, which is emulating
the behavior of large synchronous generators in conventional grids for sharing active and
reactive power, consists of dropping frequency when delivered active power increases
and dropping voltage amplitude when delivered reactive power increases. P-f and Q-V
droop controls can be implemented as in (1-1) and (1-2). In these equations f, and V, are
the nominal values of frequency and voltage magnitude while S; and S, are droop slopes
which are determined based on ratio of active and reactive power sharing and with
consideration of frequency and voltage limits.
f=fo—ss.P (1-1)

V= VO — Sy. Q (1'2)

1.2.3 Improvement of droop control method
Authors in [22] have proposed the P-V and Q-w boost functions to improve the

dynamic of the parallel droop controlled systemas in (2-14) and (2-15).



dP
E=E,-nP-n,.— 1-3
6 =Py (1-3)
W =w, —m.Q -m, c;—? (1-4)

Where m and my are the proportional and derivative coefficients of reactive power Q,
respectively, and n and nq are those of active power P, respectively.

In [28] authors have proposed an adaptive droop control by using proportional,
integral and derivative term in the droop relation. Line impedance is usually an issue in
independently control of active and reactive power. This system is able to control active
and reactive power flows independently for a large range of grid impedance value. There
is a loop for grid parameters estimation in this controller. This estimation is also useful in
islanding detection.

Authors of [29] also use derivative and integrative term in droop control to
enhance the system dynamic performance both in grid-connected and islanded mode. The
method is called mode adaptive droop control. Derivative term is used when grid is
islanded while integrative term is used to control output powers of converters when it is
connected to the main grid.

1.2.4 Higher level controllers — Hierarchical control Scheme for droop
controlled microgrids

Droop control methods alone have several drawbacks that limit their application.
One drawback is the increase of voltage magnitude deviation at load bus with load
variation. In some papers, an external control loop has been proposed to restore the
nominal values of the voltage inside the microgrid. Another disadvantage of traditional

droop control is the load dependent frequency deviation. The inverter tradeoff between
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frequency/amplitude of voltage and active/reactive power control in islanded microgrid
cannot be avoided. Therefore the use of a low bandwidth noncritical communication
system seems inevitable. An additional control level can be used to bi-directionally
control the power flow in grid-connected microgrids and to tune voltage amplitude and
frequency. A hierarchical control structure is proposed in [4] as a general approach
toward standardization both for AC and DC microgrids. Some other authors have already
proposed secondary and tertiary controllers in which the main problem to solve is
frequency control. In this hierarchical control structure voltage stability and
synchronization issues are also considered. It is necessary to ensure that the command
and reference signals from one level to the lower levels will have low impact on the
stability and robustness performance. Thus the bandwidth must decrease with an increase
in the control level. The structure consists of three control levels beside the inner control
loop.

Level O, inner control loops: They consist of current and voltage control loops
for a converter.

Level 1, primary control loop: This level is used to implement droop controls,
balancing energy between DGs and storage systems by improving droop relations.
Virtual output impedance, which can also be set independently for different harmonics,
are implemented in this level.

Level 2, Secondary control loop: This level is used to compensate for frequency
and amplitude deviation and also for synchronization process.

Level 3, Tertiary control loop: When microgrid is connected to the main grid,

this level is used for controlling power flow by adjusting frequency and amplitude
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through PI controller. It can also be used to improve power quality. This level allows
multiple DGs to form a cluster and performs like a primary control for the cluster
controlling its power exchange with the rest of the network. Figure 1.5 shows a block
diagram of this hierarchical control structure.
1.2.5 Energy Management System

Real time optimization in a microgrid through frequent adjustment of power
sources output to minimize cost or meet other targets has been proposed in literatures.
Optimization may include using storage capacity to buy energy when price is low and
make use of that energy when grid connection is unavailable or price is high [30]. An
important consideration when optimizing power generation is system stability especially
when the microgrid is operated in islanded mode. In [30] authors have proposed an EMS*
as in Figure 1.6 which adjusts output power of generators in a microgrid to minimize fuel
consumption and ensures stability. It’s observed that the microgrid is less damped when
all inverters have the same droop gain than if one or more have gains below this value.
While high droop gains reduce the stability margin, low gains increase the response time
which results in poor transient behavior in terms of higher energy storage requirements to

deal with increased transient energy exchange [30].

! Energy Management System
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1.2.6 Low level controllers for harmonics and unbalance voltage control

In order to use droop controllers for the sharing of harmonic currents or negative
sequence currents or both between converters in a microgrid, the bandwidth of lower
level controllers i.e. current and voltage controllers should be high enough to respond to
the high frequency portion of the reference voltage accurately. They also need to be
properly designed for both positive and negative sequence component performance.
There are a couple of different methods presented in the literature for design of current
and voltage controllers in situations where distortion is present. In general, they can be
divided into synchronous frame and stationary frame controllers. Authors in [31], [32-35]
have utilized stationary frame Proportional + Resonant controllers for the control of
converters. Figure 1.7 shows the block diagram of voltage and current controllers by

using P+ Resonant controllers. For every harmonic component a P + Resonant controller
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is designed. Figure 1.8 shows the block diagram of the whole closed-loop system.

Vout
>

Authors in [36-39] have proposed different schemes for synchronous frame

current and voltage controllers. Three different structures of current controller design

under unbalance voltage condition have been proposed in [36]. Synchronous frame

voltage controller is presented in [38] for control of a positive and negative components

of voltage at selected frequencies. Other control methods may also be used for this

purpose. A deadbeat current control is presented in [40] for both positive and negative

sequence control. A negative sequence controller in stationary frame is proposed in [41]

15



and authors of [42] present a space vector based control for control of output voltage of
UPS in the presence of nonlinear and unbalance load.
1.3 OBJECTIVES

Power converters in an AC microgrid have unequal capabilities in generation of
different components of electrical power. Active and reactive power are generally shared
among converters with respect to their ratings but the capability of the converters may
vary based on the availability of primary power sources such as wind for wind turbines
and sunshine for photocells. Converters with no primary source can be used for
generation of reactive power and for harmonic cancellation. They can also be used for
unbalanced power generation and the converters with more energy storage capacity on
the DC bus would be able to generate more unbalanced power with smaller ripple
imposed on the DC bus. Harmonic sharing mostly depends on the structure of converter
as well as the switching frequency. Higher switching frequencies enable converters to
control higher order harmonics.

In order to be able to control all of the power components of the load among
converters in an autonomous microgrid, so that the flow of power components is
optimized within the microgrid, a comprehensive and coordinated control system is
required which enables control of each power component of the load independently from
other components. In such a system, considering the constraints for converters along with
a function for optimization of the system, sharing factors of each converter for any of the
power components can be set by a higher level control layer. The optimization function
can include target functions such as reducing fuel cost, power loss minimization, equal

loading utilization, stability and reliability increase. A control algorithm is required such
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that by means of coordinated control of output voltage of each converter, it optimizes the
operation of the microgrid toward a targeted objective function.

Also, since in the islanded mode of operation, voltage in a microgrid may suffer
from magnitude and frequency deviation, distortion, and imbalance, the control system
should include a method to control power quality indices at the load bus.

The objective of this dissertation is to extend distributed control of active and
reactive current to ancillary functions of harmonic filtering and unbalance compensation
for comprehensive duty sharing among all converters in the microgrid according to an
optimization function. Sharing factors for each power source may need to be reset by the
management system following any change in the configuration or operation condition of
the microgrid depending on the optimization function. Low speed communication links
are required for data transfer between the management system in system-level control and
local control units. Also, due to an extra degree of freedom in the setting of output
voltage of converters for sharing of active and reactive power and ancillary functions,
power quality indices at a sensitive bus can be improved. Low speed communication
links are required for transmission of power quality indices information at load bus to
system-level control. Information from other systems is also required in Management
System in order for real-time optimization. A low speed communication link is also
needed for data transfer between other systems and the system-level control. A schematic
that shows the required structure for the objective of this research is shown in Figure 1.9.
In this figure output current/power of each converter includes active, reactive, harmonic
and unbalanced components. Each of these components is coordinated among all

converters.
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The Management System sets the output voltage of converters in a way that along with
sharing each of the load current/power components among converters according to the
optimization function, power quality indices are increased at the load bus.
1.4 ORGANIZATION OF THE DISSERTATION

Control of converters in a microgrid will be reviewed in Chapter Il and distributed
control of converters in an autonomous microgrid by means of a droop control method
will be presented. Droop control which is already available for active and reactive power
control, will be extended to harmonic and unbalance power. A sample microgrid will be
simulated for verification of the presented approach. Chapter Il will introduce current

based droop control of all major current components and the sample microgrid will be
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simulated for verification of the current sharing method. CPC! theory will be used for
decomposition of current into orthogonal components. A Management System and the
secondary loop control will be introduced in Chapter IV and simulations will prove that
power quality indices at load bus are well improved. The steps for controller parameters
design including low-level controllers as well as other layers of control system will be
presented in Chapter V. Chapter VI explores the optimization of a microgrid including
power units with MPPT? system such as PV units and wind power sources and in Chapter
VIl a mathematical approach for the optimization of the microgrid operation in presence
of PV and wind power units will be presented. Chapter VIII outlines key conclusions and

contributions of this work along with some ideas for continuation of the research.

! Current Physical Components
2 Maximum Power Point Tracking
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CHAPTER I

POWER SHARING AMONG CONVERTERS IN AN AUTONOMOUS MICROGRID

A microgrid operates in either grid-connected or autonomous mode depending on the
main grid condition/existence. In grid-connected mode, the objective is to export a
controlled amount of active and reactive power into an established voltage which is done
through the control of active and reactive components of current. The power demands
themselves come from the Management System of the microgrid with the exception of
Photo Voltaic and heat-led CHP! sources which generate autonomously [2]. These
sources as well as wind power sources follow the value of active power reference
generated by an internal control system such as a MPPT? system. The overall control

structure of interface converters in the grid- connected mode is similar to Figure 2.1.

Microgrid

e

abc/dq
» Current

e 4y
Pt o Reference [*9f ) | Current | 25 g
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Figure 2. 1. Current control of converters for grid-connected mode of operation

! Combined Heat and Power
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Whereas the task in grid-connected mode is to control current into an established
voltage, the task in autonomous mode is to establish that voltage. Nested control loops
have been proposed and used in autonomous mode of microgrids to control output AC
voltage of an interface converter as shown in Figure 2.2.

Coordinated control of converters in an autonomous microgrid can be performed
either using centralized or distributed approaches. Decentralized controls based on the
droop approach have the advantage of avoiding the need for high speed communication
links as well as removing the single point of failure as opposed to central control method.
Droop controls have been introduced for distributed and coordinated control of active and
reactive power of sources in an autonomous microgrid. Active and reactive power of the
load are shared among converters with sharing coefficients that are determined from the
solution of an optimization function. In this chapter, droop controls have been extended
to all of the components of power. Reference value for output voltage of the converter is

generated by sharing control system which consists of four sharing units, one for each

Microgrid
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Figure 2. 2. Nested control loops for converters in an autonomous microgrid
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power component. Figure 2.3 shows the overall control system for distributed control of
converters in a microgrid by means of droop controls.
2.1 DROOP CONTROL FOR ACTIVE AND REACTIVE POWER SHARING

The droop control technique for active and reactive power sharing among
converters in an autonomous microgrid is emulated from the behavior of large
synchronous generators in conventional grids. It consists of reducing the frequency when
delivered active power increases and reducing the voltage amplitude when delivered
reactive power increases. Equations (2-1) and (2-2) are the active and reactive power

expression from the supply to the grid as shown in Figure 2.4.

Figure 2. 4. Equivalent circuit of a DG unit connected to the common ac bus
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p=%[(E cosp — U).cosO + Esing.sin6 | -1
Q:%[(E cos@ — U).sinf — Esing. cosf] (2-2)
Where z and 6 are the magnitude and phase of line impedance and E and U are inverter

output voltage and common bus voltage with the phase angle difference of ¢ between

them. Assuming that ¢ is very small we obtain:
P=Z [(E =U).cos8 + E. .sinf)] (2-3)
Q&'% J(E—=U).sinf —E. ¢.cos0] (2-4)
If the line impedance phase 6 is close to 90; which is the case for conventional power
systems, (2-3) and (2-4) will be simplified to:

U

=" (E - U) (2-6)
These show that the power angle ¢ affects predominantly active power P and voltage
difference affects predominantly reactive power Q. Control of frequency dynamically
controls the power angle ¢ and thus according to (2-5) power flow. In other words P and
Q can be adjusted independently by controlling frequency and magnitude of inverter
output voltage. Therefore (P—f) and (Q-V) droop controls can be implemented with good
precision and performance as in (2-7) and (2-8). In these equations f, and V, are the
nominal values of frequency and voltage magnitude while S and S, are slopes of droop
characteristic lines. Figure 2.5 shows droop characteristic lines of a source for active and
reactive power sharing and Figure 2.6 demonstrates how active and reactive powers are

being shared between two sources with respect to their droop settings.
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f=/fo—sp.P (2-7)

V=V,—s.0 (2-8)

2.2 EFFECT OF LINE RESISTANCE

The droop method for active and reactive power control is developed based on
having a predominantly inductive line impedance. In the case of a low voltage microgrid
where @ in Figure 2-4 is not close enough to 90; P and Q will be coupled and using the

conventional droop control method will lead to poor performance of the system.
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2.2.1 Modified active and reactive powers
In order to cope with the problem of coupled active and reactive powers, modified
active and reactive powers are introduced as in (2-9) to be used in droop control instead
of P and Q.
() =Cose <) (0) @9
Applying this transformation on (2-3) and (2-4) results in:

U

P=Z E.q (2-10)

Q=- (E-U) (2-11)
Therefore (P-f) and (Q-V) droop controls can be utilized and P  and Q" can be
controlled independently.

2.2.2 Virtual output impedance

Another method to avoid coupling of active and reactive powers is to introduce a
virtual output inductor. While effective in preventing the coupling between active and
reactive power, this approach may increase the reactive power control error due to an
increased voltage drop. A couple of methods have been introduced to improve this at the
price of more control complexity [23]. A concern with the virtual inductor
implementation is voltage drop calculation which involves differentiation of inductor
current and can cause high frequency noise amplification and in return may destabilize
the DG voltage control especially while in a transient state. Therefore, other methods
have been proposed for calculation of voltage drop, such as calculation in the af
reference frame. Also, in some cases where a microgrid is spatially very small, such as in
a shipboard power system, feeder impedance may be too small which decreases the

stability of droop control. Therefore, a virtual impedance is implemented in the control
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system to emulate the desired output impedance [21-24]. Figure 2.7 shows a block
diagram of the virtual impedance loop.

Authors in [21-24] have proposed that the virtual impedance can have different
values than a pure inductive value. While pure inductive and pure resistive output
impedances cause decoupling of active and reactive powers, with complex output
impedance modified active and reactive powers have to be used. Pure resistive output
causes active power to depend upon voltage magnitude and reactive power depend upon
frequency. Authors in [22] have proposed using virtual resistive output impedance to
decouple active and reactive power. The advantages of such an approach are:

a) The overall system is more damped
b) It provides automatic harmonic current sharing
c) Phase errors barely affect active power sharing
d) Low sensitivity to the line impedance unbalance which has always been a problem
for droop control
Purely inductive and purely resistive assumption may not be applicable in the case where

the inverter output impedance depends on the adopted control strategy and on the power
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stage parameters as well as line impedance. Therefore, virtual complex impedance is
proposed in [24] and [21] which offers the following advantages over virtual inductive
and resistive impedance methods [24]:
a) It can reduce the circulating current
b) Its implementation can reduce the drop of output voltage, which is caused by
virtual resistor impedance.
¢) High frequency harmonic circulating current of the loads can be automatically
shared by the inverters.
d) Less sensitivity to line impedance unbalance
e) It can also be adopted to properly change the impedance angle 6 to decouple active
and reactive power.

Capacitive virtual impedance is used in [43] to compensate for voltage distortion

and voltage imbalance across grid-side inductor of the LCL output filter of converter
when output current of the converter includes harmonic and unbalanced current.
Negative resistive impedance is also introduced in this dissertation and used in some of
the simulations. The magnitude of this resistance is equal to that of the resistive
impedance of the line which together cause the line impedance to appear to the converter
as a purely inductive impedance. Figure 2.8 shows the implementation of negative
resistive impedance. In the other simulations of this dissertation, a complex value of
output impedance has been implemented and modified powers have been used.

Virtual output impedance can also be used for soft start of the system when

connecting the converter to the grid or for hot swap.
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2.3 INACCURACY OF REACTIVE POWER CONTROL

Another issue with droop control in microgrids is inaccuracy of reactive power
control due to line impedance. Unlike frequency which is the same in steady state over
the grid, voltage magnitude is different at load bus and supply bus. In a traditional large-
scale grid where the line is mainly inductive, inaccuracy in reactive power droop control
is caused due to the voltage drop across the line inductance because of reactive load. One
method to improve the accuracy is to exaggerate the V-Q droop effect and make the line
voltage drop negligible. However, this may cause the output voltage to be too small.
Therefore, in order for V-Q droop to control reactive power accurately, voltage drop
across the line inductance should be considered as an additional slope in the droop
characteristics of reactive power control to increase the accuracy of reactive power

control with droop as in (2-12) [23].

_ X

Koi =7

(2-12)

where Kq; is the additional slope of converter i, X; is the line inductance, and E;is
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converter output voltage. In the case of low voltage microgrids where the line resistance
is not negligible compared with the line inductance, voltage drop across the resistance is
also important and the additional slope should be considered as in (2-13).

R;
Xi+

tana; (2_13)

E;

KQi =

where R; is the line resistance to converter i and « is output current phase angle. This
slope compensates the effect of voltage drop due to flow of active power through
resistance and flow of reactive power through inductance. More precise performance of
reactive droop control can be achieved by compensation of the effect of voltage drop due
to flow of active power through inductance and reactive power through resistance.
2.4 EXTENSION OF DROOP CONTROL TO ALL POWER COMPONENTS
While most of the literature on droop control of converters in microgrids such as
[44] and [31] have focused only on the control of active and reactive part of the output
power, recently authors in [45] have applied droop control along with the virtual
impedance to a system comprising two power supplies to control not only active and
reactive power but also unbalance and harmonic power. The control method of this
reference does not allow independent control over power components and all power
components are shared among converters with the same share factors while power
electronic converters in a microgrid generally have unequal capabilities for generation of
different components of electrical power. Active and reactive power are generally shared
between converters with respect to their ratings but the capability of the converters for
active power generation may vary based on availability of primary power sources such as

wind for wind turbines and sunshine for photocells. Converters with no primary source
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can be used for generation of reactive power and for harmonic cancellation. They can
also be used for unbalanced power generation and the converters with larger amounts of
energy storage on the DC bus would be able to generate more unbalanced power with
smaller ripple imposed on the DC bus. Harmonic sharing mostly depends on the structure
of the converter as well as the switching frequency.
2.4.1 Extension of droop control to harmonics

An important issue in coordinated control of power supplies in a microgrid is to
supply harmonic current required by non-linear loads with proper sharing between
sources. In some islanded grids, highly nonlinear loads incorporating rectifiers may even
present the major part of the load. Supplying nonlinear loads can be incorporated either in
the frequency domain, such as by partitioning the frequency spectrum and applying
different controllers to different partitions using only a low bandwidth communication
link [2] or in the time domain such as by emulating a virtual impedance. In this
dissertation virtual impedance is wused for sharing harmonic loads. Different
configurations of virtual impedance are shown in [35] which consists of pure resistive,
pure inductive, series inductive plus resistive and parallel inductive plus resistive. In this
dissertation a parallel and series configuration for output impedance is chosen so that the
fundamental component of the current passes virtually through a series complex
impedance, and each harmonic components of the current pass virtually through a
resistive impedances. Only 5™ and 7" harmonics are considered here. The resistors may
have different values for different harmonics which help sharing of harmonics with
unequal ratios, but in this dissertation they have been considered to have equal values and

different orders of harmonic currents are shared among converters with same share
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factors. In order for sharing of harmonic currents to be accurate, impedance of line from
each converter to load center should be considered in determination of virtual harmonic
resistances. Figure 2.9 shows this configuration of the virtual output impedance and the

realization of this impedance is shown in Figure 2.10.
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Figure 2. 9. Implemented virtual impedance
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2.4.2 Extension of droop control to unbalanced power sharing

In order to share unbalance load between power sources, a method is developed
for negative sequence current sharing which is based on measurement of voltage and
current at converter output. A separate control loop is also used for sharing of the
increased amount of unbalanced current which is due to the increase of negative sequence
voltage by secondary control. Sharing of the latter part of unbalance current will be
discussed in chapter IV when secondary control performance is explained. Inner loop
controllers of the converters should be properly designed for both positive and negative
sequence component performance [40, 42]. In this dissertation, synchronous frame PI
controllers are used for both positive and negative sequence components of voltage and
current.

Negative sequence current is dependent on both positive and negative sequence
voltages, V* and V', when load is unbalanced. As V™ is controlled separately through
positive sequence droop controls, the right value of V' to control negative sequence
current, I, is dependent on V*. Figure 2.11 shows a single line diagram of a microgrid
model, where V is power supply voltage, R+jX is the line impedance and R,+jX, and V,
are equivalent impedance and equivalent voltage of the grid. Figure 2.12 shows an

equivalent circuit of the circuit in Figure 2.11.

Z Zy
I—A—\ f—%
X R X R,
]T 3
V 3 V,
Load
= Z =

Figure 2. 11. Singe line diagram of a microgrid model
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Figure 2. 12. Equivalent circuit of the circuit in Figure 2.11

Three phase equations for this circuit can be written as:

I[=Y.V+

=
59

(V=T) (2-14)
where Y] and Y] are vectors of three phase admittances as shown in Figure 2.11 and in
matrix form the relations for three phases would be as follows:

Ia YLI a 0 0 Va Yr’l 0 0 V;l - V;La

I, o o0 V. \IL 0 0 Y,/ \Ve—="Vy
Substituting three phase values with sequential components of voltages and currents

results in:

AT, =

o

AV +

N

A (V=T (2-16)
Where V and I are symmetrical components matrix of voltages and currents and A is the
Fortescue conversion matrix from symmetrical to abc values. Multiplying each side of

(2-16) by A* we have:

L, =AYY AV, + ALY A.(V =), (2-17)
By defining

v, =A"1Y].A (2-18)

V.. =A"1Y. A (2-19)
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and multiplying matrices we will have:
_ Yll Y12 Y13
Yo=|Ya1 Y2 Yo
Y31 Y32 Y33

Y+ Y, +Y], Y], + a?Y], +aY/. Y/, +aY/,+a?Y],
= | Yia+aY,+ Y Y +Y,+Y Y, +a¥, +aY], (2-20)
Y/, +a?Y,, +aY]. Y/,+aY/, +a?Y], Y +Y,+Y,

and for Y,
Yo 0 0
Y.o=| 0 Y, O (2-21)
0 0 Y

Considering (2-18), (2-19), (2-20) and (2-21), (2-17) can be written in in matrix
form as (2-22):
1° Yi; Yo Y\ /p0 Yo 0 0 Ve -1
<I+> = <Y21 Y22 Y23> <V+> +{ 0 Yy, O J{Vt-Vt (2-22)
I~ Y3u Yz Y33/ \V- 0 0 Y,/ \V-—=V;
Since there is no zero sequence voltage, negative sequence current can be calculated as:
[T =Y V4 Y Vo + YL.(V- =V)) (2-23)
V" should increase or decrease the value of I” produced by positive sequence
voltage in such a way that the required sharing condition for unbalance load is provided.

If the factor of increase or decrease is K, then V™ can be calculated as:

(Y33 + YTIL). V_ = K. Y32.V+ (2'24)
So:
o= y+ K (2-25)

V" is calculated by measurement of three phase voltages. Ys, and Ys; can be calculated
according to (2-20) by measuring impedance of each phase at the converter output. Yy,

can be measured at no load condition and it is constant with load variations. Now, the
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question is how to choose the K factor. For simplicity of calculations it is assumed that
line impedances are close enough thereby load impedance from the point of different
converters is almost identical. If line impedances are extremely different, it should be
considered in calculation of K factor at each local control system. Equivalent line
impedances results in almost equal sharing of unbalanced load before applying negative
sequence voltage, V', as positive sequence voltages are closely equal for all sources
(within a margin from the rated voltage). Before V' is applied each converter generates
1/n of the unbalance load with n being the number of connected converters in the
microgrid. K which is a factor for relative increase or decrease of unbalanced current can

be calculated for each source as follows:

1
K, =28 = n.SF -1 (2-26)

n

where i is the number of the converter and SF shows the desired sharing factor for each
converter. If the summation of K factors for converters in the grid equals zero, that means
unbalance load transfers between converters thereby sharing factors change accordingly.
If in a microgid that is comprised of two sources, it is desired that unbalance power is
shared between two converters with the ratio of %2 sharing factor for one converter would
be SF,;=1/3 and for the other one SF,=2/3. Therefore according to 2-26, K;= -1/3 and
K,=1/3 should be chosen. This will cause the unbalance load at converter 1 to be 2/3 of
the original value and at converter 2 to be 4/3 of the original value, which shows the
sharing ratio of % for converter 1 with respect to converter 2.

As mentioned earlier, there is another term for unbalanced current which appears
when a secondary control is implemented for power quality improvement at a load bus.

That will be discussed in Chapter IV.

35



2.5 SIMULATIONS

In order to verify the analysis and the presented method for sharing of load among
converters a simple microgrid comprised of two converter-interfaced power sources
along with constant load, switched unbalance load, as well as switched harmonic loads,

has been considered as in Figure 2.13.

1' 1' 1'

Balanced Unbalanced Harmonic
Load Load Load

| sur
zaun

e 51 2 43

Energy

Primary

——— A~ Energy

Source
and

Storage

AT i TS
T |

| No Communication

Low-level Control of Ci | of Low-level

Controls power sharing > Measurement H powosr:t:aa:ing Cnntr?l:
Local Control system 1 Local Control system 2

Figure 2. 13. A simple microgrid considered for power sharing simulations

Each local control system operates autonomously with no communication with the rest of
the grid. A more detailed diagram of the control system is shown in Figure 2.14.

Due to the complex values of the line impedance which leads to coupling of
active and reactive power in droop controls, modified active and reactive powers are used
which enables decoupled control of those powers. In order to increase the precision of
droop controls, voltage drop across line impedance is added to droop characteristics as an
additional slope as in (2-13). Also, virtual output impedance is implemented at
converters' outputs, due to the small values of line impedance, which results in better

stability of the droop control. Instantaneous P-Q power theory [46][47] has been used as
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Figure 2. 14. Local control system of each converter

in (2-27) and (2- 28) for the calculation of output active and reactive power of each
converter. Negative sequence current which represents unbalanced current in 3-wire
systems has been calculated using Clarke transformation matrix.

P =v,i, +v4ig (2-27)

Q = —vgiy + Vyig (2-28)

Table 2-1 shows the parameters of the microgrid which is used in the simulation
along with control strategies. It is assumed that due to different converter structures as
well as switching frequencies of power supplies converter 1 is able to generate twice as
much harmonic as converter 2 does. But due to smaller capacity of supply and converters
half as much active and reactive power as converter 2 generates. Unbalanced current is
also always shared between two converters with the ratio of % for converter 1 with

respect to converter 2. All of the power components are controlled independently from
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each other. Sharing factors in local controls can be re-tuned by the system operator in
order to comply with new requirements of the system or to follow another goal for

system optimization.

Table 2.1. Parameters of the simulated system

DC bus woltage: 700V Line 0.754+0.377j
impedance:

AC bus rated RMS | 120V Virtual 0.754+0.377j

woltage (phase): impedance:

AC bus rated | 60Hz Constant 25kW + 25kVar

frequency: loads:

Switching frequency: | 12kHz | Switched Unbalanced load of 45kW + 30kVar and a
Load: Thyristor rectifier with firing angle of 30 degrees

LC filter inductance: | 1mH Load t=1 s (switching on) and t=2 s (switching off)
Switching
times

LC filter capacitance: | 123uF | Strategy of | share harmonics with the ratio of 2/1 and active,
the sharing | reactive and unbalanced powers with the ratio of
control: 1/2 between the two sources

Figure 2.15, 2.16, 2.17., and 2.18 show active, reactive, harmonic and unbalance
load sharing respectively between the two sources both with and without the switched
load. There is a balanced linear load constantly connected and a load which includes
distorted current as well as unbalanced current switches ON and OFF at times 1s and 2s
respectively. It can be seen that power components are shared between the two sources

closely with the predefined share factors and with a relatively fast response time.
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Figure 2. 15. Sharing of active current between two converters with the ratio of %2

: £ 10 Reactive Power Sharing
3 S N ( ----------------- -
e 27 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m
z Q@ s
5 = '
: |
R s HS )i L e — -
o
= ’
I (o S A N N R R i
O] - b M s Y L -LN -
0 i i i i i
0 0.5 1 1.5 2 25 3

)

Figure 2. 16. Sharing of reactive current between two converters with the ratio of %
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Figure 2. 17.

Figure 2. 18.

Harmeonic Load Sharing
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2.6 SUMMARY

Microgrid optimization requires full control over all of the components of
demanded power. Capabilities of interface power converters in providing different
components of power will vary due to the availability of primary sources such as
photovoltaic or wind, converter rating, converter structure and switching frequency of the
converter. In this chapter, droop control for reactive power control was improved by
considering the voltage drop across line inductance as well as line resistance. Negative
virtual resistance was introduced in order to decouple active and reactive power. Also,
decentralized control of active and reactive power was extended to harmonic and
unbalanced power sharing. Four components of power are concurrently shared among
power converters in the microgrid according to the sharing factors that can be different
for each component. Sharing factors can be reset by the system operator after any change
in the operating condition of the microgrid toward an optimization function such as cost
minimization, power loss minimization, stability increase, and/or reliability increase.
Simulation results show that the presented approach is able to share all power
components between converters independently from each other according to the

predefined settings.
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CHAPTER 111

CURRENT-BASED DROOP CONTROL AND CPC POWER THEORY

Control of output current components of a converter in a microgrid has advantages over
control of power components. Current-based coordinated control of converters in a
microgrid has the property of short-circuit current limiting while power-based control has
an adverse impact in the presence of a short-circuit fault. Furthermore, power
components may be dependent on each other under certain conditions while according to
some power theories, current components are always orthogonal. In this chapter,
distributed control of orthogonal current components will be presented along with
simulation results for verification of the approach.
3.1 CPC' POWER THEORY

In order for distributed control of converters in a mirogrid such that all of the
major power/current components are controlled independently, a comprehensive power
theory must be utilized. Especially in the case of autonomous microgrids where system
voltages might be asymmetrical and/or distorted, power definitions should be accurate
with independent components, to prevent degrading of the coordinated control. Several
power theories have been proposed and used in different applications, such as
Conservative Power Theory, p-gq theory, and Current Physical Components theory.

Among those CPC power theory has definitions for all current components which are

! Current Physical Components
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independent from each other [47-49]. The CPC theory provides a physical interpretation
of power phenomena in three-phase systems under unbalanced and non-sinusoidal
conditions and the applications of this theory under non-ideal supply voltage have been
shown in [50-53].

For sinusoidal conditions, a subset of the theory decomposes the current into
active, reactive, and unbalanced components. Consider a sinusoidal and symmetrical

voltage source which is supplying a load zone as in Figure 3.1.

N Equivalent load model
L »
T > VAW
Urs T Yr Yrs
u u > /YST
ST TR lI ' LT
" K
Ur Us Ur 8% i

Figure 3. 1. Equivalent model of a load supplied by a three-phase voltage source

Voltage and current vectors are uand i as in (3-1) and (3-2).

u=u(t)=[ur us ur|”

=V2ZRe{[Ur Us Urle/®t}=+2Re{Uel®t} (3-1)
i=it) =[x is ir]”

=V2Re{[lz Is Ir]le/*'} = V2ZRe{le/*'} (3-2)

Three-phase RMS voltage and current are defined as:

il = Vlligll? + llislI? + llirlI2 (3-3)

lll = llugllz + llusll? + [lurl|? (3-4)
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In order to perform the decomposition the load is expressed in terms of two
admittances, the equivalent admittance and unbalanced admittance. The equivalent
admittance is expressed as:

Ye=0Ge+jB. =Yps + Ysr +Yrp (3-5)
and the unbalance admittance is:

A=Ale/? = —(Ysp + a¥ g + a*Ys) (3-6)
where a = 1e/120 and a* = 1e7/12° | Having these admittances the three-phase current
vectors can be decomposed into mutually orthogonal components as (3-7).

i=[ir is ir]T =i, +1i, +iy, (3-7)
where i,, i, and i, are active, reactive and unbalanced components of the current.
Equivalent admittances at the point of measurement, Ygs, Ys1, and Yt can be calculated
by the measurement of currents and voltages at this point. Current components can be

calculated by means of equivalent and unbalance admittances as:

i, =V2 G,Re{Ue/*t} (3-8)
i, =V2 B,Re{Ue/*t} (3-9)
i, = V2 AR Re{Ue/*} (3-10)
where:
1 0 O
R=(0 «a 0) (3-11)
0 0 a

Active, reactive and unbalanced currents are at the fundamental frequency,
therefore harmonic current of the load can be calculated by subtracting them from the
total current.

iy =i—i,—i, — iy (3-12)
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If the voltage source is non-sinusoidal, a new component appears in current which
is called scattered current [49]. The amount of this component is very small as compared
with major current components and it is neglected in this dissertation.

i=ig+i.+i,+i,+i (3-13)

When voltage is also asymmetrical, as it might be in the case in an autonomous
microgrid, a new term appears in calculation of active and reactive components of the

current as in (3-14) and (3-15) compared to symmetrical voltage case in (3-8) and (3-9)

[50].
i, =V2 (G + Gy)Re{UeI ¥t} (3-14)
i, =V2 (B, + By)Re{Ue/*t} (3-15)
where:
Yo=Y, — ﬁ(YSTURZ + Y7rUs® + YrsUr?) = G4 + jBy (3-16)

As for the unbalance current there are two counter-rotating unbalance currents each of

which is with respect to one sequence of source voltage.

It 2 APyP#* —yY U™ (3-17)

1Y 2 AnU™ -y, UP (3-18)
where:

AP = —(Ygr + a¥ g + a*Yps) (3-19)

A" = —(Ygr + @'Y g + a¥gs) (3-20)

UP and U" are vectors of positive and negative sequence components of source voltage
where the second and third element of these vectors are swapped in U™ and U™ as
defined in [50]. Unbalance component of the current can be calculated by the use of these

two parts.
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i, = V2 Re{(I} + I') e/} (3-21)
Harmonic component of the current can be extracted by subtraction of active, reactive,
and unbalance current from the total current as in (3-12).

3.2 CONTROL OF ACTIVE AND REACTIVE COMPONENTS

Coordinated control of active and reactive current is performed by the use of
current based droop control as in (3-22) and (3-23) which is derived from droop control
of active and reactive power in (2-7) and (2-8).

f="rfo—Sil, (3-22)

V=V,—SLI, (3-23)
where f, and V, are the nominal values of frequency and voltage magnitude and S{ and S,
are slopes of current-based droop characteristic lines of active and reactive currents as in

Figure 3.2.

Va f a
Vo \< l fo Wtan St
oy =atan Sy
L. I,
> >

Figure 3. 2. Current-based droop characteristics for active and reactive components

As in the case of droop control for power components, modified active and
reactive current can be introduced as in (3-24) to help decouple active and reactive
current control when output impedance is not close enough to pure inductive as it is in the

case of low voltage microgrids.
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(Ia'):(sine —cos6 (Ia) (3_24)

L’ cos@ sinf L-

Also, to improve reactive current droop control, voltage drop across line

impedance need to be considered as an additional slope (K;") in droop characteristics.

K" =X, + — (3-25)

tana;

In this equation, X; and R; are reactance and resistance of the line connecting the i
converter to the load center and «; is the current phase angel with respect to voltage.

Computation of CPC signals is performed according to section 3-1. Fundamental

components of voltages and currents have been calculated based on an efficient recursive

discrete Fourier transform (RDFT) algorithm [54-55] as in Figure 3.3.

J

ﬂ

+

~ 4 Re{X

> cos . (X b 2 I
i - -

- L@r >0

»
>

Ns: Number of samples per power period

Figure 3. 3. Computation of voltage and current fundamental phasor based on RDFT

3.3 COORDINATED CONTROL OF HARMONIC COMPONENT OF THE
LOAD CURERNT

Control of the harmonic component of the load current is performed similar to

what was presented for coordinated control of each harmonic order in Chapter Il. In order

to share harmonic component of the load current among converters, a negative harmonic
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voltage proportional to harmonic component of the current at each converter terminal,
which is extracted based on CPC power theory, is added to the source voltage of that
interface converter to implement harmonic virtual resistance. This can be seen as a droop
characteristic line for harmonic sharing. The slope of this characteristic which is
inversely proportional to the amount of harmonic current generated by that converter, is
determined by the operator or a secondary control. In harmonic sharing of Chapter Il a
virtual resistance is required for each harmonic order whereas with CPC based current
decomposition there is only one harmonic component and all of the harmonic orders of
the current will be considered for sharing by a single harmonic virtual resistance, though
sharing coefficients would be identical for all of the harmonic orders. Figure 3-4 shows

the implementation of harmonic virtual impedance along with fundamental virtual

impedance.
R\+jX\
ot l ot
d . .
¢ I aB 1417 ) Vld +iVi' [Complex —*— Ve
awe| CPC abc/dq —» / —»{X—>» / —» dg/abc —
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- »(X) b >
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ot
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Figure 3. 4. Implementation of harmonic and fundamental virtual impedances

3.4 COORDINATED CONTROL OF UNBALANCED COMPONENT OF THE
LOAD CURERNT

Based on CPC theory for asymmetrical voltage situations, unbalanced current

consists of two parts, one with respect to positive and the other with respect to negative

sequence voltage as in (3-17) and (3-18). Within the constraints of the converters
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parameters, it is necessary to determine which part of unbalanced current is important to
control. The goal might even be a minimization of both with specific weighting
coefficients. Since in a microgrid the main component of the voltage is the positive
sequence, unbalance current with respect to positive sequence voltage is considered to be
shared among converters in this dissertation. A method is developed which is based on
setting the negative sequence voltage to compensate a part of the negative sequence
current produced by positive sequence voltage due to unbalance loading. The amount of
this part depends on the share of converter for unbalanced current generation. If a
secondary control exists, as will be explained in Chapter 1V, there would be an extra part
in unbalanced current. In Chapter 1V it will be shown that another controller is also used
in such a case for sharing of the increased amount of unbalanced current due to the
increase of negative sequence voltage by the secondary control.

As mentioned above, unbalanced current of an asymmetrically supplied load in
terms of CPC power theory has two counter-rotating parts. One is with respect to positive
sequence voltage and the other with respect to negative sequence voltage. The former

current is negative sequence and the later one is positive sequence current.

Il
~
S

I

1
n |=@aPuPr -y, um). ( a > (3-26)
2

1
2 =12 |=(amrum —y,uP). <a> (3-27)
a

where I7 is the vector of three-phase negative sequence unbalance current and I?, is the
vector of three-phase positive sequence unbalance current. UP and U™ are phasors of

phase R for positive and negative sequence of the supply voltage. Here, the calculation is
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formed to share the negative sequence part of the unbalance current as in (3-26), but it
can be extended to a combination of the two parts. Equation (3-26) for the phase R of the
current yields

I* . = APUP — Y U™ (3-28)
The first term of unbalance current in (3-28) is due to load imbalance and exists even
with balanced voltage. The second term appears in the presence of negative sequence
voltage on the unbalance load.

In the following, U™ is the part of negative sequence voltage which is applied in
the local control and does not include the part that may be added by the secondary
control. In order for U™ to be able to control I]}_ itis easier if the two parts in (3-28) be
kept in the same phase. Therefore:

—-Y, U = KAPUP (3-29)
where K is a real value that controls the negative sequence current. Substituting the
values of Y, and A" in (3-29) and converting the phase voltages to symmetrical
components yields a vector equation as in (3-30) for the calculation of the magnitude and
phase of U™.

—|U™|2(Acos @ +V3Bsin @) (cosp + j sinp)=C (|U™? + [UP|?)  (3-30)
|U™] and |UP| are the magnitude of negative and positive sequence voltage and ¢ is the

angle of U™ with respect to U”. Also in this equation:

A=Y, —3Y¢ (3-31)
B = YTR - YRS (3'32)
C = KAP (3-33)

In order for this equation to have a solution there are two conditions as below:
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(V3 Im{BC*} + Re{AC*})2 — 43 Re{BC*} Im{AC*} > 0 (3-34)

d

acos? grbsin?rcsingcos ord S (3-35)
where:

a = Re{A} (3-36)

b = —V/3 Im{B} (3-37)

c = —Im{A} + V3 Re{B} (3-38)

d = Re{C} (3-39)

The last two conditions may not always be true, but in the calculation of phase
impedances i.e. Yis , Ygr , and Y, there is an extra degree of freedom which gives
infinite set of impedances all of which bring about the same line current. Therefore, the
impedance values are checked and a set of impedances which satisfies the above
conditions is picked. Change of K in (3-29) leads to change of negative sequence voltage
applied which in turn changes the negative sequence unbalance current in (3-28). The
amount of the first term in unbalance current, AP U®, is known for converters with the
knowledge of line impedances. K factors can be set to increase or decrease unbalance
current to reach to a desired sharing of unbalance current among converters.
3.5 SIMULATIONS

This control method for current-based sharing of load components based on CPC
power theory was applied in a simulation to a microgrid comprised of two converter
interfaced power sources which are connecting to a load center through lines impedances.
The load center includes a constant balanced load, a switched balanced and a switched
unbalance load, as well as a switched harmonic load. Figure 3.5 shows the block diagram

of the simulated microgrid and Figure 3.6 shows the control system implemented on each

51



interface converter in the microgrid. Table 3.1 shows the circuit parameters of the
microgrid which are used in the simulation, along with control strategies.

For the simulations shown in this chapter, no specific optimization function is
considered. It is assumed that due to different structures as well as switching frequencies
of the power supply interface converters, converter 1 is able to generate twice as much
harmonic current as converter 2; but due to smaller capacity of the primary supply as well
as smaller converter rating, converter 1 is able to generate half as much active and
reactive power as converter 2. Unbalanced current also is considered to be shared
between the two converters with proportion to % for converter 1 with respect to converter
2 due to larger capacitor on the DC bus of converter 2. The sharing ratios are shown in
Table 3.1. All of the current components are controlled independently from each other.
Sharing factors in local controls can be re-tuned by the operator or a secondary control in

order to comply with new requirements of the system or to follow another target for

w‘ 1' 1'

Balanced Unbalanced Harmonic
Load Load Load
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No Communication
Low-level Low-level
Controls Controls

Control of CPC components CPC compnnents Control of
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and
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Local Control system 1 Local Control system 2

Figure 3. 5. Simulated microgrid for current components sharing
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Figure 3. 6. Block diagram of the local control system
Table 3.1. Parameters of the simulated system
DC bus voltage: 1000V | Line 0.754+0.377j
impedance:
AC bus rated RMS | 120V Virtual 0.754+0.377j
voltage (phase): impedance:
AC bus rated | 60Hz Constant 21kW + 15kVar
frequency: loads:
Switching frequency: | 12kHz | Switched Balanced load of 15kW + 10kVar . Unbalanced
Load: load of 30kW + 20kVar and a thyristor rectifier
with firing angle of 30 degrees
LC filter inductance: | 1mH Load t=1 s (switching on) and t=2 s (switching off)
Switching
times
LC filter capacitance: | 123uF | Strategy of | share harmonics with the ratio of 2/1 and active,
the sharing | reactive and unbalanced powers with the ratio of
control: 1/2 between the two sources

system optimization. Figures 3.7, 3.8, 3.9, and 3.10 show active, reactive, harmonic and
unbalance current sharing respectively between the two sources, both with and without
the switched load. There is a constant balanced load in the grid and an unbalanced load

and a harmonic load are switched on at t=1s and switched off at t=2s. It can be seen that
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current components are shared between two sources with the predefined share factors.
Figure 3.11 shows load bus three phase voltages during the load switching and the quality
of voltage at load bus. When an unbalanced and distorted load switches in, voltage
magnitude decreases, frequency drops and voltage is distorted and unbalance. This is due
to voltage drop across transmission line as well as drop of voltage magnitude and
frequency by droop control and also the effect of harmonic and unbalance sharing
control. In the next chapter a higher level control will be introduced and implemented to

improve the quality of voltage at load bus.
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Figure 3. 7. Active current sharing between two converters with the ratio of 1/2
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Reactive Current Sharing
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Unbalance Current Sharing
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Figure 3. 10. Unbalance current sharing between two converters with the ratio of 1/2
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3.6 SUMMARY

Coordinated control of current components among converters in an autonomous
microgrid was presented in this chapter. Current-based control of load sharing has
advantages over power-based control including fault current limiting as well as
independence of current components under CPC power theory. This theory has been used
for decomposition of current into orthogonal components. CPC power theory for systems
with distorted and asymmetrical supply was briefly introduced and equations for active
and reactive current sharing was presented along with improvement of reactive power
control by considering voltage drop across line as an extra slope for droop line
characteristics. Based on CPC power theory, unbalanced current under asymmetrical
voltage has two counter-rotating components each of which is with respect to one
sequence of the voltage. As the major part of the voltage is positive sequence voltage, the
unbalance current component with respect to positive sequence of voltage was considered
for sharing among converters. A simulation verifies this method of coordinated control of
current components. Since the load is unbalanced and distorted, due to voltage drop
across line as well as the effect of current components sharing on the source voltage, the
load bus voltage is unbalance and distorted which shows the requirement for power
quality increase at load bus. This is performed through development of a higher level

control inthe next chapter with simulations for verification.
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CHAPTER IV

POWER QUALITY IMPROVEMENT BY SECONDARY CONTROL LOOP

Distributed control of converters in an autonomous microgrid enables sharing of load
components among converters with no need for high-bandwidth communication link as
well as any single point of failure. In return, it impacts the quality of voltage throughout
the microgrid. Droop control methods for active and reactive power control consists of
recuding frequency and magnitude of voltage as output active and reactive power of the
converter increases which causes the magnitude and frequency of load bus voltage
deviate from their rated values. Furthermore, there is a voltage drop across the lines
connecting sources to the load bus which increases voltage magnitude deviation on the
load bus. Distributed control of harmonics and unbalanced current of the converters,
which was explained in Chapters Il and IlI, increases THD and unbalance component of
the voltage at load buses in a similar way. In order to improve the quality of voltage at
sensitive load buses, a secondary control is introduced in this chapter. This control layer
has lower bandwidth compared with local controls and utilizes LBCL' to transmit data
between local controls and secondary control. Secondary control collects data of voltage
quality at sensitive loads bus and dispatches DC signals to local control systems in order
to correct the reference value for output voltage in such a way that voltage quality at load

bus is improved while sharing coefficients are not influenced. This control layer can also

! Low Bandwidth Communication Link
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be used for management and online optimization of the microgrid as it is explained in
chapter VII. For online optimization of the microgrid, management system in the
secondary layer receives data of microgrid configuration, emissions, fuel availability and
cost, weather conditions, the spot-market price of electricity, etc. and computes the new
solution of the objective function. The new sharing factors, which are the solution of the
objective function, will be sent to local controls afterwards.
4.1 ALLEVIATION OF VOLTAGE MAGNITUDE AND FREQUENCY
DEVIATION AT THE LOAD BUS

Control of active and reactive power sharing by means of droop control method is
performed through setting of the slope of droop characteristic line; |V[-Q droop for
reactive power sharing and f-P droop for active power sharing. Bias of droop
characteristic line is supposed to be the rated voltage magnitude for |V|-Q droop and rated
frequency for f-P droop characteristic as it is shown in Figure 2.5. Bias of droop
characteristic line should be equal for sources throughout the grid. In Figure 2.6, it can be
seen that, keeping the slope of droop lines constant, increase or decrease of the bias does
not affect the sharing status. Control of frequency and voltage magnitude at load bus is
performed through setting of droop lines bias. Secondary control receives information
about voltage magnitude and frequency at load bus through LBCLs and two PI
controllers, which are properly designed to maintain voltage magnitude and frequency
close to their rated values, send Af'and A|V] signals to local controls. Since the changes in
the bias of droop lines are equal for all of the sources, sharing condition is not impacted.
Figure 4.1 shows voltage magnitude and frequency correction loop in the secondary

control.
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Figure 4. 1. Voltage magnitude and frequency control loop

4.2 VOLTAGE BALANCING AT THE LOAD BUS

Voltage at load bus can be balanced by tuning the negative sequence voltage at
generation units. In order to do that, negative sequence voltage at load bus is measured
and its magnitude is compared with zero. If the difference is inside a permissible band, no
change is required in the voltage of the sources. Otherwise, the difference is inserted to a
properly designed PI controller where the controller output is transmitted to local controls

through LBCLs along with the phase of negative sequence voltage to be added to be

added to source voltage reference value.

A complication in load voltage balancing is that negative sequence voltage of the

source is already tuned in order to share unbalance current of the load among sources
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with proper sharing ratios. Therefore, change of negative sequence voltage of sources
should be in such a way that unbalanced load sharing is not affected. When load
balancing in not implemented in the secondary controller, unbalance current has two
parts as mentioned earlier in chapters Il and Ill. One is due to the existence of the
unbalanced load and positive sequence voltage and the other part is due to negative
sequence voltage which is applied locally to control unbalance load sharing. According to
general definition of unbalanced current:

" =Y3,.UP — Y330 (4-1)

with the definition of the parameters as in chapter 1. With CPC decomposition unbalance

current is:
I'= APUP — Y U (4-2)
with the definition of the parameters as in chapter IIl. In (4-1) and (4-2) negative

sequence voltage is set so that unbalanced current is shared properly among converters.
Addition of a new part for U™ in the right hand side of the above equations in order to
balance the voltage at load bus, should be in such a way that it does not affect unbalance
current sharing. In order to maintain the proper sharing ratios a controller is used in the
secondary control layer which receives the magnitude of negative sequence current at
converter outputs through LBCLs. This controller dispatches control signals to each local
control system in order to tune the magnitude of negative sequence voltage which is
applied locally so that sharing condition of unbalanced current remains at the desired
state while load bus voltage is also being balanced to the permissible limit. Unbalanced

current can be written as:

In - Y32.UP - Y33. [(Un + AUTL) + Ul‘;l] (4"1)
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In the above equation, U™is the negative sequence voltage which is computed and applied
locally to share unbalanced current when load voltage balancing controller does not exist.
Up is the output of the voltage balancing controller which is added to source voltage in
order to balance voltage at load bus. Phase of this voltage is in accordance with the phase
of negative sequence voltage at load bus. AU™ is a voltage, in phase with U™ and is added
to correct the sharing ratios after addition of UJ to source voltage. Load bus voltage
balancing control loop of the secondary control layer is shown in Figure 4.2
4.3 REDUCTION OF VOLTAGE DISTORTION AT THE LOAD BUS

When load is nonlinear voltage drop across line impedance leads to distortion on
the voltage at load bus. Also harmonic sharing control which adds a distorted voltage to
voltage reference value in local control causes the increase of distortion on load bus
voltage. Harmonic components of the load bus voltage can be minimized by tuning the
output voltage of the generation units. In the secondary control layer, each main
harmonic component of the load bus voltage is calculated, compared with zero and
inserted to a properly designed Pl controller which generates the signal for the
appropriate voltage of that harmonic order which needs to be added to the source voltage.
One controller is required for each harmonic order. The number of considered harmonics
depends on THD reduction requirements at load bus as well as load current
characteristics. The voltage signal which is generated by each controller is transmitted to
local control through LBCL to be added to voltage reference. It should be noted that
change of harmonic currents of the load due to the addition of harmonics to source
voltages is very small and negligible. Also, since the harmonic voltages that are added to

different sources are identical it does not generate a flow of harmonic currents between
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power sources. Figure 4.3 shows the control loops in the secondary control layer that are

used to minimize voltage THD at load bus.
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Figure 4. 2. Voltage balancing at load bus along with control of unbalance load sharing
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Figure 4. 3. THD minimization at load bus by secondary control

4.4 SIMULATIONS

Secondary control layer was added to the simulation files which were used in

chapters Il and Ill. The configuration of the system is shown in Figure 4.4. In chapter I,

power-based load sharing was simulated. After switching of the load which is nonlinear

and unbalanced, the magnitude and frequency of the voltage at load bus deviate from

rated values and voltage is distorted as well as unbalance. Secondary control is added

here to improve quality of the voltage. Parameters of the system and sharing strategies
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Figure 4. 4. configuration of the simulated system

are the same as shown in table 2.1. Figure 4.5 to 4.8 show that after addition of the
secondary control layer sharing condition remains as desired. Compared with the results
in chapter 1l it takes more time for the load components to reach their steady state values
which is because of the slow correction of voltage due to low bandwidth of the secondary
control. Figure 4.9 and 4.10 show voltage magnitude and frequency during the simulation
time. It can be seen that at the time of switching, a deviation appears on frequency and
voltage magnitude which is corrected by the secondary control. Figure 4.11 shows the

unbalance voltage magnitude at load bus. After unbalanced load switching, a negative
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sequence voltage appears at load bus which is removed by the secondary control
afterwards. THD of the load bus voltage is measured both before and after the secondary
control implementation and shown in Figure 4.12 and 4.13 which indicate the
improvement of THD by the secondary control. Figure 4.14 shows three phase voltages

during and right after load switching that confirms power quality increase at load bus.
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RMS Value of the Harmonic Currents of the Two Sources
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Figure 4. 7. Sharing of harmonic current between the two converters with ratio of 2/1
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Frequency Correction by The Secondary control
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Reduction of Voltage THD at Load bus by The Secondary Control
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Figure 4. 13. Reduction of Voltage THD by the secondary control
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In the simulations of chapter Il current-based load sharing according to CPC
power theory was shown. In this chapter, secondary control is added to that simulation
with the same parameters and sharing strategy. Figure 4.15 to 4.18 show that addition of
secondary control does not corrupt sharing ratios. Figure 4.19 to 4.23 show the
performance of secondary control in improving the power quality indices and Figure 4.24
confirms that by showing the three phase voltages during and after switching of the load.

Figure 3.10 shows these voltages before the secondary control is implemented.
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Figure 4. 16. Sharing of reactive current between the two converters with ratio of 1/2
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Unbalance Current Sharing
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Figure 4. 18. Sharing of unbalanced current between the two converters with ratio of 1/2
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Voltage Balancing at Load Bus
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Figure 4. 21. Elimination of negative sequence component of the voltage at load bus
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Voltage THD Reduction at Load Bus by the Secondary Control
0.5

2
=~
[

&
IS

=
15
h

Harmonic Load swi¢hed ON Harmonic Load switched OFF
/

\ ¥

=
[

2
[
G

=
¥

&
—-
v

Total Harmonic Distortion

\_ \L
0.5 1 1.5 2 2.5 3
Time (s)

o

o o
& =
~

=]
o
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Voltage Improvement of Load Bus after Load Switching
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Figure 4. 24. Improvement of quality indices of the voltage at load bus - three phase voltages

45 SUMMARY

Switching of loads in an autonomous microgrid has an adverse impact on the
quality of voltage. While load switching generally affects the magnitude of voltage at the
load bus, nonlinear and unbalanced loads cause distortion and imbalance on the load
voltage. The effect is increased by the performance of the load sharing units in local
control systems. The load sharing unit also impacts the frequency of the system after each
load switching. As local controls are operating in accordance with each other they cannot
individually act toward voltage quality increase or the sharing condition will be
disrupted. In order to improve the quality of voltage at load bus a secondary control layer
was designed in this chapter which receives power quality indices of the load bus and
applies correction signals to each local control system so that along with load voltage
improvement, sharing conditions remain as desired. Control loops for improvement of
each voltage index i.e. voltage magnitude, frequency, imbalance and distortion were
presented. Simulation results verify the performance of secondary control in increasing

power quality and confirm that desired sharing conditions are maintained.
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CHAPTER V

DESIGN OF THE CONTROL PARAMETERS AND STABILITY ANALYSIS

In this chapter, the controller structure and parameters of the local control system as well
as secondary control will be designed and analyzed from the viewpoint of stability issues
for the range of variables. It is shown that control system is stable with reasonable
stability margins.

5.1 CURRENT CONTROL LOOP

This loop is the most inner control loop and should have the highest bandwidth among all
control loops. This is important considering the high bandwidth of voltage reference
when converters are being controlled in coordinated with each other to supply a harmonic
and unbalanced load. This controller can be of any type such as PID controller, adaptive
deadbeat controller, P + Resonance controller, etc. For a converter supplying a load in an
autonomous operation such as in Figure 5.1 a deadbeat current controller is designed and
compared with a Pl controller. The parameters of the grid are shown in table 1
considering that output AC voltage is not controlled in this step and only output current is
being controlled. Figure 5.2 represents the response of these two controllers to a distorted
current reference, shown with dots. Although deadbeat current controller causes a delay
of two modulation period due to the nonzero computational time of the microprocessor
and the conversion time of A/D converters, it shows a better dynamic response [56].

Therefore, Current controller is chosen to be a deadbeat controller.
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5.2 VOLTAGE CONTROL LOOP

Voltage controller is chosen to be a PI controller designed in rotating synchronous frame
for both positive and negative sequences of voltage as shown in Figure 5.3. The
performance of this controller will be compared with that of a deadbeat voltage controller
after it is designed. Figure 5.4 shows the block diagram of the inner loop controllers with

the converter model.
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Figure 5. 3. Configuration of the voltage controller
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Figure 5. 4. Voltage and current controller loops with converter model

Where:
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T
1-s-%

- PWM transfer function is Gpyy(s) = — ; which is the first order Padé

1+ST

approximation of PWM delay in continuous time domain.

Vbc

- Converter transfer function is G.yny. (S) = with Rrand L¢ being
FHLy

resistance and inductance of the output filter.

- Pl transfer function is Gp;(s) = Kp + %

Circuit parameters data are given in table 1.

Table 5.1: circuit parameters of the system

Inverter output AC voltage : 120 Vrms Output fundamental frequency (f,): 60Hz
Inverter DC bus voltage: 700V Output filter Inductance (L;): 1mH
Switching frequency (f;): 12kHz Output filter Resistance (R;): 0.02 Q
Sampling frequency (f.): 12kHz Output filter Capacitance (C;): 122.623 uF

Since deadbeat current controller is dynamically equivalent to a two-modulation-

period delay, by using Padé approximation, the current control loop can be approximated

by
1-sTs
Ger—1(s) = 1+2Ts (5-1)
Therefore open loop transfer function of voltage controller is:
15T 1 K -
Gor-v(s) = 15Ty s/ (Kp + < (5-2)

Magnitude of G,,_, at cross-over frequency is 0 dB and phase of that at this frequency

yields phase margin of the system.

|GOL—V|w=wcl =1
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Calculation of the magnitude of G,;_y at w,; in(5-2) gives:

f 2. Kp2+K;?
N (5-3)

wa?Cr

And for phase margin we’ll have:

~180 + PM = —180 — 2 tan™*(w;. Ty + tan-l(%) (5-4)
Voltage controller needs to have at least a cross-over frequency of w, = 5000 rad/s
for a proper performance of converter in sharing harmonic components of load current.
Substituting Kp = 0.592 and K; = 793 in (5-3) gives the required cross-over frequency.
Also plugging in the values for w,, , Kr and K; in (5-4) yields PM = 30°. Gain margin
can also be calculated whichis GM = 6.7 for these parameters. From (5-2):

— TsKps?+(Kp—Kj.Ts).s+K]

Gor-v(s) = ToCps3+Cr.52 (5-5)
Therefore closed loop transfer function of the voltage controller is:
- 2 -
GCL_V (S) — TsKps +(Kp—K|.Tg).s+K; (5-6)

T5.Cp.53+(Cr—TsKp).s*+(Kp —Ky Ts).s+K]
Plugging in the values of parameters and calculating the closed loop system poles gives:

s, = —2600 + 5800j

s, = —2600 — 5800/

s; = —1870

Bode plot of open loop transfer function is shown in Figure 5.5 with stability
margins. Figure 5.6 shows zero-pole locations of the closed loop system. Figure 5.7
shows the locations of zero-poles of the discretized system with Ts=1/f;=1/12000 s. In
Figure 5.8 performance of the designed voltage controllers to a voltage reference which

includes harmonics as well as unbalance component is shown.
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Deadbeat voltage controller is also designed for the system and response of the
system with deadbeat voltage controller is compared with that of synchronous frame PI
controller to identical voltage references. For the voltage control application, sampling
period of the deadbeat voltage controller should be two times the sapling period of
current controller. The delay of the voltage control would be 4 times switching period. In
this dissertation switching frequency of the converters is 12 kHz which means the delay
of deadbeat voltage control would be 4/12000 seconds which is equivalent to 7.2 degrees
phase delay in voltage waveform which makes the deadbeat control inappropriate for this
application especially with regard to the need for harmonic and unbalance voltage

control. Deadbeat voltage controller response is shown in Figure 5.9.

ode Diagram
Gm =6.74 dB (at 1.06e+004 radfs) . P = 29.8 deg (at 5e+003 radis)
T T T

ase (deg)

Figure 5. 5. Bode plot of voltage controller
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Figure 5. 6. Zero poles of voltage control closed loop system

Figure 5. 7. Zero poles of the discretized voltage control closed loop system
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PI Voltage Controller Performance

Reference and actual voltages (V)

0.03
Time (s)

Figure 5. 8. Response of the designed PI voltage controller

Deadbeat Voltage Controller Performance

Reference and actual voltages (V)

Time (s)

Figure 5. 9. Response of deadbeat voltage controller for this system

5.3 VIRTUAL IMPEDANCE LOOP
Figure 5.10 shows the control loop for virtual impedance implementation. In this
loop, G¢i_y(s) is closed loop transfer function of voltage controller and converter

system. Gg; (s) is transfer function of a second order low-pass filter with cut-off
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frequency w, = 2 * 10 and damping factor § = 0.9 , R, and L, are output resistance

and output inductance of the converter and R, and L, are virtual resistance and virtual

inductance.
Vet + G Vout 1 I, >
h — R, +sL,
Ry+sLyje— Gfil. |«
Figure 5. 10. Virtual impedance loop
Gru(5) = gt — (57)
fulS) = s2+28wes+w,?

In order to extract certain harmonics of current (fundamental component for
virtual impedance implementation in above block diagram and other harmonics for
harmonic sharing loop), it is multiplied by sin(nwt) and cos(nwt) where n is the order
of the harmonic. DC values of the two obtained signals which are extracted by a second
order low-pass filter are real and imaginary parts of the n™ order harmonic of current.

Closed loop transfer function of virtual impedance loop is:

Gel-v

_ Ro+sL
GCL—vir(s) - 1+ Gol—v ‘; ] OR +sL (5'8)
Ro+sLg” Fil-( Ry+SLy)

Range of variation for R, and L, is calculated with regard to nominal power of
the source. Considering R, =162 and L, = 1.7 mH poles of closed loop transfer
function are calculated as:

s, = —2600 + 5800j
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s, = —2600 — 5800j

s; = —1870
s, = —930

ss = —60 — 40j
s¢ = —60 — 40j

Root locus of the system in MATLAB shows that variation of output impedance
magnitude has a very small impact on the location of system poles. Also variation of
angle of the output impedance has a negligible effect on the location of the poles. Note
that line impedance provides a bias for output resistance and output inductance of the
converter.

Following the same method for calculation of closed loop poles of the harmonic
sharing system we can see that poles are always in the left half of the s-plane. For each
harmonic component to be shared among converters, a pair of poles is added in left hal f
plane.

5.4 DROOP CONTROL LOOP

Figure 5.11 shows the block diagram of droop control loop where G¢; _pir(S) IS

the closed loop transfer function of virtual impedance loop including voltage controller

and converter system.

L] 2-19%
2+ T%

nom -+ i Xv I

Xy —P._> GeLavir

vo

Figure 5. 11. Droop control loop
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Dynamic for calculation of power/current components is approximated by a line
frequency period delay. In this figure I, represents any of the components of
power/current and X is a characteristic of output voltage which directly impacts I,. The
slope of droop characteristic for this component of current is represented by S,.
Calculation for the locations of poles of closed loop transfer function of this system
yields the following poles.

s1 = —3100 + 6200j

s, = —3100 — 62005

s3 = —1500

&
[

= —230 + 360/
ss = —230 — 360j
s¢ = —60 + 30j

s, = —60 — 30j

5.5 SECONDARY CONTROL LOOP
Figure 5.12 shows the secondary control loop where R, and L_ represent
resistance and inductance of transmission line. A calculation delay of Ty is considered for
extraction of load bus voltage parameters i.e. frequency, magnitude, imbalance
component and harmonic component. In this figure, X, represents any of voltage quality
parameters.
A delay is also considered for low speed communication link as of 1 second. In this

control diagram calculation delay and communication delay are:
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2—-0.017s
2+0.017s

Gear(s) =

2-s
2+s

Geomm.(S) =

Gpi(s) = Kp + ?

AV,

GCL-V

(5-9)

(5-10)

(5-11)

VO o (RG_RL)+(L0_LL)S VLoad

R, +L,s

\ 4

Communication
Delay

<

PI
Controller

+ X

Calculation
Delay

Xref. ‘ )

v

Figure 5. 12. Secondary control loop

Choosing the PI controller parameters as K, = 0.1 and K, = 0.5 gives a gain

margin of GM = 17 and phase margin of PM = 72°. Closed loop transfer function was

calculated which by plugging in the parameters of the system and controllers, pole

locations of the system are found as follows:

sy = —2500 + 6300j

s, = —2500 — 6300/

s3 = —1800
s, = —940
ss = —100
S¢ =S, =-—1

Figure 5.13 shows the entire control block diagram of the system.
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Figure 5. 13. Entire Control block diagram of the system
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56 SUMMARY

Stability of the control approach that is presented in this dissertation was analyzed
and control parameters were designed in this chapter. Performance of the controllers was
compared with other types of controllers when appropriate. For current controller,
voltage controller, droop control loop, as well as the secondary control loop, the closed
loop transfer function was computed and pole locations were calculated. Analyses

showed that the proposed control system is stable for the entire range of operating points.
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CHAPTER VI
MICROGRID OPTIMIZATION IN THE PRESENCE OF STORAGE, PV AND WIND

POWER UNITS

In grid-connected mode of operation, the objective of a microgrid is to export a
controlled amount of active and reactive power into an established voltage. This is
performed through the control of active and reactive components of current in the
current-source mode of converter operation. The power demands themselves come from
the Management System of the microgrid with the exception of Photo Voltaic, heat-led
CHP! sources, wind power units and storage systems, which generate autonomously [2].
These types of power sources follow the active power reference generated by an internal
control system such as MPPT? system or SOC?® controller. Whereas the task in grid-
connected mode is to control current into an established voltage, the task in autonomous
mode is to establish that voltage by operation of the converters in voltage-source mode.
Optimization of an autonomous microgrid by sharing each power/current
component was presented in chapter Il and Ill. In order to share power/current
components of the load among converters, output voltage of converters, which are
operating as voltage sources, are manipulated and set through sharing control loops.
Generation of power/current components by converters in the microgrid is proportional to

their sharing coefficient. The exact amount of generation of power/current components

! Combined Heat and Power
2 Maximum Power Point Tracking
3 State Of Charge
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by each converter depends on the existing load and cannot be set by sharing coefficients,
whereas for some types of power sources such as PV, wind power units, and storage
systems there are local criteria for active power/current generation which have priority
over global optimization function. These criteria might be increase of efficiency through
MPPT system, Maintaining SOC of the battery in storage system, etc. These types of
units can be operated in current-source mode so they can follow active power generation
commanded by local control system; however in this mode they lose the coordination
with other converters for sharing other components of power/current. This may lead to
either the requirement for installation of parallel converters to provide reactive, harmonic,
and unbalance current, or the occupancy of the capacity of the other interface converters
which results in less capacity for active power generation by those power sources. In this
chapter, a variable droop control scheme is proposed which allows the active current for
interface converters of PV, wind power sources and storage systems be set to the value
which is computed locally according to the information received about weather, battery
SOC, etc. while those inverters contribute in the generation of the other components of
the current with other converters according to the sharing factors that are set by the
Management System toward a global optimization function. The rest of demanded active
current is shared among other types of power sources.
6.1 POWER UNITS WITH LOCALLY CONTROLLED ACTIVE POWER
6.1.1 PhotoVoltaic

This type of power source consists of converting energy from sunlight to

electrical power by means of photo cells which are connected together in modules or

arrays. The efficiency of PhotoVoltaic power source is between 10%-15% [57]. Output

! PhotoVoltaics
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voltage of photo cell modules or arrays is a DC voltage that is generally required to be
boosted to a higher level before being applied to the inverter. Figure 6.1 shows a general
configuration of a PhotoVoltaic system.

There is a control system that according to weather condition sets the parameters
for output voltage and current of the source in order to optimize the operation by
extracting the maximum amount of power from the array at each weather condition. This
control is called Maximum Power Point Tracking system. MPPT system command may
affect either boosting DC-DC converter or the interfacing inverter. If MPPT output signal
is sent to DC-DC converter, this converter transmits the requested active power from
photo cells to DC bus. Interfacing inverter would be in charge of controlling the DC bus
voltage level and supplying the power from DC side to AC grid. It is usually operated in
current-source mode assuming that the AC voltage is strong enough already. In the case
when MPPT system sends active power reference to DC-AC converter, this converter
transmits the requested active power from a constant-voltage DC bus to AC grid where
DC-DC converter is responsible to provide a constant voltage on the DC bus by
transmitting the required power, which is equivalent to output power of inverter in steady

state, from photo cells and battery to DC bus.

DC-DC Converter 3 phase Inverter

A +

- "~

—rm \ Microgrid

Figure 6. 1. PhotoVoltaic power source
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6.1.2 Wind Power

Wind turbines convert kinetic energy of the wind to electrical energy. They use
synchronous generators or induction generators to generate AC voltage. If a synchronous
generator is driven by the wind turbine, an interface power electronic converter is
required to connect to the grid whereas induction generators can be connected directly to
the grid. Connection of a wind turbine-generator to the grid through power electronic
converter unit is shown in Figure 6.2. This unit is usually made of a rectifier, a boost i
converter and an interfacing inverter.

Wind energy although abundant, varies during the day as speed of wind varies. A
control system is required to optimize the operation of the wind power unit by
maximizing the energy harvest at any given time. Regardless of the control
implementation method, Maximum Power Point Tracking system in a wind turbine unit
receives wind speed information and generates the reference signal for output power of
the unit. It may also control blade angle of the turbine. One option for MPPT system is to
send reference signal for active power to DC-DC boost converter, in that case, interface

inverter is controlled to maintain DC bus voltage constant. The inverter is usually

3 phase Rectifier 3 phase Inverter
+ —rn Microgrid
- ~ q .
S
Gen. ~ + L]

Figure 6. 2. Wind power source
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controlled in the current source mode and non-active currents can be controlled to match
the grid requirements locally. Another option for MPPT is to send active power reference
to interface inverter. In that case, the DC-DC converter is in charge of controlling DC bus
voltage by transmitting the appropriate amount of active power, which is in steady state
equivalent to the inverter output active power, from wind turbine and battery to DC bus.
6.1.3 Storage Systems

Battery storage is generally used in a microgrid to harvest the excess energy
during low loading condition and release this energy back to the grid when it is needed,
in order to eliminate the need for costly generating units. Figure 6.3 shows a storage
system configuration. There is a control system in a battery storage unit that decides
whether the battery should operate in charging mode or discharging according to the
loading condition. This control has the information of daily loading profile and its output
is based on the time of operation. It is also important to maintain State Of Charge of the
battery inside the permissible boundary. Therefore it might not be possible for storage to
generate active power even if loading condition is high or absorb active power even if

loading condition is low. SOC controller sends the active power signal to power

Bidirectional
DC-DC Converter 3 phase Inverter
- s S Microgrid
=
| | — —

Figure 6. 3. Battery Storage unit
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electronic unit. Power electronic unit might have different control systems for charging
and discharging modes. If active power reference signal is sent to the front end DC-DC
converter, the inverter is required to maintain DC bus voltage constant but if active power
reference signal is sent to inverter, the DC-DC converter maintains the DC bus voltage.
6.1.4 Required control system

In all of the power sources that were mentioned above, interfacing converter
usually operates as a current source to comply with the active power generation requested
by MPPT or maintain the DC bus voltage. It can also generate non-active currents
according to the grid requirements as a local compensator. But, it is not able to be
operated in coordination with the other units to share the required non-active current
components as discussed in chapter Il and IlI. In this chapter a control system is designed
that allows the active current to be set to the value that is commanded by MPPT system
or SOC controller while the converter is able to also contribute to generation of other
components of the load current in coordination with other converters in the grid. In the
proposed approach the interfacing converter operates as a voltage source and the control
of the microgrid is distributed.
6.2 PROPOSED CONTROL SCHEME

In principle, Management System of the microgrid defines how any of the
power/current components is required to be shared among power converters in the
microgrid, according to an objective function. Sharing coefficients for each converter are
constrained by the rating of primary source as well as rating and the configuration of the
interface converter. As mentioned above, PV units, wind power sources, and storage

systems are preferred to follow their internal command for active current generation to
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achieve maximum efficiency. Distributed and coordinated control methods presented in
chapters Il and 1l which enables sharing current components among converters only
enables determination of sharing coefficients and the exact output current would depend
on the existing load. A control method is presented here in which a control loop as shown
in Figure 6.4 is added to the local control system of these types of units. By this method
the advantage of sharing current components is maintained while active current
component is particularly controllable. This control loop sets the bias of active current
droop characteristic to control output active power to the value set by MPPT. Dynamic
change of the frequency at these units versus the other sources in the microgrid results in
a phase shift which causes a change in active current flow. As mentioned in chapter 1V,
sometimes a secondary control system controls bias of droop characteristics of all
interface converters in the microgrid to compensate for the frequency error resulted from
droop control method. This control layer does not disturb the control of active current
generation at these power units since the relative change in bias frequencies of droop
controls made by this layer, with respect to the other converters, is zero. Secondary
control can perform other functions as well to further improve quality of the voltage as
mentioned in chapter 1V. In the simulations of this chapter, control of frequency and the
magnitude of voltage at the load bus is considered for secondary control

If active power/current reference from MPPT or SOC controllers is applied to the
inverter, local controller matches the output current /power of the unit with that reference,
while if the reference is sent to the front-end converter, the interface inverter would be in
charge of DC bus voltage control which results in equality of active power reference and

the actual value in steady state, regardless of power losses. Figure 6.5 shows the proposed
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control loop added to inverter control system when active power reference is applied to

the front-end converter.

Microgrid
vV 3t
Active current controller abc 4
ref Afo Iabc 4_,'\_"—3

fETSBE = -a{ o0,
Cont.

-A

v
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Voltage and
Current Volt?ge Curgrent
Vabc_ Decomposition Gw ave otl_'m ™ Control
> eneration loops
I 1, | 1
L,hb Non-active |V+V-Vh
p current sharing Vd
c

Figure 6. 4. Output active current control loop - Reference directly sent to interface inverter

Microgrid
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| \ 4
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Figure 6. 5. DC voltage control loop - Reference sent to front-end converter
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Simulation results for both cases show that by using this control scheme, active
currents of PV units, wind power units, and storage system follow the reference from
MPPT system and other components of current are shared with specified sharing
coefficients. In the case where active power reference is followed by the front-end
converter, the interface inverter is able to maintain DC bus voltage at the rated level.
Figure 6.6 shows the entire local control system of each converter with active power
reference sent to the inverter while Figure 6.7 shows it for the case where active power

reference is sent to front-end converter.

Load bus voltage and Central secondary control system
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Figure 6. 6. Entire local control system - Reference sent to interface inverter
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Figure 6. 7. Entire local control system - Reference sent to front-end converter

6.3 SIMULATION RESULTS

The proposed control scheme has been applied to a microgrid comprised of two
converter-interfaced power sources which are connected to a load center through
transmission lines. One of the sources is a Photo Voltaic energy source and the other one
IS a micro-turbine generator set. The load center consists of a constant balanced load and
a switched load which includes balanced, unbalanced as well as harmonic load. Figure
6.8 shows the simulated microgrid. Table 1 shows the circuit parameters of the microgrid
which are used in the simulation. Management System sets the sharing coefficients for
each current component. PV unit generates active current in accordance with the MPPT
system and shares the other components of the load with the sharing coefficients set by
Management System. Secondary control sets bias of droop characteristics for active and
reactive current to control frequency and voltage magnitude at the load bus. For the

converters, interface converter of PV source is able to generate twice as much harmonic
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Figure 6. 8. The simulated microgrid

simulation shown in this chapter no specific optimization function is considered. It is

assumed that due to different structures as well as switching frequencies of the interface

Table 6.1. Parameters of the simulated system

DC bus woltage: 700V | Line 0.754+0.377j
impedance:

AC bus rated RMS | 120V | Virtual 0.754+0.377j

woltage (phase): impedance:

AC bus rated | 60Hz Constant 22.5kW + 22.5kVar

frequency: loads:

Switching frequency: 12kHz | Switched Unbalanced load of 12kW + 8kvar and a
Load: thyristor rectifier with firing angle of 30 degrees

LC filter inductance: 1mH Load Case 1: t=0.5 s (switching on) and t=1.5 s
Switching (switching off)
times Case 2: t=1 s (switching on) and t=4 s

(switching off)

LC filter capacitance: 123uF | Strategy of | Harmonics with the ratio of 1/2, unbalance
the sharing | current with the ratio of 2/1 and reactive current
control: equally. Active current of PV is controlled by

MPPT which varied during the simulation, and
the other source generates the rest.
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as the other converter generates, but due to a smaller capacitor on the DC bus, it is set to
generate half as much unbalance current as the other one generates to reduce ripple on the
DC bus voltage. Reactive current is set to be shared equally between the two converters.
Case 1: Inthe case 1 of the simulations active power reference from MPPT is
sent to the interface inverter and DC bus is assumed to be controlled by the front-end
unit. Active current of PV source follows the MPPT command which varies fromt=3 S to
t=3.5 S and the other source is expected to supply the rest of demanded active current.
The switched load is switched in at t=0.5 S and switched out at t=1.5 S. Figure 6.9 shows
the active current of the two sources along with the MPPT reference for PV active
current. It can be seen that PV follows the MPPT command regardless of the value of the
load and the other source supplies the rest of the demanded load. When MPPT command
changes from 75 A to 125 A the other source changes its output active current in the
opposite way to keep the balance between load and generation. Figures 6.10, 6.11, and
6.12 show reactive, harmonic and unbalance current sharing between the two sources,
both with and without the switched load. It can be seen that sharing of the other
components is done with the sharing coefficients requested by the Management System
which are shown in table 1. Figure 6.13 and 6.14 show magnitude and frequency of the
voltage at load bus. It can be seen that by the performance of the secondary control
voltage magnitude deviation from 120 V and frequency deviation from 60 Hz are always
compensated. Secondary control which works by setting the bias of active and reactive
current droop characteristics does not disturb the performance of the active current

control for PV source.
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Contribution of the two sources in generation of load active current
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Figure 6. 9. Active currents of the two sources and MPPT command for the PV source
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Figure 6. 10. Sharing of reactive current equally between the two sources
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Harmonic Current Sharing
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Figure 6. 11. Sharing of harmonics between the two sources; PV interface converter generates
twice as the other interface converter

Unbalanced Current Sharing

— — — —_ —
(=] (%) = [=} (=]

Unbalanced Currents (A)
ca

Time (s)

Figure 6. 12. Sharing of unbalance current between the two sources; PV interface converter
generates half as much as the other interface converter
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Load Voltage Magnitude Correction
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Figure 6. 13. Reinstatement of voltage magnitude at load bus by secondary control
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Figure 6. 14. Correction of the frequency at load bus by secondary control

102



Case 2: Inthe case 2 of the simulations, active power reference from MPPT is
sent to the front-end DC-DC converter and interface inverter maintains DC bus voltage
constant. The duration of the simulation is 10 seconds. Active power reference for PV
source is constant until t=7 S when it keeps increasing linearly all the way up to t=8.5 S.
The switched load is switched in at t=1 S and switched out at t=4 S. Output power of the
inverter matches the reference from MPPT in steady state and the other source is
expected to supply the rest of demanded active current. Interface inverter controls DC bus
voltage which is shown in Figure 6.15. Figure 6.16 shows the output active power of the

inverter which matches MPPT command reference regardless of losses.

DC bus voltage control by interface inverter
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Figure 6. 15. Control of DC bus voltage by the inverter under load switching and variation of
active power injection by front-end converter
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%10 Active Power of the two Sources
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Figure 6. 16. Active power of the two sources under load switching and MPPT command
variation

6.4 SUMMARY

Because interface converters in the cooperative control method operate in voltage-
controlled mode, output current depends on the existing load, while for some types of
power units such as PV and wind as well as battery storage units, output active current
need to be set internally. If these units operate in current-controlled mode to set their
active current to an internally made reference, distributed controls such as droop control
method cannot be applied to these units to contribute to sharing of other current
components. In this chapter, a control method was presented which enables PV and wind
power units as well as storage systems to generate the active current which is commanded
from their MPPT/SOC control system while contributing to generation of the other
current components with respect to the sharing coefficients that are set by the

Management System. The added control loop manipulates the bias of active current
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droop characteristics to set the output active current as required. The secondary control
also adjusts the bias of active and reactive current droop characteristics to control
frequency and voltage magnitude at load bus, but this does not disturb the active current
control as the relative change in the bias of active current droop characteristics of
converters made by secondary control is zero. If active power reference is applied to the
front-end converter, that converter will function like a current source to the DC bus.
Then, interface converter would have the duty of maintaining DC bus voltage at the

required level. Simulation results show the validity of the presented control scheme.
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CHAPTER VII

MICROGRID POWER MANAGEMENT SYSTEM

Coordinated control of converters in a microgrid was presented in previous chapters and
it was shown how converters in an autonomous microgrid can share components of
power /current without any communication with each other. It was also shown that
converters can improve the quality of load bus voltage by operating in cooperation
through secondary control. Control of converter current based on CPC power theory
enables the microgrid to independently share current components among converters such
that each power source generates different ratio of each current component as shown in

Figure 7.1 which might be required for optimization of various parameters in a microgrid.

Sharing coefficients for
each current component

Power Management
System

Unbalance Current

K A Reactive Current
T Active Current
Interface Interface Interface Load Center
Converter #1 Converter #2 Converter #3

_______________________________________________

Figure 7. 1. Independent sharing of each current component
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The scope of a microgrid's operational objective is not limited to simply meeting
local power demands, but also considering factors such as emissions, fuel availability and
cost, weather conditions, the spot-market price of electricity, etc. [58]. In another words
there are local objectives such as feeding the loads as well as system-level objectives
such as stability, reliability and cost [59]. System-level objective functions or
optimization functions determine the coordination among converters. In order to
automatically set the coordination among converters and reset the sharing factors after
any change in the configuration of the microgrid or operating condition of the system, a
Management System is required so the system always remains optimum with no need for
human intervention. Control topology should be arranged in a way that ensures proper
coordination of sources throughout the microgrid with regard to the optimization
function. In some microgrid control configurations such as in [58] and [60] local controls
can talk together through a platform and no system-level control is utilized. In the
distributed control of an autonomous microgrid described in this dissertation, there is a
system-level control as well as local controls such as in [59]. In this scheme, local control
systems operate autonomously but their setting for current component sharing is reset by
the system-level control following any changes in the operating condition of the
microgrid. The speed of data transfer between local and system-level control doesn’t
need to be very fast, therefore a low-bandwidth communication link would be enough for
data transfer. PMS* in system-level control should be able to [61]

- efficiently share current components among power sources,

! Power Management System
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- quickly responds to disturbances and transients due to changes in the system

operating mode,

- determine the final power generation set-points of the DGs to balance power

and restore frequency of the system,

- provide means of resynchronization with the main grid.

In this chapter, different optimization functions for a Management System will be
reviewed and the most popular one will be extended and a mathematical representation of
that by the use of CPC power theory will be given along with simulation results. Such an
algorithm can be developed for other optimization functions as well by making use of
CPC theory.

7.1 OPTIMIZATION FUNCTIONS

Most of the optimization functions in previous works such as in [21, 23, 62] have
focused on sharing only active and reactive powers among power supplies; however,
optimization of the microgrid may require control over all major current components. In
[62] harmonic and unbalanced components are supplied by some specific converters in
the grid which are called compensators. These components are not shared among all
power converters as might be required for some optimization purposes. Authors in [63]
have recently used programmable resistive behavior to share harmonics with optimization
purpose of equal power loading. PMS in [64] shares active and reactive power among
inverter-connected sources in the microgrid using virtual frequency-voltage frame droop
control.

Various objective functions can be considered in the optimization of a microgrid.

These include [58, 61, 65, 59]
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Equal per-unit power loading of the units,

Minimization of economic factors such as fuel cost, operation and maintenance cost,
start-up/shut-down cost,

Maximizing the customer’s power availability and/or power quality,

Minimization of environmental impacts from the generators,

Minimization of total power loss,

Maximizing the total efficiency of the microgrid; kWh generated energy per kJ fule
consumed,

Improving the dynamic response and maintaining stability margins during and after

transients.

Minor objective functions may also be considered such as
Minimization of the need for storage system by maximizing load factor (smooth out
peaks and valleys of the load),
Maximizing Var support to the greater grid when operating in grid-connected mode,
Generation of reactive power as close as possible to the load to reduce power loss,

Minimizing the number of converters involved.

Among these, “equal loading utilization”, “power loss minimization”, “fewer

converters involved”, and “larger converters involved” have been more commonly used

[59]. There are also constraints that should be considered during the optimization, such as

power availability of a renewable resource, bus voltage and frequency requirements,

equality of load and supplies, and physical electrical characteristics of the microgrid.
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Constraints arising from phase current limits and avoidance of over-modulation may be
accounted for by more complex constraint functions.

Considering the independent controllability of harmonic and unbalance current,
other minor objective functions may be considered during the optimization process.

These include

a higher share of generation of harmonic and unbalanced currents by the converters
which are electrically closer to the loads to prevent deterioration of voltage quality at
load bus,

- a higher share of generation of unbalanced currents by converters with larger DC bus
capacitor to reduce ripple on DC bus voltage

- generation of reactive, harmonic and unbalance current by interface converters of PV

and wind power sources to fully utilize them when active power generation is far

below ratings,

- Improvement of voltage THD and voltage imbalance at critical load buses.

Constraints for the generation of harmonic and unbalanced currents are maximum
unbalanced current of the converter, maximum harmonic current of the converter,
microgrid voltage quality, allowable DC bus voltage ripple, etc. In the optimization
process, other sources of current components such as compensators also need to be
controlled in coordination with interface converters in order to contribute in generation of
some or all of the current components [66]. Interface converters need, at the minimum, to
have high enough ratings to supply the active rated power of the prime-mover, but the

final ratings need to be somewhat higher to be able to supply the necessary reactive
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power [67]. Considering harmonic and unbalance power necessitates even higher ratings

for interface converters. Energy storage should be provided to ensure the immediate

availability of energy for the load. The rating of the storage system depends on the

technology of the prime mover [67].

7.2 CONSIDERED OPTIMIZATION FUNCTION

In this chapter “equal loading utilization” which is more commonly used for
active and reactive power sharing is extended to all major current components.
Constraints such as rating and configuration of the converters and rating of the primary
sources as well as active current command from MPPT system of PV and wind turbine
power sources have been considered.

Microgrids may contain fuel cells, wind turbines, PV units, micro-turbines and
hydrogen power sources that are connected through interface converters along with
compensating converters which can contribute to the generation of non-active current
components.

The objective can be explained as follows:

e Power units with local reference generation for active current, such as wind power
units and PV units follow their local active current reference to increase the efficiency
of the unit.

e The additional required active current for loads will be supplied by the other units
with respect to the rating of the primary power supply.

e Reactive current of the load will be supplied by interface converters as well as

compensating converters, with respect to their remaining capacity.
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e Harmonic and unbalanced current are shared among all converters in the microgrid
according to their remaining capacity after the last step. If this lowers power quality
at a load bus below a certain limit, converters which are electrically closer to that load
bus will generate a larger portion of harmonic and unbalance to avoid voltage
distortion and imbalance due to harmonic and unbalance current transmission. Also, it
may be preferred that converters with larger energy storage on the DC bus, generate a

larger portion of unbalance current to reduce ripple onthe DC bus voltage.

e Constraints: Physical limitation of the microgrid characteristics, namely power
rating of generating units and current rating of semiconductor devices, is the primary
constraint. Equality of loads and supplies is always considered during the solution of
the optimization function.

7.3 MATHEMATICAL REPRESENTATION

Current components are calculated for each source in the microgrid according to
the optimization function.

a. Calculation of active current shares

Active currents of PV, wind, and storage systems, if,, iJ and ig

wind store’ are

determined by their local controllers. Additional demanded active current should be
supplied by other units.
if +15 4+ iy = ifpaq — (By + ihing T irore) (7-1)

where N1 is the number of all generating units other than PV, wind and storage systems.
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Considering (7-1), minimization of the following function, j?, yields active current
references for the rest of generating units. This means to minimize the difference between

active current loading percentages of these units.

N1
. . 2
im in
ia —
]J° = ( - (7_2)
lm—max ln—max
mn=1
m#%n

b. Calculation of reactive current shares

Equality of reactive power generation and consumption bring about:

i+ 4+t iy, = ioaa (7-3)
where N, is the number of all converters connected to microgrid both interface converters
and compensators.

Considering (7-3), and having known active current of power sources,
minimization of the following function, ', yields reactive current of both interface
converters and compensator units. This minimizes the difference between reactive current

loadings with respect to available capacity of the units.

:
Z &) (7.4)
\Jlm max” Jin_maxz 1%2/

mandn=1
m#n

Note that active current of compensators inthe grid is zero, (ifomp. = 0).
c. Calculation of harmonic current shares

Equality of harmonic loads and generation bring about
40+ iy =il (7-5)
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Considering (7-5), minimization of the following function, j", yields harmonic

currents of the converters.

Nc 2
‘h ‘h
l l
‘h / m n \
jh = E - (7_6)
. 2 .q 2 e 2 . 2 ) 2
\[lm—max —ln — lfn \[ln—max —ly — l‘)"’;.

mandn=1
m#n

Voltage THD' is checked at the load bus. If THD is not acceptable, share of units that are
electrically closer to the load are increased to prevent large voltage distortion due to flow
of harmonics through transmission lines.
d. Calculation of unbalance current shares
g+ ++ iy, = loaa (7-7)
Considering (7-7), minimization of the following function, j“, yields unbalance

currents of the converters.

Nc 2
‘u u
4 L
u / m n \
j* = E - (7-8)
, 2 .q 2 e 2 .h 2 , 2 .a2 2 .h2
\/lm—max —ln — l;n —Iln \[ln—max —lp - 111; —ln

mandn=1
m#n

Voltage imbalance is checked at the load bus. If it is not acceptable, share of units that
are electrically closer to the load will be increased until imbalance is below the
permissible limit.

During the solution of aforementioned equations, the constraint of maximum
power of generator units and maximum current of semiconductors is checked at each

step.

! Total Harmonic Distortion
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Sharing ratios for active and reactive current determines the slopes of
characteristic line of 1.—f and 1,—V droop control and sharing ratios for harmonic current is
inversely proportional to virtual harmonic impedance implemented in local control
system. Sharing ratios for unbalance current component is dispatched to each primary
control as well as the secondary control to be considered in calculation of unbalance
component of the output voltage reference for each converter.

7.4 SIMULATION

A microgrid comprised of three converter-interfaced power sources, which are
connecting to a load center through lines impedances as in Figure 7.2, is used to verify
the optimization method. Unit 2 is considered to be a unit with local reference generation

for active power such as a PV power unit and units 1 and 3 generate active power

____________________________________________________________________ .
:_Management System  -Unbalanced current |
| -Voltage magnitude and frequency -MPPT command of PV, wind and storage units -Settings for sharing unit |

— - —_—
| at System-level Local Control System 1 |
| LoadBus [ 7 Comm. Link Geonio) Low-Bandwidth Comm. Link : :
N J
Balanced Unbalanced Harmonic
Load Load Load
I ———— | —— ﬂ‘
] - |

L <

Sharing Sharing

Unit E % Unit E
Voltage Voltage
Control Control

Current |PWM
Control

| Local Control 2

I (PV unit)
Primary Source L e Primary Source Primary Source
#1 #2 #3
MICRO TURBINE PV Unit MICRO TURBINE

Figure 7. 2. Simplified model of a microgrid used for the simulation
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Table 7.1. Parameters of the simulated system

DC bus voltage: 700V Impedance of Line1: 1.508+0.754j
lines: Line 2: 0.754+0.377j
Line 3:  0.754+0.377j
AC bus rated RMS 120V Constant loads: | 1,=195A; 1,=222A;1,=0; I,=0
woltage (phase):
AC bus rated 60Hz Switched Load: | 1,=144A;1,=149A; 1,=33.5A; 1,=9.6A
frequency:
Switching frequency: | 12kHz Load Switching | t=0.5s (switchingon)and t=1.5s
times: (switching off)
LC filter inductance: ImH MPPT of [t=0s-3s: 1,=65A] ; [t=3s-3.55:
source 2: l,=ramp] ; [t=3.5s-4s : I,=115A]
LC filter capacitance: | 123uF CurrentRating | I1_max = Ia—max = I3—max = 2004
of each source:
Virtual impedance: 0.754+0.377j | Strategy of the Equal Loading Utilization with
system level consideration of load voltage THD level
control: and DC bus ripple
DC bus Capacitor: CI=1800uF | Secondary Load bus voltage amplitude control.
C2=900 uF | control Load bus frequency control.
C3=1800 uF | strategy:

to the sharing coefficients received from the management system such as a micro-turbine
generator set. The load center includes a constant balanced load, and a load which is
unbalanced and distorted switches ON at 0.5s and OFF at 1.5s. MPPT output of source 2
changes during the simulation. Load and MPPT command information is shown in table
7.1. Active current of source 2 is determined by MPPT and the rest of active power
required by the load along with reactive, unbalance and harmonic components of the load
current is supplied by the all of the units according to the share factors received from
system-level control. To clarify the simulation results, rating of the units are considered
to be equal. Initially the MPPT command is set to 65 A which results in almost equal
active power for the three sources and thereby equal reactive current due to equal ratings.

In high loading condition from 0.5s to 1.5s, active currents of source 1 and 3 change from
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65 A to 137 A to supply the load and active current of PV source remains unchanged in
steady state due to the unchanged MPPT command. Reactive currents of three sources
change according to (7-4). Reactive current of sources 1 and 3 which was initially 74 A
increases to 112.5 A and that of source 2 which was also initially 74 A, increases to 146
A. From 3.5s to 4s when with light loading condition, MPPT command changes, the
solution of optimization function keeps being updated and therefore active and reactive
current of the three sources change until MPPT command is constant again. The new
active current of source 2 is 115 A and that of sources 1 and 3 decreases to 40 A to
balance the load and generation. During this time a shift of reactive current load from
source 2 to source 1 and 3 occurs to satisfy optimization requirements. New reactive
currents of the three sources are 79 A, 64 A, and 79 A. Active and reactive currents of
sources are shown in Figure 7-3 and 7.4. Due to larger impedance of line between source
1 and load, harmonic current of source 1 is set to be half of harmonic current of the other
sources. Also due to a lower value of capacitance on the DC bus of the source 2,
unbalance current of source 2 is set to be half of the unbalance current of the other
sources. Harmonic and Unbalance currents of sources are shown in Figure 7-5 and 7-6.
System-level control also improves magnitude and frequency of load bus voltage after
each load change in the system by changing the bias of droop characteristics of active and
reactive current control. These results are shown in Figure 7.7 and 7.8. Simulation results
show the exact sharing of active, reactive, unbalance and harmonic current components

among sources as well as improvement of the load voltage.
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Figure 7. 3. Active current sharing among sources along with MPPT command for source 2

Reactive Current Sharing
160 ] .

140

120

100

80

60

Reactive Current (A)

40

20

Time (s)

Figure 7. 4. Reactive current sharing among sources based on the solution of optimization
function
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Figure 7. 5. Harmonic current sharing among sources
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Figure 7. 6. Unbalanced load sharing among sources
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7.5 SUMMARY

In order for a microgrid system to stay optimized after any change in the
configuration of the system, operating condition of the micogrid, or constraints for the
microgrid operation, a power management system is required so that it resets the
coordination settings among power units after any such change in the system. The
proposed management system in this chapter, not only coordinates the generation of
active and reactive power among units but also for harmonic and unbalanced currents.
Therefore, units with only non-active current generation capability such as compensators
and active power filters are considered too. The management system calculates the
sharing coefficients according to the considered objective function. It also receives
information of locally made active power reference from units such as PV and wind
power source. A commonly used objective function was considered in this chapter and a
mathematical approach based on CPC power theory was presented. The algorithm can be
established for other objective functions as well. A sample microgrid was simulated and
the results show that generation of each current component is controlled according to the
results of the solution for objective function. Power quality improvement at the load bus
was considered as a minor objective function and magnitude and frequency of voltage

was improved at this bus.
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CHAPTER VIII

CONCLUSIONS AND FUTURE WORK

8.1 CONCLUSION

In order to optimize various parameters in an autonomous microgrid or in
electrical islands such as shipboard distribution systems, aircraft distribution systems, or
offshore oil/gas platforms, control of power sources should be closely coordinated. This
work proposed a cooperative control method for independent control of load current
components to be shared among sources in a microgrid, so that converters in the
microgrid can contribute to generation of each current component in any percentage. This
cooperative control method is accomplished by utilizing the higher degrees of
controllability of power electronic converters compared to electrical machines, along
with advanced power theories and distributed control methods.

Coordinated control of all major components of the demanded current among
converters allows for an extended degree of optimization of a microgrid’s operation.
Sharing factors for each current component are determined by a management system
considering an objective function as well as constraints such as ability of the interface
power converters to provide each component of current. Converters’ abilities depend on
the availability of primary sources, converter rating, converter structure and switching

frequency. Thus, the constraints will be different for various converters and may even
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vary over time for a particular converter.

In the distributed control method each interface converter is controlled as a
voltage source where the exact amount of generation of current components by each
converter depends on the existing load as well as the specified share factors. However,
for some types of power sources such as Photo Voltaic, heat-led CHP* sources, wind
power units and storage systems, the reference value for the active current component is
determined according to a local control system. A control method was also presented in
this dissertation which enables these units to generate active current which is commanded
by MPPT/SOC control system while contributing to generation of the other current
components with regard to the sharing coefficients that are set by the management
system.

Microgrids in autonomous operation are prone to voltage magnitude deviation,
frequency error, imbalance, and harmonic distortion. Load variation has an adverse
impact on the quality of voltage. While any load step generally affects the magnitude of
voltage at the load bus, nonlinear and unbalanced loads cause distortion and imbalance of
the load voltage. The voltage is even deteriorated by performance of the load sharing
units in local control systems due to coordinated control of power sources. A secondary
control layer was designed which receives power quality indices of the load bus and
applies correction signals to each local control system so that in addition to load sharing,
load voltage quality is improved to standard limits.

While control of converters is distributed, a management system is required so

that it resets the coordination settings among power units after any change in the

! Combined Heat and Power
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configuration of the system, operating condition of the micogrid, constraints for the
microgrid operation, etc. A mathematical representation of an optimization function was
presented along with simulation results. “Equal Loading Utilization” is the basis for the
optimization function and includes all major current components. By sharing of active
load and ancillary functions such that total current of each converter is in accordance to
its rating, this objective function prevents saturation of a unit while other units have
available capacity for generation of current components. It also prevents unnecessary shut
down of a unit which is usually costly and delays the availability of the unit for
regeneration. All connected converters including units with only non-active current
generation capability such as compensators and active power filters are also considered in
the optimization.

Simulation results for each part of the proposed control approach verify that load
components can be shared according to sharing coefficient dedicated by the management
system with less than 5% error and power quality can be improved according to standard
limits.

8.2 FUTURE WORK
8.2.1 Optimization of power quality throughout the microgrid

In this dissertation, loads are considered to be concentrated at a certain bus, while
in a real microgrid, that might not be true. Here, quality of voltage at a certain bus was
targeted for improvement by the secondary control. If loads are distributed in multiple
buses, according to sensitivity of each set of bus loads, an objective function should be

considered in which power quality of buses are given different weights.
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8.2.2 Considering other objective functions
Equal loading utilization was specified as the objective and a mathematical
expression to achieve that objective was developed based on CPC power theory. Other
objective functions can be considered based on operational priorities such as power loss
minimization, generation cost minimization, reliability, etc. Thus, expressions for other
objective functions should be developed for the coordination framework developed in
this work.
8.2.3 Comparison among central, master/slave, and distributed control method
in coordinated control of power units
A distributed control method was used in this dissertation for coordination among
sources which has the advantage of independence from communication links and lack of
single point of failure. This control system has its own precision as well as response time.
Also performance of this control scheme was not evaluated in transient states. It would be
worthwhile to compare other types of control systems such as communication based
centralized control and master-slave control based on such metrics as precision, transient
performance, stability margins, etc. Also if the delay due to low bandwidth
communication links had been considered in the simulations of this dissertation, response

time would have increased.
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