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Abstract

A novel strategy, for control of the power flow for a smartnougrid is proposed. The
utility grid power is dynamically controlled byRower ElectronicTransformer (PET). A
60 Hz, step-down transformer is generally used at the point of commupiing (PCC),
to connect the micro-grid to the power system grid. Substitution of the converigital
transformer, by a PET, results in enhanced micro-grid powergaarent system, during
grid-connected operation. The smart micro-grid is a set ofrataiile loads and
distributed energy resources (DER); both renewable and non-reeewadt supply
demand of a group of customers. The proposed dynamic power limiter (alsedéfeas
PET) is a high-frequency, isolated power-converter system, ¢sgdpiof a high-
frequency step-down transformer and three-phase to single-phaseaoaverters. The
matrix converters are modulated with a novel pulse width modulation (PWM)gstifare
a bi-directional power flow control. The output of the matrix coreregenerates a high
frequency (few kHz) pulsating single phase AC at the prinaawy secondary of the
transformer, which are phase shifted for active power control. ThHe &6 allows
voltage regulation by control of reactive power. The entiréegysrepresented as two,
three-phase AC systems with an intermediate high-frequeangformer; is simulated
using Matlab/Simulink. The equivalent system has utility gridhat input side and a
micro-grid on the output side. The micro-grid is modeled as ancorieected system

consisting of set of DERs and smart loads. The simulation anahgehange in micro-



grid’s power generation and consumption in response to the changelacailtsgrid
frequency, upon limiting the utility grid power. The PET hencdores the system
frequency by adjusting supply and demand at the PCC. The micrazgndnow
participate in frequency regulation for the main grid. The sinaratesults are obtained
to verify the operation and claims of the dynamic power limiter as stated:bel
1. Restricted active power flow to the micro-grid, at a desirddevdetermined by
the main utility grid.
2. Utilization of the change in local grid frequency, to dynamically mdithe active
power generation or consumption within the micro-grid.
3. Decentralized control of the DERs as well as the controllable loads, whicite@pe
synchronously, to supply the demand within the micro-grid.
4. Bi-directional active-power flow capability at the PCC.
5. Voltage regulation by control of reactive power.
6. Contribution of the micro-grid components in frequency regulation ofthim
grid.
7. Smooth transition from islanding to grid-connected mode of the rgitd
without the need of grid synchronization.
8. Extra degree of freedom due to the presence of active-powemnléemin a

possible deregulation and market strategy within the micro-grid.
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Chapter 1

| ntroduction

1.1 Oveview

Sophisticated and smart technologies in today’s consumer productsitneskential to
promote modernization for the current electric power generation anbulisin. The
varying customer necessities, new generation appliances and ezoropkrating
strategies challenge the security and quality of the power ysupjVith increasing
complexity in the power grid, a new infrastructure that bettadles these changes, in
interest of the society, economics as well as environmentesteds In a typical power
system as shown in figure 1-1, the transmission and distributioiensydelivers
electricity from the generating site to residential, conuiaérand industrial facilities. A
typical electric power distribution network [1], includes mediumagét power lines,
substations, transformers, low-voltage distribution wiring (<1kV) anderse The
distribution substation transformers provide electricity at apprepviaitage levels to its
consumers. The components of the electric power grid have advarieednology with

growing need of the customers, thus leading to a more resilient and rekabtak.
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Figure 1-1 Typical power system diagram
Small scale electricity generation (typically in the range of 3aa 10,000 kW) also

termed as distributed generation (DG) technology [2]-[4], is considelazlttte solution
to the technical and economical issues that may emerge upon modanrozdhe power
system network. DG technologies [4] include solar generators, wimdines,
microturbines etc. The DG technology effectively integratesrénewable resources in
the existing power grid. The renewable portfolio standards (RRSifbs about 2-25%
of renewable power generation participation. With increase esearch activities
involving DG systems, the concept of micro-grid has emerged.oMjeds are often
defined as a group of DERs and associated loads, that operate intetednwith the
main grid. They may also island and operate autonomously [6]-[18yoMrids have

found applications in automobile industry, utility, appliances, military, aecresgac



The power distribution system operates between 120 Volts and 38 EkivibDiion
transformers [14], [15] are the prime components of a power distibatistem. Their
role is mainly to reduce the primary voltage of electric ifistton system to the
utilization voltage serving the customer while maintaining theueacy during the
transformation. Most commercial and industrial buildings requixeraé low-voltage
transformers to decrease the voltage of electricity reddian the utility to the levels
used to power lights, computers, and other electric-operated equipmsinibuiion
transformer designs vary with the needs of the end-user ortiaufsr utility (cost of
energy, capacity, etc.). Line frequency transformers (50Hz/6@kz often heavy and
bulky. Since the transformer size is inversely proportiondleédrequency and saturation
flux density, high-frequency operation of the magnetic core hashwvangl size reduction
advantages. Modern power grid is getting complex and widespreadtufieat power
system needs to keep up with these new technologies and beetndke, efficient and
consumer friendly. It also needs to consider integrating improvised coioation

infrastructure as well as energy efficient appliances.

1.2 Scope of thesis

A conventional power system transmission and distribution network, dogsidta 60-
Hz distribution transformer, is shown in the one line diagram [1] urdig.-2. The power
system grid supplies active power to the load demand of the syldeme the power is
made available to the load by the utility as per the demand hrengbdwer flow is

determined by the supply-to-demand balance.



Transmission
line

Distribution A\ AV
transformer vynm

Load

Figure 1-2 Simplified oneline diagram of transmission and distribution system [1]

In some areas of public grid, with high penetration of DERSs, thegs aperate as a
micro-grid. From the point of view of the grid operator, a connegt®to-grid can be
controlled as if it was one entity. In [16] micro-grid is defil as the portion of an
electric power distribution system, which is located downstreamhefdistribution
substation and it includes variety of DERs and different types of ensl afselectricity”.
Similar to the main power system, micro-grid can generaséitmite and regulate the
flow of electricity to consumers. Figure 1-3 describes thefytructure of a micro-grid
and its components. As shown, a micro-grid comprises of the low vdli¥yeside of a
distribution transformer. It serves variety of customers, esgdeatial, commercial and
industrial buildings. It may consist of several basic technolofgiesoperation which
include DERSs, interconnection switches and control systems. Wibithésr photovoltaic
(PV) arrays, flywheels, battery storages etc. are expeotedntribute significantly as
microsources in a micro-grid. The electrical connection point ofnilezo-grid to the

utility system is the point of common coupling (PCC). The micid-gormally operates

4



in a grid-connected mode through a 60 Hz transformer at the R@Cmore or less
decoupled from the main power grid as and when required, but needs &l péanned
to avoid causing problems. However, it is also expected to provideisnffgeneration
capacity, controls and operational strategies to supply dtpeason of the load, after
being disconnected from the distribution system and remain ap®htias an

autonomous (islanded) entity.

Utility grid

PCC

c 4 Wind
ommercial - ~rs turbine

building Y

Apartment
building

Industrial
I building

unit
Figure 1-3 Typical micro-grid structure
While connected to the grid, the microsources contribute to the rgagrithe

demand within the micro-grid and the difference in supply and demandde available

from the utility. The distribution transformer at the PCC thus sepptlith the required
5



power flow as determined by the load demand of such a micro-grider@umicro-grid
operation solutions rely on complex communication and control systemslasasv
extensive site engineering. The thesis scopes a study togtmdal simplified solutions

and a decentralized control of the micro-grid components by a PET.

1.3 Proposed topology

Transmission
line

e Lt
S | | e

Step up NAAA {
transformer PET == lPIimit
Micro-
grid

Figure 1-4 Proposed topology

In the proposed technology, the conventional 60 Hz distribution transformer is sudbstitute
by a dynamic power limiter at the PCC, shown in figure 1-4pdwer electronic
transformer [17]-[20] is a high-frequency isolated power conveyisiem comprised of a
high-frequency step-down transformer and three-phase to single-ptasx converters
[21]-[23] as shown in figure 1-5. The matrix converters are modllai¢h a simple
triangle comparison based novel PWM strategy [23] that resuttiginfrequency single
phase AC at the transformer primary and secondary. The swgtfreoquency of the PET
ranges as high as 10-20 kHz, which also adds the size and adigiritages over the

6



conventional line frequency transformer. This is applied at distobwibltage levels
(here, 20kV to 0.4kV distribution line). The over-all simplified systermodeled as two
line frequency AC sources with high frequency AC link. The prynsagle AC source is
that of the utility while the secondary side AC sourcenie@uivalent source from micro-
grid components. The power flow between the two AC systemshigved with phase-

shift technique similar to a dual-active bridge for a DC system [25]-[27].

Utility grid High-Frequency Micro-grid
Transformer
f Matrix L
—_ Converters —_—

Figure 1-5 Simplified representation: Two AC systemswith PET

By introducing a PET, the active power flow from the grid carcdrgrolled at the
PCC to a desired value determined by the utility. Also dyn&irdirectional power flow
control can be achieved. Due to presence of the PET, the grid frequencies af tineeév
phase AC systems at either side of the PET can be diff@ilent. smooth transition from
islanded mode to grid connected mode can be achieved without griefogqu
synchronization. This is another advantage of the PET. The capabilggvadr flow
control from the power system grid also offers an extra degiéreedom which can be

used to improve the market strategy and deregulation inside the micro-grid [6].



In the grid-connected mode of a micro-grid, the DGs are contrwledpply a pre-
set value of active power. To maintain power balance within theorgied, the power
system grid supplies the difference of supply (active power gedeftat DGs) and
demand (load active power) [6], [9]. In the event of a sudden lbadge in the micro-
grid, the active power flow at the PCC can vary significantlycly may be undesirable
during the peak load demand from the power system grid. Hence hdetive power
at the PCC increases beyond a pre-set limit, the PET testrecactive power flow from
the power system grid and thus resulting in decrease in therggdeihcy within the
micro-grid. The grid frequency at the power system grid does natgeharhis
information can be locally sensed by the DG units and controllabtis in the micro-
grid for dynamic active power control.

The decentralized control of the micro-grid component is achievéte #CC, with
the change in grid frequency as the control parameter. TheaRBBTallows the micro-
grid components to participate in frequency regulation of the main lgance it can be
claimed that the renewable sources of the micro-grid could baalptiutilized. Voltage
regulation is also achieved by reactive power control at the émmhiconverter. The PET
allows control over reactive power flow from the utilities due e PWM strategy
employed. Thus both voltage and frequency of the interconnected pyatem are
maintained under any load disruptance or network structure, which eruees!
system stability. Table 1 compares the micro-grid with a smaro-grid consisting of a

PET at the PCC and lists the contribution of the thesis to achieve the claims.



Table1 Micro-grid Vs. Smart Micro-grid

Micro-grid

Smart Micro-grid

Distribution transformer
(60Hz) at PCC

PET (10 kHz) at PCC

Supply: DER units, Utility grid resources

Demand: Load (controllable/non-controllable)

Thesis Contribution

= Power flow is bi-
directional but is not
controlled at the PCC

= Bi-directional power flow
control at PCC

Design and simulation of

PET topology.

= Power flow determined b
supply-demand differenc

in micro-grid

y= Dynamic active power
> flow to a desired limit as

set by the utilities.

Design and simulation of
closed loop controller for

active power control

= VVoltage control achieved
by excitation control of
generators or reactive

power control.

= VVoltage control achieved
by PET by control of

reactive power.

Simulation results for

reactive power control

= Frequency will not chang
enough to control
generation and

consumption

= Utilization of grid

D

frequency as a control
parameter.
= Decentralized control of

micro-grid components

System level design and
analysis

Study of several
components of micro-gri

and case study analysis

= Grid frequency
synchronization is

required.

= Smooth transition from
islanded to grid-connecte

mode.

d

Case study analysis and

PET simulations

= May or may not
participate in main grid

frequency regulation.

= Participation in frequency
regulation of the main-

grid

Case study analysis and

system level simulations




1.4 Organization

Chapter 1 establishes the thesis context. The proposed PET apglitation to micro-
grid are briefly outlined. The scope and contribution of the thegis/zén. In chapter 2,
the state-of-art for the electronic transformer and micio-g presented. The general
structure and components of the micro-grid is explained. Current {rajeder the
micro-grid theory are briefly outlined. To better understandajylication of the PET
and verify its claims, chapter 3 details the schematic and aperat the PET. The
simulation results for PET are also explained to support the <l&imapter 4 describes
the power flow analysis for the micro-grid. The components of thaongrid and
associated control are explained to simulate the overall sy§tbapter 5 explains the
results for a case study of the application. Chapter 6 concluddebketsis enlisting the
benefits of the smart micro-grid with a PET at its PCC. ddraparison of a smart micro-
grid as compared to a regular micro-grid is listed, as aetlien simulation results and
case study from the previous chapters. The future work is destbusdere a smart
micro-grid could incorporate an intelligent control and communication features.
Appendix A contains the simulation model for the PET as discusselajpter 3. The
system model discussed in chapter 4 and the case study in cbBapter given in
Appendix B.

Note: Portion of thischapter isreproduced from my | EEE publications [24],[54-55]
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Chapter 2

State of the Art

To understand the proposed topology of the power electronics transésrapplied to a
micro-grid, it is essential to first establish a broad undedstg of both the electronic
transformers as well as micro-grids. The chapter desctfilgestate of the art for these

two concepts.

2.1 Micro-grid

The interconnected electric power system is vulnerable to giligrd often caused by
unexpected natural phenomena. Ongoing research in countries like EtneddSA,
Japan and Canada investigates optimal integration of DERs in convérgmnar
systems. The high amount of penetration of DERs and their potengaisure reliable
power supply to a specific group of consumers have increased resetivily @ the
hence defined micro-grids. There have been several varyingtidefs for micro-grids.
In [29]-[30] micro-grid is defined as intentional islands fornacelectrical distribution
system consisting of DERs and associated loads. Figure 2-5 siohematic diagram of

a micro-grid diagram as given in [29]. The various components of ao+i,;
11



distributed generation, distributed storage, loads, interconnectionhsetitc are also
shown. Micro-grids are often classified as utility micradgrivhich contain parts of the
utility and industrial/commercial micro-grids which only inclutlestomer facilities [28]-
[30]. Reliability is one of the potential benefits achieved f@stamers that are part of a
micro-grid. The utility also gains advantage of resolving overload @nablby allowing

intentional islanding for a micro-grid without having a power outage for thosencers.

G,

e
T

Load

L
wly
1

Interconnection
Switch
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}
1
1
[}
1
}
1
1
[}
1
1
}
1
[
[}
1
1
1

Control Systems _ __

DS Controllable
Loac

Figure 2-1 Micro-grid components
Sour ce: Adapted from [29]

There are several micro-grid projects initiated for déferapplications. As part of
this research, micro-grid topologies and operational configuratrensesng defined and
a design criterion has been established. The consortium for eletitatality technology
solution (CERTS) initiated the research on the impact on the pewsem grid
reliability by DERs [31]-[33]. In Japan, the New Energy and InthisTechnology

12



Development Organization (NEDO) is supporting a variety of micrd-gemonstration
projects [34]. The two major Canadian utilities: BC Hydro and HyQuebec have
implemented planned micro-grid islanding application [35]-[36]. Alee European
Union has supported research efforts for micro-grid projects:niibeo-grids and the
more micro-grids project [37]. IEEE Standards Coordinating Commie€SCC) is
supporting the development t§EE P1547.4 Draft Guide for Design, Operation, and
Integration of Distributed Resource Island Systems with ElectveeP Systen38]-[40]

for further development dEEE 1547-2003 Standard for Interconnecting Distributed
Resources with Electric Power Syste8]. Table 2 [41] enlists major differences
between conventional methods of distribution system planning, the developing

approaches based on decentralized generation and the micro-grid approaches.

Table 2 Conventional power systemsand micro-grids

PLANNING CONVENTIONAL POWER MICRO-GRIDS
SYSTEM
Generation e Centralized e Decentralized
e On-site, back-up generation e Med/High penetration of DER
Distribution « Supplied from substation/ passive | ® Active network/ bi-directional
Networ k network power exchanges
L oads

Controllable and non-controllable/Critical and rortical

Contingency e Islanding and autonomous

Frequency-based load shedding operation
M anagement P

Forced power outage
e Demand response management

Source: Adapted from [41]
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The micro-grid approach promises the energy delivery and supgignsyto be 1)
Highly efficient 2) Secured 3) Reliable. Micro-grid, as defireatlier is a localized
grouping of different kinds of DERs and loads that usually functiotesdonnected to,
and synchronous with, the traditional power system distribution gnaila®ito the main
power system grid, a micro-grid can generate, distribute andategthe flow of
electricity to consumers. They can be networked with one anatheek as with the
main grid, to increase capacity, reliability and efficiency][Bometimes the cost of the
existing main power grid does not affect the micro-grids. Oftemoagdds are required
to reliably supply all of the load demand without the benefits oferse set of loads and
generation technologies [58]. Micro-grids are LV networks watialtinstalled capacity
of around few hundred kilowatts. They may comprise part of MV/LVribistion
systems and clustered loads that are served by single oplsi&ERs [41]. Based on
the applications, ownerships structure and types of loads micro-ghdeature is often
classified into three categories: 1) Utility micro-grid @dluistrial/commercial micro-grid
3) Remote micro-grid. A typical structure of a micro-grid cassisf several basic
technologies for operation. These include, DERSs, interconnection ssyitghe control
systems [12]. The DERs include both distributed generation DGs anbutied storage
devices (DS). It serves a variety of customers, e.g. resiténtia@ings, commercial
buildings and industrial parks. The electrical connection point of tleeorgrid to the
utility system is the point of common coupling (PCC).

A micro-grid is conceptually different than the conventional powstesns. It is

considered to play a potential role in resolving transmission andbdigin system
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capacity constraints as well as satisfy customer demanddialbility and lower cost.
[58]. Amongst the many key factors that affect a micro-gpération, few are listed
below:

I. Type and number of customer (residential, commercial etc.)

il. Load characteristics

iii. Power quality constraints

iv. Type of DG technologies (dispatchable or non-dispatchable)

V. Number of DG units and their size
Vi. Market participation strategies
Vii. Required control and operational strategies.

Micro-grid infrastructure is rather complicated due to sewasables associated. An
approach to find solution to optimal configuration of micro-grid is sthaig58]. Micro-
grids are expected to balance the needs of both the customer andityh& lnis makes
synchronization and communication between the mains grid and the mitrevgn
more complicated. All the components of a micro-grid play a druola in power

management for the system.

2.1.1 Componentsof micro-grid

The design, acceptance and availability of low-cost technologiesndtallation and
application of micro-grids, are some of the prime challengesdfand are extensively

researched. Micro-grids similar to the main power grid caerges, distribute as well as
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effectively consume electricity. This includes several bisibnologies for operation as
briefly described below:

e Distributed Energy Resour ces.

DER systems are small-scale power generation technolf@gpsally in range of 3kwW
to 10,000 kW) and include both distributed generation and distributed storagevitimits
different capacities and characteristics. The steadg astad dynamic characteristics of
DER units are different than those of conventional large turbineraeneunits.
Compared to generators of centralized energy systems DGallpitsa more efficient
energy transmission and distribution due to local generation. DGareitsmall sources
of energy located at or near the point of use.

The non-dispatchable nature of some of these sources poses additiomal pow
management challenges. The frequency response of these micredéiinsebased on
rotating mass and is essential for very little directly cotetegotating mass, like
flywheel energy storage coupled through a converter. Microtwstand fuel cells have
slow response to the control signals and are inertia-less. Faulatalg the system
response to load change, the inertia of these microsources isiideteiby the power
electronics interface associated with the DG technologiemneert the energy into grid-
compatible AC power. DG technologies typically include PV atraysd turbines, fuel
cells, microturbines, and reciprocating internal combustion engwtasgenerators [7]-
[9]. Variable nature of some renewable energy systemsorelgatural phenomenon
(sunshine, wind etc.). Hence the power that can be obtained through thesequrces

is difficult to predict. Also the peaks of power demand may not sadgscoincide with
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25 kW —

different DER technologies and their characteristics.

Table 3 DER Technologies

Natural gas,

hydrogen, propane

20-30 %

the generation peaks and hence storage energy systems aralregaioée 2 enlists the

Small commercial

buildings e.g. motel,

500 kW i $700-$1,100/kW
diesel etc. fuel restaurants etc.
o Cogeneration
500 kW — Natural gas, liquid | 20-45% o
applications,

25 MW

fuels etc.

$300-$1,000/kwW

mechanical drives,

Widely available,

5 kW — Natural gas, diesel| 25-45% backup power in
7 MW land filling gas etc.| $300-$900/kW commercial and
industry buildings
o 12-20% o
<1 kW — Primarily natural Emerging in aircraft,
$2,000 - .
25 kw gas space, solar dish etc.
$50,000/kW
<1 kW — 5-15% Small roof-top
Sunlight i i
100 kW $6,000-$10000/kW | residential
Several kW — Wind 20-40% Small/large scale
in
5 MW ~ $1000/kW generation
Hot water production,
Several kW — | Depends on DERs| 50-90% ) )
) space heating/cooling
25 MW involved
etc.
Natural gas, Automotive,
1 kW — 1 25-60% ) ) )
hydrogen, land fill residential, commercia
10 MW ~ $4000/kW

gas, diesel, etc.

light industrial.

Most of the DG technologies require power electronics interfacnvert energy
into grid-compatible power. The converters are compatible with \tbltage and
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frequency with the main power grid system. This interface emsanice over-all
operation of the micro-grid.
e Controllable L oads
The utility controls its system by bringing online or turnirf§ generating capacity, as
needed to match the load demand. Total load management is thgysthatt involves
concept of controlling customer controllable loads to favorably modifysyseem load
curves in correspondence with economically available generatorscatigsbe done as
direct management (auto control of deferrable loads) or indiracagement (control of
end use by the customers). Often the customer load profilesisaped to improve
power system efficiency. Micro-grid serves both electravadl thermal loads. Electric
loads are often classified on basis of this concept as 1) Cobleollaads 2)
Uncontrollable loads and 3) Semi-controllable loads. Uncontrollable loads requiee pow
at random times; either constant or demand-instant power. Coblkeolieads also
known as deferrable loads, on the other hand are the ones that coulcedily di
controlled in matters of power consumption. The semi-controllable loags ha
intermediate energy storage loads. The operating stratégyi@o-grids ensures
preference to the critical loads and maintaining the net powandml This is achieved
by load or generation shedding in case of an autonomous mode of operatign
buying utility power in grid-connected mode.

Control over even small portions of the load can have significant effetotal load
system performance. The main objectives of the load managemerdtiapeare

protection of batteries from excessive discharge and maintenamngemition of more
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critical loads at the expense of less critical ones. Incaoagrid, controlled sources and
loads are interconnected in a manner that allows energy-batdnitee system by
dispatch, while the non-critical loads might be curtailed duringggnenortfall or high
costs.

e Interconnection switches

The interconnection switch ties the point of connection between ttre-gnid and the
rest of the distribution system. Normally grid conditions on both :flése switch are
measured for determining operational conditions. Advance technology have
incorporated various power and switching functions such as protection,r powe
switching, relaying, communications, metering etc. into a singystem. The
interconnection switches are designed to meet grid interconnestmalards, |IEEE
1547 and UL 1741 for North America.

e Control Systems

Local control, independent of the main grid, is the key characteoistianicro-grid, but
not always necessary. Control system is implemented by sealifeaient technologies
and variable complexity [12]. The main purpose of a micro-grid’srabaystem is to
ensure safe operation in both grid-connected and islanded modes. Thie besed on a
central controller or as autonomous parts for each DG unit. As cethgar the
generators in a conventional power system, where the voltagieapency control is
done by fully controllable synchronous generators; control schemesicr@grid must
provide local voltage and frequency regulation. In an islanded modenitre-grid

control system needs to protect the system by control thevoltae and frequency as
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well as absorbing the demand to supply difference. As discustme,b&ystem stability
is determined by the active and reactive power control. Micasgare often defined by
the existence of a central controller that allocates generatimimgst the DERs and

makes decision on buying and selling power from the utility.

2.1.2 Operation of micro-grids

The market strategy and economics often dictate the operation madeiafo-grid. The

micro-grid normally operates in a grid-connected mode through a zZ@uHstation
transformer at the PCC. However, it is also expected to prouffieisnt generation

capacity, controls and operational strategies to supply atdgasttion of the load, after
being disconnected from the distribution system and remain opetatamaan

autonomous (islanded) entity.

In the grid connected mode of a micro-grid, the DGs are controlled to suppyseat
value of active power. The power system grid supplies the differ@nsepply (active
power generated by DGs) and demand (load active power) [3], [4]rofdrids are often
required to accommodate a specified power quality level and preéete some critical
loads. Also a portion of the supply within a micro-grid comes from-auorirollable
resources (renewable resources). In addition to electric powgrlgwesupply heat to its

conventional power system.

2.1.3 Frequency regulation

In a power system, the generation and load in a micro-grid shiwdgsabe balanced.

Any mismatch in supply and demand will result in frequency tiana [42]-[45]. Micro-
20



grids are dynamic power systems with variations in loadsedlsas presence of non-
dispatchable resources. Active power control is closely assogigteérequency control
and reactive power control is related to voltage control. Powstersy stability is
determined by the constancy of frequency and voltage and hencerttrel of active
power is one of the vital performance characteristic. Closeatarit frequency ensures
constant speed for the induction and synchronous motors. A considerablendrop i
frequency results in high magnetizing currents in motors and dramsfs. As frequency
is a common factor associated with the system components, aatyovain active power
demand is reflected by frequency change throughout the system.

The instantaneous variation in frequency is described by the folloggogtion as
established in [59].

1 df

F>gen_ Road = ma (2-1)

H is the total rotating inertia of the system (generatndsraotors). As the load power
changes, the system frequency varies and hence the gemérasi to be matched by the
automatic controls. The frequency regulation can be categorizedrintary regulation,
secondary regulation or tertiary regulation [59].

In the primary regulation also known as load frequency control (Lkyariation in
power system frequency is identified by the governing systdrpsime movers and the
outputs of the associated turbine-generators are adjusted. To restorqukadyeback to
the original value, secondary regulation or automatic generationotd®GC) is

implemented.
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Figure 2-2 Load frequency control

The primary regulation can be expressed as load-frequency ehnmtazs of the
distributed generators are shown in figure 2-2 [1]. Initiallyaded frequencyy the
generators produced,Pand R,,. Upon increase in electrical load, the new steady state
frequency will drop and the generator will need to accommodatehtrege in load. The
LFC depends on the characteristics and tuning parameters of indliwichiae-governor
parameters.

The AGC is responsible to restore the grid frequency and mostafenrseare
equipped with this. It also distributes the required change in gemeeahongst units for

optimal economic operation.

2.2 Power electronic transfor mer

An isolated high-frequency link AC/AC converter is often tedlnas a power electronic
transformer (PET). Because of high frequency operation of theetiagore they have

size and cost advantages over conventional transformers. These transfaghieve
22



high frequency AC power transformation without any DC capaditlr The transformer
provides isolation and voltage transformation while the power convegnevide with
high frequency operation. Also termed as high frequency transfeyrithey have been
extensively researched for various applications [46]-[49], on accoumany advantages
over conventional line frequency transformers. The PET has a wide ahagplications
including electrical distribution systems, wind power generatian let [45]-[51] the
advantages of PET over conventional transformers are discussed.rChatails the
matrix converter based topology of a PET that achieves the btidiracactive power

control for the micro-grid.
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Chapter 3

Power Electronic Transformer

3.1 Introduction

In electric power distribution system, transformers perfoevesl functions, such as
voltage transformation, isolation, noise decoupling etc. The conventioniabutisn
transformers operate at low frequencies (60 Hz) making theny lamé& expensive. A
power electronic transformer (PET) operates at much higher fregse of the range of
several kHz. The transformer size, which is inversely proportimntie frequency and
saturation flux density, could be reduced under high frequency operatioti@andl he
PET utilizes power electronic converters along with a higljffency transformer to
obtain overall size and cost advantages.

The PET substitutes the conventional 60 Hz transformer at the P&@@hmiro-grid,
connecting the later with the utility. This results in an enbdmmower management for
the micro-grid as well as decentralized control of the DERIscantrollable loads within
the micro-grid. A dynamic control of active and reactive pofie@w from the utility is
possible. It also allows a bi-directional flow of active power leewvthe utility and the

micro-grid. The high frequency AC power transformation is achievétbut a DC link.
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Also a smooth transition from grid-connected to isolated mode obgitd is possible.
To better acknowledge the claims of the PET, it is essdntiahderstand its operation

and topology, described in the following sections.

3.2 PET topology [24]

The PET consists of a high frequency transformer with three-phase to #iagle-matrix
converters on its primary and secondary as briefly describetiapter 1. Figure 3-1
shows a more detailed schematic of the PET [24]. The proposed togolagjgts of two
matrix converters with high frequency AC link. The primary safethe electronic
transformer is supplied by utility AC source and the seconddeylgas the equivalent
AC source of a micro-grid. The three phase input AC voltage atirteefrequency
(60Hz) is first converted into high frequency (10 kHz) single phandtage by the input
side matrix converter. The output side converter is also a three phasngle phase

matrix converter. This yields high frequency pulsating single @l#eS voltage at the

primary and secondary of the high frequency transformer wikka¢gareactandgy . As
seen in figure 3-1 the utilities define the limit for theerehce poweRes, for a

particular micro-grid it serves at the PCC. The averageeapbwer as measured at the
output AC source can thus be restricted. By calculating the correegomsdulation
signal for the secondary side matrix converter, the equivalent phidisean be achieved.
The active power flow between the input side and output side of thesPEfulated

similar to that in a dual active bridge [25]. The active powew fis controlled by
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regulating the phase shift between the primary and secondaryestathe transformer.
The regulated phase shift angle corresponds to the desired pmivee limit set by the
utilities. This is achieved by a PI controller designed for trol signal of the PWM
strategy applied for matrix converter modulation. The proportional iastregjral gain
parameterKp and K, are designed to provide a faster response while eliminatyng an
steady state error.

The PWM strategy also allows a control over the phase shifebeatihe voltage and
current at input as well as output and hence can control the repotiver. Voltage

regulation can thus be achieved by controlling the reactive powéneatront-end

converter.
3-g to 1-g phase 3-g to 1-g phase
Matrix Converter Matrix Converter
3-8 AC L 3-8 AC
Source Source
-0 o o -0 ) o
Input 1 L 1 o o o | High Frequenc o o o 1] <
Filter | | | Transformer | | | Filter

J T_ Pl
L — Controller
=

Figure 3-1 PET schematic

3.3 Matrix converter

The PET consists of matrix converters that contribute to thefteghency operation. The matrix

converter [22] uses a matrix of semiconductor (IGBT) bi-dioeeti switches, with a switch
26



connected between each input terminal to each output terminal. prbeide a direct link
between the input and the output, without any intermediate enengge element. Such
converters have several attractive features, which bega investigated in the last two decades
[52], [53]. The array of controlled bi-directional switcheshie main power element to create a
variable output voltage system with unrestricted frequencydtHimk capacitor is also avoided.
Here a three phase to single phase matrix converter is appledain an output AC voltage of

desirable frequency by using six bi-directional IGBT switches.

3.3.1 Input-side matrix converter

The input-side matrix converter as shown in figure 3-2 convertshilee phase AC
voltage from the utility to a high frequency single phase pulgatiitage at the primary
of the transformer. This is a direct link matrix converter witoaventional rectification
stage followed by a single phase inverter. The input line migrr@re in phase with the

input voltages. The matrix converter consists of six bidirectional IGBT Isgstc
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Figure 3-2 Three phaseto single phase Matrix Converter

27



The three phase balanced sinusoidal input voltage source, with peakutdadfjt and
angular frequencyi, is given by equation (3.1).
V a(t) =Vin cosgjnt)
V p(t) = Vin cos@int - &)
V ((t) = Vin cos@int + ) (3.1)

The single phase pulsating output voltage is given &y.Vhe matrix converter has 6
bi-directional switches indicated b§, , S, and S corresponding to output phase-A

and Syg, S, g and Scg corresponding to output phase-B . The corresponding PWM

signals are generated using a simple triangle comparistroh§3]. Let g,5 be the
switch state of the switcl$,, connecting input phase-a and output phase-Adpdbe

the corresponding duty ratio.

daa = 0; Switch turned off
daa =1; Switch turned on.
Similarly, switching states),a, gca Can also be defined for the output phase-A. As

the input phases are connected to voltage sources, at any instam tii¢y cannot be

shorted. Hence the switch statggy, gpa. dca Cannot be 1, simultaneously. Also at a

time they cannot be all 0. Thus if the amplitude of the casigr then the two references

daa and(dga + dpp) are compared with the carrier for generation of the PWM, as shown

in figure 3-3 as obtained from [21]. Similarly, switching signatesq,g, q,g and qcg
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for output phase-B can also be obtained. The duty ratios could now be deifingdev

following restrictions,
daA +dbA +dCA =1

dag +dpg +dcp =1 (3.2)

0< dga,dpa, dea <1

0< daB + de + dCB <1 (33)

(daa+dpa) \ /
Carrier signal

Jaa
Oba

Figure 3-3 Switch states of duty ratios[21]

The duty ratios of the six bidirectional switches as derive®]iil0] are chosen so
that the output voltage is independent of input frequency, given by (3.4) and (3.5).

daa(t) = ka cos@int — p) + Dy (t) + A
dpa(t) = ka COS@int —2Z — p) + Dy (t) + Ap

deat) = ka COS@int + 25— p) + Dc (1) + A (3.4)

dap(t) = kg cos@int — p) + D () + Aq
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dpa(t) = kg COS@jnt — 22— p) + Dy (t) + Ap

dcg(t) = kg COS@int + 2% — p) + D (t) + A (3.5)

The duty ratios of the switches are a functionkgf(t) and kg (t)which are time

varying signals with desired output frequerfey = Ti given by (3.6)
S

ka(t) = +K;
= Ki TSStSZTS

kg (1) = —ka () (3.6)

Kj is the modulation index of the input side matiaaeerter and is set to its maximum

value of 0.5. Figure 3-4 shows the time varying oiation signals.

KA()
o

KB(t)
o

2Ts

Timet ()

Figure 3-4 Time varying modulation signals
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The termcos(wj,t — p) represents that the output voltage is affectethbychoice of
p and the input power factor depends pn To have unity power factor operatign
has to be chosen to be equal to zddq(t), Dy(t) and D, (t)are the individual offset
duty ratios introduced to cancel the negative camepts from the individual duty ratios.

This satisfies equation (3.3).
Da(t) = |Ki COS@Ejnt — P)|
Dp(t) = ‘Ki cos@int —%—P)‘

De(t) =|Kj cos@int + 2 - p) 3.7

To maintain equation 3.2, it is required to injacther set of common mode duty

ratios A5, A, A corresponding to phase a, b, ¢ is added.

Where,

Aa(t)=

2
Ap(t)=0
Ag(t) = 1-(Dg +2Db + D¢) (3.8)

The average voltage in the two output phases (A Bnhas synthesized by time-

weighing the three input voltages by the duty satis follows:
Va(t) = daava + dpaVp + deave

Vg (t) = dagVa + dpVp + depVe (3.9)
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Over a sub-cycle the average line to line voltsgg(t) can be given as

Vas(®) = Vinlka® - ka(D)] (3.10)

Thus the average line to line voltage to the tramsér primary is a square wave with
amplitude 1.5V. The single phase high frequency pulsating voltagdransformer

primary can thus be evaluated as,

Vpri(t)=6vi” 5 1sir{”—”tj (3.11)

77 n=lodd N TS

where Vi, is the peak voltage of the three phase input Altage source andrgis the

switching frequency. The average line current i@ ttansformer primary can also be
assumed to be a square wave. The input line csrezatin phase with the input voltages.
The input current in a phase is represented aadidn of the duty ratios and the output

current,
ia = (daA_ daB)iAB
ip = (dpa —dpB)iAB

ic =(dca—dcp)iaB (3-12)

Wherei g is the output current of the input side matrix\cener. The input currerig

is in a lagging phase g6 with the input voltage, .

3.3.2 Output-side matrix converter

The output side converter, which is also a threasphto single-phase matrix converter,

converts the three phase AC voltage from a micid-gource (DERs) to a high
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frequency single phase pulsating voltage at therskry of the transformer. It is
modulated in a similar fashion as the input sidérim@onverter, with the duty ratios of

the switches derived similar to that in (3.4) aBdb). The time varying signals: (t) and

kp (t) for output matrix converter are given by

ke (t) = +K; ty St<Tg+tp
ke (t) = —kp (1) (3.13)

Where K; is the modulation index, set to maximum value & fdor both the matrix

converter andtp, is the phase-shift (in seconds) between the veltag transformer
: " Lo T Ts
primary and secondary. The condition for the phsakt |S—?stp <+7 The

control signals ka(t), kg(t). kc(t), kp(t)and the phase shift,determine the

modulation signals to the matrix converters in oreachieve the desired phase shift.

Figure 3-5 shows the modulation signals of the tramd output side matrix converters

radians.

t
for a maximum phase shift of 90 degrees. The pslai$ieis given by7r &
S

The single phase high frequency pulsating AC veltaigthe transformer secondary is

then given as,

V4 —Lodd n

Veedt) = rout —Slr(— (t- tp)J (3.14)
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Figure 3-5Matrix converter control signals
Thus the average line to line voltage at the t@mnsér primary and secondary is a
. . .3 3 : .
square wave with amplltudsétvm and EVOut respectively. The average current in the

transformer primary and secondary are square wawefo This strategy ensures

sinusoidal input line currents in phase with inpoitage.

3.4 Power flow control

The active power flow from the utility to the miegoid is bidirectional and dynamic.
The utilities can restrict the power flow to thecno-grid and dynamically change the

limit. The utilities set the reference limit forelactive power to be supplied to the micro-
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grid. Once the dynamic limit reference point is, $be Pl controller provides with the
associated control signal to the PWM generatohefdecondary side matrix converter.
This in turn regulates the modulation indices oé tbutput side matrix converter
providing a corresponding phase shifted secondaiyage. Thus, the power flow
between the primary and secondary of the transfoimeontrolled by regulating the
phase shift between its voltages.

On the other hand the reactive power control iseaell by controlling the power
factor cos(p) in equation (3.4) and (3.5). Voltage regulation then be achieved by
controlling the reactive power. To understand tbevgr flow strategy, the three phase

AC system is simplified.

3.4.1 Simplified AC system representation

A simplified representation of the system is shoiunfigure 3-6, where the high
frequency transformer is represented by its leakadactance neglecting any series

resistance. The average line to line voltageseatrdnsformer primary and secondary are

given by voltages sources ¥nd \4, which are square waveforms with amplitudzéasn

3 . . .
and Evout, respectively. For a continuous power flow, therage current in transformer

primary and secondary is also a square waveform.
The fundamental component of the high frequencysaiilg voltages at the

transformer primary and secondary voltages canvan@s in (3.15)
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Figure 3-6 Simplified AC system
For two phase-shifted square voltages on the pyi@ad secondary of the
transformer, the active power flow can now be adlgd by controlling the phase-shift

tp. The bi-directional active power can be thus a=fias,

A b
p- 3_SV'”\)2°UI sin[ Tp] (3.16)
7 S

Power flow control at a predefined limiR¢ is achieved by controlling the parametgr

as defined by the modulating signals. The activegsdlow is dynamically controlled
with respect to phase shift between the transforpnienary and secondary. Figure 3-7
shows the power flow as a function of phase shifht wmaximum power transfer achieved

at 90 phase shift. Since the power flow is bi-directidmath negative and positive phase
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shifts get considered. Also at zero phase-shiftetie no power flow between the utility

and micro-grid. This will be the islanding state floee micro-grid.

Nor malized Power
o

R L I I I
-]90 -60 -30 (0] 30 60 90
Phase Shift (deg)

Figure 3-7 Power flow asfunction of phase shift
3.4.2 PI controller for active power control
The overall control system can be shown as in &ég8t8. P is the predefined

reference active power, as set by the utilitiesylach the power flow is to be limited.

Gpg(s) represents the power stage of the system@gds)is the Pl controller to be

designed with proportional gaikp and integral gairK, , given as

o(s) =K +ﬁ
AP(s) T s

Ge(s) = (3.17)
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Figure 3-8 Overall control system
The power transfer function, given by (3.16) beagon linear equation is linearized

over operating poing, to define the power stage of the system, given by

P(s) _ V2

Gps(s) = o9~ x

0s) (3.18)

With the average of fundamental power transferreerg by (3.13), the higher order

harmonic component of power can be given by (3.18)

RO)= > Mgnwe) (3.19)
n=30dd Xn3

The error present due to the higher order odd haica@n<15) with respect to phase

shift is shown in figure 3-9. It can be said tha error peaks at negligible phase shift
and zero at maximum possible phase shiff)(90he operating poinfly can be chosen

considering the fact that the error stays less &f4n For the simulations an operating

point of 3¢ is chosen for the phase shift.
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Figure 3-9 Error in measurement of power dueto presence of harmonics
raalans

3.4.3 Reactive power control

Voltage profile is affected by any possible chamgedemand or unplanned islanding of
the micro-grid. Voltage of the system can be manetd either by excitation control of
generators or by control of reactive power. Wite WM strategy employed for the
matrix converters in the PET, the phase lag foritipait current can be controlled. This
allows control of the reactive power that can flisam the utilities. The reactive power Q
at the input side AC source is given by

Q=Vlsin(p) (3-20)

The following section details the simulation resufor the mathematical analysis

established here.

3.5 Resultsand discussion
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The PET topology is simulated in Simpower systeaittox in MATLAB/Simulink. The
proposed topology is simulated for a three phasnbad input AC voltage source with

peak magnitudeV;, of 20kV and 60 Hz frequency and the three phatnbad output
AC voltageV,,; with peak magnitude of 400V and 60 Hz frequencye bidirectional

switches of the matrix converter are modulatedOGakHz switching frequency and the

modulation indexK;is 0.5. The leakage reactance of the AC link tramsér is 1mH.

The active power flow control and the PET operatawa simulated for unity power
factor. The simulation model is described in dataibppendix A and the parameters are

given n Appendix B.

3.5.1 Simulation resultsfor the Matrix Converter

The matrix converter modulated using a novel PWidtsgy [23] outputs high frequency
(10 kHz) pulsating AC voltage at transformer prignaiThe modulation yields a
maximum output voltage limited to 0.866 times thapétude of input voltage. The
average line to line voltage at transformer primara square wave of amplitud@4.5
kV (1.5Vin) and that at the transformer primary=#90V (1.5V,.). The primary voltage
and its average are shown in figure 3-10.

The voltage and current at transformer primaryhisa in figure 3-11. The currents
at the transformer primary and secondary are shawigure 3-12. Similar to that of a
dual active bridge topology, the average primany secondary current in a PET are also

square waveforms. The input current is sinusoida has the same amplitude as the
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primary current (K= 0.5). The input current contains low frequeneynhonics which

could be filtered out.
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Figure 3-11 Voltage and current at transformer primary
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Figure 3-12 Currentsat transformer primary and secondary at 30° phase shift

The input line current in phasels in-phase with input voltage. The simulatecefidtd
input current waveform is shown in figure 3-13. fienes negligible power factor due to
the filter inductance. Also figure 3-14 shows thezandary side source voltages and
current. It is assumed that there is no power &gk hence the average active power on
the secondary is same as that in the primary.ftlma seen that the input and output
currents both contain low frequency harmonics. Atsbe noted that the amplitude of the
output currents of both the matrix converter besngare waveforms the corresponding
source currents are sinusoidal and have the samétagie as the average currents in
transformer primary and secondary. The power faoboitd be controlled to achieve the

reactive power control capability of the PET.
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Figure 3- 13 Voltage and current for input phase a
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Figure 3-14 Voltage and current for Output phasea

The modulation indicesakt) and lg(t) for the input side matrix converter are a time

varying signal with desired output frequency (10kH3imilarly k-(t) and k(t) are

modulation indices for output side matrix convertéy phase shift between the
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modulation indices of input and output side modataindices reflects in corresponding

phase shift between the primary and secondarygestaf the transformer.
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Figure 3-15 Voltage at transformer primary and secondary at 30° phase shift

The voltage at the secondary of the transformghisse shifted with respect to the
primary voltage. Figure 3-15 shows the voltageitgraft 30 phase shift and figure 3-14
is at 60 phase shift. The primary-side matrix converter #mel secondary-side matrix
converter are both modulated at a high frequencyOdkHz, with similar output voltage
profile, except that they are phase shifted. Thé&rirmaonverters are modulated with a
novel PWM strategy where the output voltage of rtierix converter is independent of
the input frequency. The results also verify tlverage line to line voltages at the

primary and secondary are 1;5¥nd 1.5\ respectively.
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Figure 3-16 Voltage at transformer primary and secondary at 60° phase shift

3.5.2 Simulation resultsfor Active Power control

In the event of sudden load change in the micrd;ghe active power flow at the PCC
varies significantly which may be undesirable dgrihe peak load demand from the
power system grid. A case study for the performasfctie PET under different power
transfer conditions is studied. The power flow legw the transformer primary and
secondary is controlled by regulating the phasdt dbetween the high frequency
pulsating AC voltages. For the simulated system aimum power (10 MW) is

transferred at Sphase shift and the micro-grid is islanded @pl@ase shift. Figure 3-17

gives the profile of average active power flow atious instances with different phase

shifts as determined by the utilities. Initiallyethutility is supplying with maximum grid
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supply. Upon a phase shift applied to the seconsidiey matrix converter, the grid power

is now restricted to 40% of the maximum.
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Figure 3-17 Power flow asa function of phase shift

In occurrence of any fault or during an intentioisédnding the grid power reduces to
zero and the micro-grid becomes responsible to lméag internal generation with
demand, either by increasing the generation oraiaguthe consumption. Later the
micro-grid regains its grid power as planned by utikties. Thus a dynamic limit could
be set by the utilities to control the power thaynilow at the PCC. Another case of
dynamically changing active power flow at the PGCansidered. Here the bi-directional
power flow capability of PET is established. A niagaaverage power denotes the power

transfer from the micro-grid to the utilities. Thélities can thus utilize the renewable
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sources integrated within the micro-grid which ebbé established as one of the market
strategy for such distribution system for economasawell as environmental benefits.
This result also substantiates the PET capabiitgltiow participation of the micro-grid

components in grid frequency restoration.
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Figure 3-18 Power flow asfunction of phase shift

As shown in figure 3-18 the system is operatindhywibwer transfer from the utilities
to the micro-grid at 18phase shift. At certain instant of time the utilgtarts buying
power from the micro-grid (phase shift of °gas also shown. The power transfer is zero
for a planned islanding of the micro-grid after ahthe grid power is regained.

The non-linear power transfer equation given by @3Bis linearized over operating point

6, of 3(°. A feedback controller is required to process éneor as the difference

between the desired power limit and the actual oredsaverage power and attempt to
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minimize the error. The proportional gain helpsiaehd a faster response to the step
change and the integral gain reduces the steattyestar. The Pl controller is designed
with a proportional gain constankkf 0.01 and Kintegral gain constant of 0.5. A step
change of 5 MW to 3 MW in reference power yielddep change in the phase shift from
30°to 35 thus restricting the power flow. The simulationuléshown in figure 3-18

verifies that the power flow can be now controlfeda predefined dynamic limit as set

by the utilities.

Aver age active power (MW)

Timet ()

Figure 3-19 Active power flow control

When the secondary side AC source (aggregated soigroes of a micro-grid)
experiences a restricted power flow, the micro-gngberiences change in its state of
operation. That is, it may experience a temporaop dn total generation to match with
its internal demand. The secondary side AC soureg now operate at a different

frequency than the input side AC source. PET alssums that any disruptions in
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frequency in the micro-grid will not affect the drfrequency on the input side of the

transformer.

3.5.3 Simulation results for Reactive Power control

Due to possible load disruptance and network ostatjee frequency at the PCC
constantly varies. Also due to restriction in aetpower at the PCC by the PET, the grid
frequency may drop. This affects the voltage peddil the transformer primary. The PET
modulation strategy allows control over reactivevpowhich hence controls the voltage.
The PET achieves voltage regulation by controleafctive power. As studied in section
3.3 the PWM strategy employed for PET operatiooved! control over the phase lag
between the input current and input voltage ofrtregrix converter. This in turn allows
control of the reactive power that may flow in gystem resulting in voltage regulation.
Figure 3-20 studies the variation in the reactioe/gxr at the utility side matrix converter
due to a step change in the phase lag at time ts4Uhe resulting input voltage and
current are shown in figure 3-21. Initially befar&lOms the input current is in phase with
the output voltage. There power factor is not dyaaity due to the filter inductances.
Later when the modulation strategy employs a plagef 15, the resulting lag in input
current is shown These results substantiate thaebdép of the PET to be able to control
the reactive power that could be injected at thengmy side of the PET resulting in
voltage regulation. For a stable interconnectedgraystem it is essential that the system
frequency and voltage are regulated. The stahilitgystem frequency is achieved by

control of active power and the voltage regulatisrachieved by control of reactive
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power. The PET proves its capability to regulatéhlibe system frequency and input

voltage.
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Figure 3-20 Reactive power control
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3.6 Chapter summary

With the dynamic power limiter proposed in this egpghe active power flow from the

grid can be controlled at the PCC of a micro-gadatdesired value, determined by the
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utilities. The proposed PET allows power managemetit a dynamic limit as well as
bi-directional power flow. This chapter establishi detail operation of the PET.
Simulation results are explained that support thens of PET. Some of the Simulink
files are given in appendix A. The values of theapzeters of the PET schematic and
detailed results are given in appendix B.

Note: Portion of thischapter isreproduced from my | EEE publications [24],[54-55]
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Chapter 4

Decentralized System Control

The concept of high frequency AC link is furthempkxed for its suitability in power
distribution system such as that in a micro-gritle TPET, as explained in chapter 3,
claims to restrict the active power flow to a migmd, at a desired value determined by
the utilities. The topology allows utilization ofhange in local grid frequency, to
dynamically control the active power generationvesdl as consumption within the
micro-grid. To meet with constantly varying loadniend and possible outages, the
system voltage and frequency are thus controlletheyPET. Power flow control should
be achieved such that it ensures reliability, a$oeconomy of operation using optimum
generation and uses low cost generation [1]. Thercbof active power and reactive
power is vital for satisfactory performance of powgstems and hence the frequency and
voltage should remain nearly constant [41]. Thiapthr explains modeling of various
components of the system, as well as the overatesy design [54], [55] to analyze the
decentralized control strategy. This includes tHeRB and the controllable loads that
operate synchronously, to supply the demand withéxmicro-grid. The capability of

power flow control from the power system grid thafers an extra degree of freedom
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which can be used to improve the market strategyd@negulation inside the micro-grid.
The chapter defines the PET’s approach to regtifedrequency of the micro-grid by
decentralizing the control of its components. Thesigh strategy to allow the
microsources and the controllable loads participatethe utility grid frequency

restoration by adjusting the internal generatiod eansumption of the micro-grid by the
PET is established. Also further, the participat@inmicro-grid components in grid

frequency restoration is verified.

4.1 System design

A micro-grid can operate smoothly by controlling thenerating capacity as needed to
match the load demand. Also presence of contra@léids in the micro-grid, allows
control over small portions of loads thus maintagnoperation of critical loads, without
totally turning off power supply to any particulmad. Constant frequency and voltage
determine the quality of power supply to the constenThis ensures constancy of speed
of induction and synchronous motors [56], [57]. Treguency of systems is dependent
on active power balance. As frequency is a comnamtof throughout the system, a
change in active power demand at one point is atefte throughout the system by a
change in frequency [58], [59].The control of gextiem and frequency can be achieved
by load frequency control (LFC), while optimum gexter operation is achieved by
automatic generation control (AGC). A speed govemmo each DG unit provides the
primary speed control function (LFC), while the plgmentary control (AGC) allocates

generation.
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When there is a load change, it reflects instamtasly as a change in the electrical
torque output Tof the generator. This in turn results in speathtians as determined by
the equation of motion. On the other hand, powstesy loads are composite of a variety
of electrical devices. For resistive loads, suchligkting, the electrical power is
independent of frequency. In the case of motordpadch as fans, the electrical power
changes with frequency due to changes in motordspgegure 4-1 illustrates power flow
control in a micro-grid consisting of several DE@spatchable or non-dispatchable) and
loads (controllable and non-controllable). The P&lbws a restricted active power
supply Ryia from the main power grid to the micro-grid, at t#€C. The dynamic limit is
set by the utilities. The micro-grid is charactedanto its major components: DERs and
loads. The DERs are further categorized into reb&vand non-renewable resources.
For the system design, it is considered that thewable resources (wind, PV array, etc.)
are designed to operate at their optimal genergiomgt. This also emphasizes micro-
grids ability to best utilize the renewable resestcThe non-renewable resources
(microturbines etc.) are the ones that play role@neasing or decreasing the generation
upon variations in the grid power supply. The loafithe micro-grid are also categorized
into controllable or non-controllable, critical non-critical. The controllable loads play
their role of decreasing the system demand to actmdate frequency stabilization.
Since the generation and consumption of the midbig controlled at the PCC by the
PET, with change in frequency as the parameter,siystem can be said to have

decentralized control.
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Figure 4-1 Micro-grid system design

Figure 4-1 also gives the parameters involved envidriation of power flow at system

level. The DGs within the micro-grid provide withtal mechanical poweF, 4 + Fno-

Pm,d is the mechanical output power from G dispatchd& units ande’o is the

output from G non-dispatchable units. The non-dispatchable {witsd, PV array etc.)

are assumed to operate at optimal conditions pimyithe maximum output generation
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and henceARy, g = 0. So, the effective component of change in primexgnanechanical

power ARy, for a micro-grid system, produced by the govercamirolled valve motion

[60] can be given as,

G
APnd = kZ 1Apmd,k (4.1)

APy, = AP g + APy g (4.2)

Similarly, the total load consumption is given B . + B o) whereR .is the total
load demand of L controllable loads aRd, is the demand of non-controllable. For non-
controllable loads that may or may not be critic&lfj  may experience a sudden

disruptance changing the overall system demand. tota load changeAP, can be

given as,
L
AR c= X APLC,k (4.3)
k=1

The DG units need to match the load demand withennticro-grid and hence, upon
any sudden load disturbances or change in gridigugguation (4.5) should be satisfied.
AP_ = AP + APy ig (4.5)

The power system grid supplies with the differeimcactive power generation by the
DG units and the load demand within the micro-gvitith a restricted power flow at the
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PCC, the DGs now need to regulate their generaimhthe loads can also regulate their
consumption. A power system’s response to a loah@h is determined by its inertia

constant (M) and the damping constant (D) [56],],[380]. These variables take into

account both, the generators and the loads to peodn equivalent system characteristic.
The damping constant D is expressed as a percangehn load for one percent change
in frequency. Here, for the micro-grid, consistioigpower electronics based DG units
and loads, the coherent response of all generaimrshanges in the system load is
represented by an equivalent inertia constant khil&ily the effect of system loads are
lumped into a single damping constant D. In casa stidden change in the dynamic
limit Pgig set by the utilities, active power mismatch magrafe the frequency of the

micro-grid, Aw,q This is locally sensed by the LFC and AGC controfshe DG units

as well as the controllable load units, to regulddeir generation and consumption,
respectively. Before the system model is estaldiseach component of the micro-grid is

modeled individually in the following sections.

4.2 Modeling system components

The performance of the micro-grid as applied todla@ns of the PET is to be verified.
With the basic understanding of the system anaotmponents from section 4.1, the
micro-grid is now interpreted as interconnected @owsystems that operate
synchronously to provide active power flow to theedfic group of loads. The steady
state performance of such an interconnected poysters is highly influenced by the

speed-governing system characteristics and supplanyecontrols. A speed-governor
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system commonly consists of the speed governorkdspentrol mechanism and the
governor controlled valves [60]. Figure 4-2 giveschematic representation of the main
elements of a speed-governor system. Here the gme@nor is responsive to the speed
and influence the other system elements. The speeftiol mechanism mainly consists
of the relays, servomotors, amplifying devices,etevand linkages, valves etc. The
governor-controlled valves control the energy injouthe turbine and are actuated by the
speed governor. The block diagram in figure 4-3][Blustrates the equations of
performance of the system and illustrates the faeldibbops involved. The inputs to the
speed-governing system are the speed signal andgpied-changer position. These
signals call for changes in the governor-controllatve position which will change the
input to the turbine. The change in steam flownmui to the turbine causes a change in
turbine torque. The characteristics of the entoevgr system, the load torque and the
turbine torque together determine the system spdezlpower system characteristics are

defined by the effective rotary inertia M and dangptorque co-efficient D (loads and

Governor-controlled] l

generators)

- ; [
m Speed-control

Speed-changer Speed-governor mechanism

Figure 4-2 Schematic r epresentation of speed-governing system
Source: Adapted from [60]
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Figure 4-3 Block-diagram representation of isolated power system
Source: Adapted from [60]

4.2.1 Modeling distributed generators
The block diagram representation of an isolate@ a® given in figure 4-3 is used to
model the DGs of the micro-grid. The dynamic resgsoaf non-reheat turbines may be

approximated by a single time lag.zq is the governor time lag. As shown in figure 4-
4, the inputs to the speed governing system witte tconstantsrg and z; are the

deviation from normal frequencyf and supplementary controls (AGC). The reference
power R (here Rmir Set by the PET) is an input to the power systamlbset along with
the change in turbine torqueP and load torquaL . The power system in is defined by
the quantity M which is directly related to theriti@ related parameter H used in stability
studies and D, the damping coefficient of the posyatem. [56], [60]. The input to the

system is the difference between the supply andaddnn that system. The resulting

change in system frequendyy = d%t , Is fed back to the speed governing system.
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Figure 4-4 Mechanical torqueinput from a DG unit

Summing up the torques acting upon the inertidefpower system [60]

2
mI2, D‘Z—f:APm—APL:AP (4.6)

dt2
Where, AR,jis the mechanical torque produced &gl is the load demand of the system.
The model holds true for steady state analysisisgadchable generators of the micro-
grid. The non-dispatchable generators are modeledie a fixed output or up to

maximum allowable change in their generation.

4.2.2 Modeling loads

Controllable loads can be seen as negative generatith single time constant and
hence, the block diagram representation is sine@ept sign changes. Also notice that
the change in load demand is modeled. The conttell@ads have power electronics to
sense the change in system frequency to dynamicatluce or increase its power

consumption, to meet with the energy generation.
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Figure 4-5 L oad torqueinput from controllable loads

The power consumption can then be given by

2
MI0 09 _Ap _aR —aP 4.7)
dt2 dt

4.2.3 Load frequency control

For the DG units, with drooping governor charastess, there will be a unique
frequency at which they will share a load chandgs,[B]. When the load increase causes
the units to slow down, the governors increase wutyntil they reach a new common
operating frequencf. The amount of load picked up by each unit depemdthe droop
characteristics, R of the units. Restoration ofteaysfrequency to nominal valug is
achieved by AGC. The load-frequency characterigb6é$, [1] of the equivalent DG unit
with droop characteristics sRand equivalent controllable load with a similaresg
regulation constant'E{,, is shown in Fig. 3. Initially at rated frequenfgyythe DG units

producedP,, mechanical output power (point a). A sudden deserea grid supply, and

hence a mismatch in active power flow in micro-gsdeflected by change in local grid
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frequency. The DG units need to accommodate thagshin load by regulating their
generation byP,,. For a controllable load, initially consumirtg at rated frequencfy

(point b)with the drop in frequency as a feedback sign&,pgbwer consumption could
be reduced bR, . At steady state the DG units operate @l the loads return to their
initial operating conditions at b. In the analystbe collective performance of all
generators in the systems is studied. The comppsiteer/frequency characteristic of a

power system thus depends on the combined effettteofiroops of all generator speed

governors and on the frequency characteristicH tieloads in the system.

A Equivalent
f DG units

Equivalent
Controllable Loads

P
............. et ccc e e e e e ——- - - .>
< Pgen i
Apm APL PCOn

Figure 4-6 L oad-frequency characteristics of DG unitsand loads

Considering a load disturbance in the system, treaontrollable loads (critical or

non-critical) may increase or decrease the systamadd and hence\R , = 0.
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Renewable sources allow no control over generatiod henceAR,,,=0. So from
equations (4.2) and (4.4) we hax€,, = APyq (4.8)
AP, = AP ¢ + AP, (4.9)
Equation 4.5 can be now written as
APgrig + APy — AP c = AP, (4.10)

If the equivalent regulation constant of all thensthspatchable generators be given
by Reqand that of the controllable loads ag, Ras shown in the figure 4-6 then faf
drop in system frequency,

Af = —Req APy, (4.11)
Af = ReqAPLc (4.12)

Af = ~RegAPm = RegAPLc

Equations 4.11 and 4.12, verify that for a stalgktesn if the regulation constants for the
non-dispatchable loads and controllable loads gualéout opposite in signs, then

ARy =AR ¢ (4.13)

The equivalent droop characteristic of the genesadad the loads of the micro-grid, are

then mirror images to ensure system stability.

4.2.4 Automatic generation control

As the load demand fluctuates, continuously anddoany, the real power being
generated must be adjusted to meet with the irstantus change in load [1]. Most
generators are equipped with AGC. Here to maintthe frequency constant,

supplementary controller signals act upon the spbedger position. For a thé"n
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generator @ with regulation constant R the frequency bias constant B given as

Bn=D+Ri. Figure 4-7 shows the block diagram for the suppiletary control
n

provided to the DG units.

o 1 K 1 1 1
+= » — —
R S 7gS+1 Tgstl ns+l
| -
Supplementary
Control 1 AP, _>®_, 1 Aw;
Af R Ms+ D

o

Figure 4-7 Automatic gener ation control

4.25 Automatic load control

The micro-grid consists of controllable loads arghde the consumption within the
micro-grid can be controlled up to some extent. $teady state analysis the controllable
loads are modeled as negative generators withesiigle constants. Similar to AGC,
automatic load control (ALC) assigns frequency lmasstant to the corresponding speed
governor of the controllable load. As shown in figu4-8 the ALC constitutes the
supplementary control. It also plays an importasie rin participation of micro-grid
during utility frequency restoration, thus integngtsmart energy efficient appliances in

the energy management system.
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Figure 4-8 Automatic load control

4.3 System design and analysis

The component models established in the previoagose can now be extended to a
more general system level design. Micro-grid madghas been discussed in [62]-[68].
A micro-grid system is modeled in figure 4-9 witbontrollable loads and j dispatchable

DG units. The total change in generation from disipable DG units is given yP,,.
The aggregate fixed generation from non-dispatehBi@ units is given byR,,,(=0).

The total variation in consumption by controllaldads is given bR - . The aggregate
non-controllable consumption is given A ,. Each of the DG unit and controllable

load is supplied with corresponding primary andptementary frequency control and
the components respond to the change in grid freyuedependently.

The grid power is the final input going to the gystdynamics. The PET limits the
grid power flowing into the micro-grid ensuring drueency regulation of the grid. As a
result of which, the micro-grid system dynamicseagate the frequency drop which is fed

to the micro-grid components to regulate their gati@en or consumption. The micro-grid
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system dynamics are defined by inertia relatedmater M and damping factor D of its

components (DG units as well as loads).
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of the utiltity with the micro-grid. The PET alsdicavs the micro-grid component to
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participate in utility system frequency restoratiéigure 4-10 details the representation

of the two AC systems in similar fashion.
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Figure 4-10 Micro-grid and Utility astwo interconnected AC systems

The utility grid dynamics are determined from tlypi@alent generators and loads of
the system while the micro-grid dynamics are ddfgérthan those of the main grid. The

PET connects the systems and provides bi-diredtippaver flow between the two
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sytems ensuring that the sytems remain stableatigtstate. The grid frequendy, and
the micro-grid frequencyf 4 are both regulated and the PET allows participatibthe
micro-grid in regulating grid frequency. The systesnanalysed with change in its
parameters from pervious conditions. Hence a p@sitiRji; suggests that power is
supplied to the micro-grid by the utility while @gative ARyt suggests power being

fed to the utility.

4.4 Chapter summary

The micro-grid components are defined for systemell@analysis. The system level
modeling is designed for n number of componentse phmary and supplementary
controls for the system are also defined. A dalanethodology of analysis for a micro-
grid system is established with respect to the Bkdlained in chapter 3. A simplified
modelling of the micro-grid components is estaldsho simulate a system level design

in order to verify the claims of the PET.
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Chapter 5

Case-study

Micro-grids are commonly defined in terms of th&hucture. The major components of a
micro-grid are the DERs and the associated loatie. micro-grids are designed to
operate semi-independently and are usually conti¢otéhe main power grid. Often for
reliability, cost-effective policy or other objeetis, the micro-grids are expected to island
and operate autonomously and the DERs within tleeasgrid are expected to supply to
the critical demand. Energy balance of the sysemust and is maintained by dispatch
of generation and non-critical loads, if controlalcan be curtailed during energy
shortfall or high costs. While connected, the igrids usually purchase energy or
other ancillary services from the power grid antiraes also sell power back to the grid.
The PET claims to fulfill all the above objectivis the micro-grid and also allow the
utilities define the limit on the bi-directional taee power flow between the micro-grid
and the main power grid.

To better understand the claims of the PET and rstated the system level

performance, the decentralized control strateggxgdained in chapter 4 is explored to
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specific case study for a micro-grid [55] consigtof:

e DERs: microturbines (3@, 30kW; 3g, 25 kW), wind turbifss, 15 kW) and PV
array (39, 15kW).

e Loads Residential load (39, 19, 52kVA), Commercial coldble load (3g,
75kVA), single residential load (39, 15kVA), crdicload, e.g. hospital (3g, 14,
20kVA).

The chapter analysis the claims of the PET and atpphe system level design
established before. Two cases are consideredingtavith a more simplified micro-grid
structure consisting of only two DG units and loadmsidered of the two kinds:
controllable and non-controllable. The DERs drivmnboth renewable as well as non-
renewable sources are considered. The renewablesoioces are expected to provide
optimal power at all times. The variation in thgéneration is also considered to analyze
the system performance. A more complex micro-gridonsidered in case 2. Further case
3 verifies the participation of micro-grid compot®m frequency regulation of the main

grid on account of the PET.

5.1 Casel: Simplified micro-grid structurewith minimum

complexity

The simplified micro-grid structure assists in urstiending the prime importance of a
smart micro-grid with PET at the PCC. For a singdif micro-grid system [55] as

shown in figure 5-1, one of the DG unit is a miarbine (3@, 30kW) while other is a
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non-dispatchable wind turbine (3@, 15 kW). The esyssupplies to a residential load
(39, 1@, 52kVA) and a commercial controllable Iq@8d, 75kVA). The DG units are
expected to have AGC while the loads have ALC tvigie supplementary controls.
The values of the parameters involved are givetabie 3. The PET at the PCC of the
micro-grid limits the grid power as supplied to tmécro-grid. It also steps down the
voltage (20kV to 400V) as well as provides isolatidn an event of load disturbance or
limited grid power, the DG units and the commerdtad can sense the drop in grid
frequency (Aw) locally and respond to meet with the energy nemoents. The system

is modeled in MATLAB/Simulink. Appendix B gives thietail Simulink models.

20 kV
BPiimit l (AAAA
0.4 kV

Micro turbine

3@, 30 kW
Wind Turbine
3@, 15 kW

—@— Commercial

Controllable Load 34,
«— 75kVA
<«
Residential
Load
3@, 19, 52kVA

;‘J

Figure5-1 Simplified micro-grid structure
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The microturbines are assumed to be non-reheatdggehave two time constants
associated with its governor and speed control am@si. The time constant for the
controllable load is assumed to be smaller as cosdp#@o the microturbine. The
percentile change in grid power is experiencetha step t=0 and the system is assumed
to have a load disturbance of 0.5 percentile atstdrae instant. With these parameters,
case 1 is further analyzed for several scenariget@ better understanding of the control

at the PCC achieved by the PET, over the systenpobants.

Table 4 Micro-grid component parameterscase 1

Micro-grid M odel
Components Parameters
R;=0.167
Microturbine APy Tgl1= 026
7 = 026
Wind-turbine ARyo 0
CommercialAP, Ri=0.1
[
LC T =1
glL
ResidentialAP_ 0.5 percentile
Grid PowerAR; it -1 percentile

5.1.1 Without supplementary control

With the parameters given in table 1 for case 4 system is analyzed with no AGC or
ALC associated with the DG units or the controkaldads. The controllable load is
basically constant and its consumption is not adletl. Figure 5-2 and 5-3 give the
simulation results for the system. It can be seahwith no AGC or ALC in the system,
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the frequency of the system drops and does notrréggainitial value. The generation
from the microturbine has to be increased to mdbehload disturbance as well as
restricted grid supply. Figure 5-2 shows the variain system frequency upon step load
disturbance as well as with grid power restrictetha same instant and the system now
operates at deviated frequency. Also it is seeh tthe microturbine does increase its

generation but has not fully matched the load.
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777777 | R |
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Timestep t

Figure 5-2 Power flow control for case 1.1

Figure 5-3 shows the overall system performance. [bhd demand and generation
are not matched without any AGC in the system. tilie step t=0 the overall system

demand has increased and with that the generati®albo increased.
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Figure 5-3 Steady-state system performance for case 1.1

5.1.2 Microturbinewith AGC

To regulate the frequency droop, AGC is considéoedhe DG unit (microturbine). The
controllable load is still not considered and hewaeation in consumption in response to
frequency drop is zero. Once again a step loadridishce is given at time step t=0 and at
the same time the utility grid power is restrict€éigure 5-4 shows the corresponding
results. Here the DG unit matches the load demaddance the frequency of the system
is regulated. Note that with no ALC present the @& solely matches the load demand.
This may not always be economically feasible. Fegbi5 shows the system performance
under these conditions and that the load demandaopoly match after a certain period
of time. Also the system frequency is regaineds thsuring system stability. Figure 5-5
shows the overall system performance whareis zero at steady state and the energy

balance is attained in the system.
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Figure 5-4 Power flow control for case 1.2

5.1.3 Controllableload with ALC

The entire system is studied with AGC and ALC ie g8ystem components. With the
presence of ALC the load demand is distributed betwthe controllable load and the
DG unit, thus ensuring a more economically feasdaetrol of frequency. The system
frequency is also regained As seen in figure 5e60f% unit increases its generation but
the overall system generation has reduced due # r#stricted grid power.

Corresponding to that the overall system demand diss been reduced to attain

demand-supply balance.
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Figure 5-5 Steady-state system performance for case 1.2
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Figure 5-6 Power flow control for case 1.3
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The overall system performance considering both Adri@@l AGC in the micro-grid

components is shown in figure 5-7.

0.5
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Timestep t

Figure 5-7 Steady-state system performance for case 1.3

5.1.4 Step load disturbance and grid power restriction

A more dynamic state of operation is consideredrevtige grid power is first restricted at
time step t=0 and later the grid power is regaiteedts original value. A step load

disturbance occurs later to that and the systempoaents respond accordingly. Upon
restricted rid power initially the load reduces d@snsumption and the generation is
increased. When power is regained at time step, &Bthe components operate at initial
conditions until a load disturbance occurs at tistep t=50. Figure 5-8 shows the

response of the components to any frequency vammtnd also each time the frequency
is regained. Figure 5-9 shows the system performarere at both the time steps when

there is a drop in the frequency, the load and dehaae matched.
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Figure 5-9 Steady-state system performance for case 1.4
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5.2 Case2: Extended micro-grid structure.

The micro-grid of case 1 is extended with more congmts and thus increasing the
complexity of its operation. Here there are twopdishable and two non-dispatchable
DG units. The microturbines are expected to vagy gleneration in order to achieve
energy balance. The wind turbine and the PV geoerate assumed to operate at
optimal operating points producing maximum alloveapbwer. This system is similar to
the case one except that both microturbines hafereit generating capacity. Some
portion of the consumption is also reduced duéhéodontrollable loads. Table 5 gives

the parameters involved in the simulation.

20 kv
P. .
limit }W&
S I = o! o
0.4 kv
Wind turbine

3g, 15 kW

I l:IEI—@-[I%
A 4

Commercial

building 3g, 75kVA

Controllable load

Residential AL
load 39, 1@
52kVA

Micro turbine Photovoltaic source
39,25 K

%ﬁ@%TT 3@, 15 kv

Single residential
L—> Load 3@, 15kVA

Critical load
3g, 1o 20kVA

Figure5- 10 Micro-grid structure for case-2
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Table5 Micro-grid component parameters case 2

limit

Micro-grid M odel
Components Parameters
R1=0.167
Microturbine AP, 7q1 =026
Tql = 0.26
Wind-turbine AP, 0
R1=0.3
Micro turbine AP, 7g3 =04
T3 = 04
PV ArrayAPR,, 0
. R]_:O.l
Commercial AP, .
Ty =1
ResidentialAP, 0.5
Grid PowerAR, 1

5.2.1 Step load disturbance and restricted grid power

Figure 5-11 shows a simple case of reduction iityupower and load disturbance. With
the non-dispatchable resources not participatingcantrolling their generation, the
controllable loads reduce their consumption white tmicroturbines increase their

generation. Figure 5-12 shows the overall systenmfiopeance and system frequency

restoration.
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Figure5-11 Power flow control for case 2.1
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Figure 5-12 Steady-state perfor mance for case 2.2
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5.2.2 Step load disturbance and restricted grid power with faulty DG

Another case is considered where all the four D@suare considered. The non-
dispatchable units are assumed to provide somatiars in generated power and have a
limit up to which they may increase their genematiat time step t=0 the grid power is
restricted. The DG units provide the required imsee in generation while the
controllable loads also participate. At time step3 the load disturbance further disrupts
the supply-demand balance. As a result of which dbetrollable load reduces its

consumption to an acceptable maximum limit.
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Figure 5-13 Power flow control case 2.2
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At time step t=70 the DG unit 4 (PV Array) expegen a fault and not participating
in energy supply any further. This causes the reimgigenerators to share load. With the
DG unit 2 (wind turbine) at the maximum possibleiaton, the microturbines are
required to increase their generation as the cliaitte load further reduces its
consumption. At time step t=85 the grid power stoeed and at time step t=100 the load
demand of the system attains the initial operatingditions. Figure 5.14 shows the
overall system performance and energy balancehirabove variations. When initial
conditions are reached the generation and consamjptie adjusted to their previous

values so that the system frequency is also raktore

Timestept

Figure 5-14 Steady-state system perfor mance case 2.2
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5.3 Case3: Frequency restoration of main grid

Consider a case where the main grid is connectethgomicro-grid with a regular
distribution transformer. In a case where the grigeriences load disturbance, the
generation and consumption within the main grid 4l to adjust in order to restore the
system frequency. There is no load disturbanceemiicro-grid at that point. Without a
PET there may be certain amount of power flowiragrfrthe main grid to the micro-grid
resulting in no participation from the micro-gridraponents in frequency restoration of

the main grid. Since the power is being transfeteedhe micro-grid, its components

adjust within to restore the micro-grid frequency.
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Figure 5-15 Frequency restoration in main grid without PET.
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Unlike to the previous case, with a PET at the R@GE similar load disturbances now the
micro-grid components are allowed to participatetie overall system frequency
restoration. As can be seen in figure 5-16 the igdoes and controllable loads within the
micro-grid adjust the supply and demand to somergxnd thus participate in main grid
frequency regulation. This is another advantagethef PET which may extend its
application in establishing market strategies udedfth to the micro-grid as well as the
utilities. It also ensures optimal use of renewabources and economical operation of

all the DERSs that constitute the system.
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Figure 5-16 Frequency restoration of main grid with a PET.

Figure 5-17 extends the case with a load distudodhat may occur in the micro-grid

prior to any disturbances in the main grid. It $sential that the micro-grid components

85



respond to any disturbance that may occur withirth@ut a PET, the difference in

supply to demand is made available at the PCCeAr & figure 5-17 the generation and
consumption within the micro-grid is adjusted ahe ARj,;; is varied in response to the
supply-demand imbalance. At a later instant witbaal disturbance within the main grid

the microsources no longer participate in frequarsyoration of the main grid.
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Figure5-17 Frequency restoration of main grid without PET
With a PET in similar case as described abovaalhjitwhen the micro-grid experiences
load disturbance there will be active power floanfrthe main grid to the micro-grid. At

a later instant when the main grid experiences thatlirbance, the two AC systems act
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as two interconnected power systems and the migross together with the components

of the interconnected system restore the frequehttye main grid.
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Figure5-18 Micro-grid participation in frequency regulation of main grid

From the above case study it can be verified th@tRET has another advantage of
allowing the DER units of the micro-grid to parpate in frequency regulation of the
main grid to some extent. This provides an extrgrek of freedom in a certain market
strategy and possible deregulation.

Note: Portion of thischapter isreproduced from my | EEE publications [24],[54-55]
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Chapter 6

Conclusion

The consistent increase in the penetration of thBB®has recently generated significant
interest in the controls and communications invdlMdicro-grids have been extensively
researched to efficiently integrate DER units ilttew voltage electricity system and for
their optimal utilization. Smart power and energgnmagement policy are prime challenge
for micro-grids. The interconnection of DERs hasr@ased concerns in regards to the
adverse impacts on the power quality of the maid gspecially due to the power
fluctuations caused by renewable resources. Hdreedntrols and interface of micro-
grids with the main power grid play a vital rolesaccessful and optimal operation of the
entire power system. A PET, on the other hand Hsastkeeen extensively researched for
its size and weight advantages over conventiomastormer. The thesis extended the
application of the PET for bi-directional power\lacontrol between the utility and a
micro-grid. The need of proposing a novel stratdgy provide enhance power
management to smart micro-grids is addressed. [Bimasof the PET as established and

substantiated by simulation results and case study.
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In chapter 3, a PET is proposed for its applicatropower distribution system. The
chapter also explains operation of a three phassngle phase matrix converter that
provides high frequency operation of the PET. Bediional power flow is achieved
between the two three phase AC systems. The PHiKeuwnconventional line frequency
transformer, can restrict the power flow betweentthio AC systems at its primary and
secondary. With equivalent AC microsource on theosdary, smooth transition from
islanding to the grid-connected mode can be acHielke active power limiter provides
with an extra degree of freedom to both, the wtigjtid and the micro-grid, in possible
deregulation and market strategy. Chapter 3 veriffee several claims of a PET as
applied to the micro-grid by simulation results af complete PET schematic in

MATLAB/Simulink.

Chapter 4 established a strategy for operationateots of a micro-grid and its basic
components were defined. The power managemenmic@-grid is discussed. A fresh
approach of decentralized control strategy of DERsuand loads, that constitute a
micro-grid, is proposed. The microsources and ofiatvle loads utilized the change in
system frequency to adjust their generation or waomdion. When active power at the
PCC increases beyond a pre-set limit the PET cesttihe power flow from the utility
grid. The resulting drop in grid frequency is sehkecally by the DG units and loads for
dynamic active power flow control. The PET, by colling the dynamic active power
flow at the PCC, is indirectly controlling the geaton and consumption within the

micro-grid. Thus achieving a decentralized contyblthe micro-grid components and

89



hence the grid frequency. The proposed power mamagfefor micro-grid is verified in
chapter 5 by a case study of a complex micro-gratiesn.

The major benefits of the smart micro-grid as comegao a regular micro-grid, as
achieved in the simulation results and case stuniy the previous chapters, are listed
below:

1. In the grid connected mode ofregular micro-grid, the DGs are controlled to
supply a pre-set value of active power. Based endhd change, the difference
of supply (active power generated by DGs) and den{kbad active power) is
supplied by the power system grid. In the evena gludden load change in the
micro-grid, the active power flow at the PCC campsgnificantly which may be
undesirable during the peak load demand from tleepsystem grid. However,
the active power command in the DGs can be coettolb make the power
system grid less susceptible to the load fluctuatio the micro-grid.

In a smart micro-grid, with a PET at the PCC, the active power flow frtme
main grid can be dynamically controlled to a debiv@lue determined by the
utilities. This is verified by simulation results section 3.5.2. The active power
was dynamically reduced to 60% of the initial sypgdlhe dynamic limit, as set
by the utilities is achieved by the PET and thelities do not need to
communicate with the micro-grid components. In estsely, section 5.1 and 5.2
the response of micro-grid components to the goiagy restriction is studied and

is verified that the components do not requirecimmunicate with the main grid.
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2.

In the smart micro-grid the PET achieves voltaggil&ion by control of reactive
power. For any load disruptance the frequency@PGC constantly varies. Also
due to restriction in active power at the PCC g/ BET the grid frequency may
drop. This affects the voltage profile at the tfarmmmer primary. The PET
modulation strategy allows control over reactivevpowhich hence controls the
voltage. This is verified in section 3.5.3 by siatidn results.

In a regulamicro-grid in grid connected mode, usually purchase energraar
ancillary services from the power grid and at tinaéso sell power back to the
grid. These decisions are usually made by a centrato-grid controller and
depend on current economic strategies. Contrdi@fattive power for individual
DG system based on the grid-frequency measuretiyilanay not be possible, as
the local grid-frequency is dominated by the powgstem grid in the grid-
connected mode of operation.

In a smart micro-grid the PET claims to fulfill the above objectives aado
allow utilities to define a limit on the power suypback to the main grid from the
micro-grid. This extends an extra degree of freedomder deregulation and
market strategy and also ensures optimum use efuaie resources. This is
substantiated in section 3.5.1, with simulatiorultssin figures 3-11 and 3-12.
Here bi-directional power flow is achieved by thedulation strategy of the PET
and hence in control of the utilities.

In a regularmicro-grid the frequency will not change enough to contra@ th

generation and consumption of the components. Glootrthe active power for
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individual DG system, based on the grid-frequene@asured locally, may not be
possible as the local grid-frequency is dominatgdhle power system grid in the
grid-connected mode of operation.

Decentralized control of the components is achigmessmart micro-grid where
frequency change upon grid power restriction adjugte generation and
consumption within the micro-grid. This is analyzedcase study section 5.1.4
where the controllable loads and the generatorssattjeir power consumption or
generation in response to grid frequency variat®ection 5.2 further verifies that
the micro-grid components do not require commuimiganternally and any fault
in one component is reflected in the overall freguyevariation.

. A micro-grid is normally in grid-connected mode but often distects and
operates autonomously in islanded mode. The trandietween these two modes
requires grid frequency synchronization and is ireguto be planned ahead of
time for safe operation.

In asmart micro-grid the PET allows a smooth transition from islagdmode to
grid-connected mode. As described in section 38 dhtput of the power
converter in the PET is independent of input ACreeurequency. Hence grid
frequency synchronization is not required. If the&nmgrid is operating at a
frequency other than the utility, the main gridguency is not affected. Thus the
utility can totally disconnect the micro-grid byrdymically restricting the active

power flow in case of any faults detected.
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6. The utility grid frequency restoration is also egsd with any load disruptance
that may occur in the interconnected system. ThE &Bws participation of the
micro-grid components in grid frequency stabiliaati This claim is substantiated

by case study analysis in section 5.3.

6.1 Futurework

The proposed PET with its bi-directional power floantrol ability may be applied at
several levels of power distribution. With two afck PETS, a smart control strategy for
economic operation of a power system could be welieAs shown in figure 6.1 the
PETs may choose to supply electricity to a criticald at energy shortfall conditions.
The proposed decentralized control for micro-griday assist in enhanced power
distribution without totally shedding a load. Tleissures optimal utilization of renewable
resources. The critical load is supplied by thedwtarbine under normal operating
conditions. The PET direct active power to the s@vanicro-grids connected
downstream. The two PETs can now ensure reliabhepto the critical load and utilize
the renewable resources optimally. A simplifiecligent control between the two PETs
could be established by regulating the power géioeraand consumption within the
system in response to grid-frequency variationsotAar approach to the PETs could be
applied as a two winding transformer as shown engthematic in figure 6-2. The PET
can now control Pand R individually and provided a constant power from a system.
Here R can be power generated by a renewable resourcBarah be from a fuel based
generator. The PET can now vary &d B and still provide a constant output power
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flow. A detailed power system analysis for the mvgrid with dynamic analysis of the
DG units will propose many challenges to verify BieT claims. Advanced system level

study may also constitute the fault analysis assediin the power system.

Step up Critical load
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Figure 6-1 Two PETsoperating in sync
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A.3 Matrix converter modulation
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A.6  Active power measurement
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A.8 Simulation parameters
Table 6 Simulation parametersfor PET

Input AC voltage Vi 20KV (L-L, rms)
Input line frequency if 60 Hz
Output voltage Vout 400V (L-L, rms)
Output line frequency of 60 Hz




Switching frequency f 10kHz

Modulation index K=K, | 0.5

Ls 2.5mH
LC filter Cs 10uF

Ry 0.01Q

L Lk 1mH

Transformer leakage reactan(,c-hIk 0.10
IGBT on-state resistance oR 0.001Q
IGBT snubber resistance <R 0.1IMQ
IGBT snubber capacitance <C Inf
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Appendix B

B.1 System level simulations
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B.2

Generator and load model

1

A J

kL1
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B.3

Simulation Parameter
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Tgl.s+1

A 4

Te1 .41

Table 7 Simulation parametersfor system performance

Synchronous frequency Dsync 377 rad/s
Inertia Parameter(equivalent) H 5.3
M = 2H
Wsync
Damping factor (Generators & Loads) D
Regulation constant for microturbine 1 R1 0.167
Regulation constant for wind-turbine R2 0.2
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Regulation constant for microturbine 2 R3 0.3
Regulation constant for PV generator R4 0.2
Regulation constant for controllable load LR 0.1
Frequency controller gain for microturbine 1 K1 0.0010gync
Frequency controller gain for wind-turbine K2 0.001wgy¢
Frequency controller gain for microturbine 2 K3 0.001wgy¢
Frequency controller gain for PV generator K4 0.001wgy¢
Frequency controller gain for controllable load L1K 0.001wgy¢
Turbine-governor time constant for microturbine 1Tgl =1y | 0.26
Turbine-governor time constant for wind-turbine Tq2 =712 0.26
Turbine-governor time constant for microturbine 2793 =713 | 0.4
Turbine-governor time constant for PV generato Tga =Ti4 0.26
Turbine-governor time constant for controllable | 7, 1

load
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B.4 Frequency regulation of main grid
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