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Introduction
Micro-grid System
* Means of integrating a large

number of distributed gen-
eration units

DG2| DG3 ]
L \-{_‘ _E?_U HS
R N
1

WT: Wind Turbine

PV: Photovoltaic

SU: Storage Unit

HGU: Hydro Generation Unit
HS: Heat Source

TS: Thermal Storage

G: Fossil Fuel Based Generation
DG: Distributed Generation

PL / Heat
Pc |

AQE APE i

P(vw): Wind turbine power
Pr: Hydro unit power
P(R): Photovoltaic power

Utility Grid ? Pc: Power from fossil fuel system

P11,Pr2: Load power
APE, AQr : Power exchange between the
utility grid and the micro-grid

Why renewable
based micro-grid?

source

What is renewable source

based micro-grid?

Reliable power supply

Power loss compensator

Reduction In transmission

system expansion

Enhancement of renewable

power penetration
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Introduction

Research Objectives

* To identify a system that contains renewable generations
and has potential to operate in micro-grid

* To reveal the nature of technical issues related to stable
operation of the micro-grid through system modeling

* To design and develop micro-grid controllers to maintain
real and reactive power balance between generation and
load during various operational modes of the micro-grid

* To develop a micro-grid test set up to verify the micro-grid
controllers’ performances

* To develop a micro-grid system reliability model to assess
the reliabllity level of generating and supplying power by a
micro-grid system that contains renewable generations

|
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Review and Critique

Micro-Grid System: Technology Status

MG type Source RE Control Storage System
fraction | Cen. | Decen. V& f
GC [5] RE & NRE ND Y Y Inverter Assumed | Hypoth.
GC 1¢[35] RE 100% Y Y Inverter Battery Hypoth.
15t NEDOI[37] | RE & NRE 26% ND ND Inverter Battery Hypoth.
2md NEDO[37] RE 100% ND ND Inverter Battery Hypoth.
374 NEDO[37] | RE & NRE 13% ND ND Inverter Battery Hypoth.
GC [39] RE & NRE 25% ND ND Inverter Assumed Bench.
Isolated [3] RE & NRE ND Y Y Generator | Hydrogen Real
GC [41] RE & NRE 60% ND Y Inverter ND Hypoth.
GC[42] RE & NRE 40% ND Y Generator | Assumed | Hypoth.
GC [44] RE 100% ND Y Inverter Battery Hypoth.
GC [45] RE 100% ND ND ND Hydro Prop.
GC[3] RE 100% Y ND Generator ND Real

RE— Renewable; NRE— Non-renewable; ND— Not defined; Decen.— Decentralized;
Cen.— Centralized; Hypoth.— Hypothetical, Bench.— Benchmark; Prop.— Proposed.
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Review and Critique

Modeling and Control of Micro-Grid System
* Micro-generations in a micro-grid system modeled without
accounting the dynamics of the primary energy sources
(simply assumed as a DC source)

* Micro-grid controller design without considering the
dynamics and uncertainties of the input energy sources

* Because of the droop characteristics, the micro-grid system
frequency and voltage might drop to such a value that all
micro-generations will operate to newer values that are
different from the nominal values

* Most of the past research has been carried out based on
simulation study

Micro-grid Reliability Evaluation
* Reliability assessment of power generation and supply by a
micro-grid system is not found in literature (System
containing renewable micro-generation)
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System Behaviour Analysis

Wind Farm

System Overview
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@ TLWI Tw
Utility Grid 1000 MVA

XR=222

The power balance in the micro-grid
system

— WT6
TLd TLWT Tw

g WT5
Tid|] TLWT Tw
— E—Own
TLd TLwr

APg = P (vy) + P, — Pr1 — Pro

AQE = Q (vw) +Qn — QL1 — QL2

Load

Grid connected system

D me,

Load

C>— )

6
Isolated system with wind power generation

Load

C)— mE

Isolated system without wind generation
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System Behaviour Analysis

Component model of the micro-grid system

* 9 dynamic models of variable-speed wind energy
conversion systems

* a variable pitch wind turbine, induction generator and
converter control with maximum power extraction (using
3.3-3.51)

® a synchronous generator, a hydro turbine, and turbine
governor and excitation system (using 3.52-3.95)

* |ine, transformer and load models are obtained from the
Matlab/Simulink library

* Variable wind speed profile is the disturbance input to the
wind turbine system

* Water flow is the input disturbance to the hydro turbine

|
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System Behaviour Analysis

System performance

Grid connected system (Mode-I)
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System Behaviour Analysis

System performance

Isolated system with wind power generation (Mode-II)
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System Behaviour Analysis

System performance

Isolated system without wind power generation (Mode-IIl)
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System Behaviour Analysis

Micro-grid operational and control requirements

Load Storage Load Storage
Dump load
I | (I
S & e r)
b b
é STATCOM é STATCOM
(a) (b)

(a) Isolated micro-grid with wind power generation
* active power shaping using dump load and storage
* reactive power adjustment using statcom

(b) Isolated micro-grid without wind power generation

* active and reactive or only active power adjustment from
storage

* reactive power adjustment using statcom and active power
adjustment from storage
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Controller Development and Evaluation

Controller: Isolated micro-grid with wind power generator
* Control overview

Isolated Micro-grid System
with Wind Power Generation

| I

Micro-grid
control co-ordinator

Active Power Controller

Reactive Power Controller

Power Controller

* Objective
° To adjust the active power such that the micro-grid

frequency is maintained at its rated value and shows
acceptable steady-state and transient performance

|
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Controller Development and Evaluation
Controller: Isolated micro-grid with wind power generator

* Design considerations
° Operate the wind turbines at their optimal efficiency
© Large scale energy storage
° Increase overall system efficiency

* Active power controller

Prih PrzA
T2 |ooo) T3 |oo)
@ (O0) (WD)
2 A @ ®
T1 —
@_/ gg TL1 r T‘% @ TL2
: L
Utility Grid @ _ [Swiching
@_/.-G—FZI— devices
| T3 A
1000 MVA
X/R=222 Resistor
| Micro-grid control | Achve Power ; Dump
co-ordinator Controller Load
(RDL)
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Controller Development and Evaluation

Controller: Isolated micro-grid with wind power generator
* Active power controller

v
=
[

Vs,abC_> Phase loc-| fues fI b , C.alcculate R Switching
ked loop B r] L1 "|Firing angle| |pulses

Switching

devices

Dump load

VBus3,abc

O AP = =i = Jmes)
o control signal, u.s = AP (kp + ]%)

—69 X ues + 870 for 1>u.s> 0

° firing angle o =
Jang 69 X Ues + STV for 0> wu.s> —1
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Controller Development and Evaluation

Controller: Isolated micro-grid with wind power generator

* Active power controller: Overall model
° Implemented in Matlab/Simulink

° maximum possible power generation and load In
micro-grid determines the size of the dump load

o disturbance inputs are utility grid disconnection,
stochastically varying wind velocity, step increase or
step decrease in load power

© control variable is the micro-grid system frequency

°© manipulated variable is the current, and output variable
IS the thyristor firing angle

|
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Controller Development and Evaluation

Controller: Isolated micro-grid with wind power generator
* Active power controller: Performances
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* Micro-grid system frequency deviates within acceptable
range during the utility-grid disconnection

Micro—grid frequency (Hz)

o
a

* The system frequency retains its rated value in subsequent
operation

* Fast and stable change in controller output allows smooth

variation in manipulated variable
|
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Controller Development and Evaluation

Controller: Isolated micro-grid with wind power generator
* Active power controller: Performances

©  Micro-grid frequency
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* Step change in load is chosen according to the load
variation characteristics in the system

* The system frequency settles back to its rated value after a
load disturbance

* Dynamically stable; change in controller output leads to
stable power adjustment.
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator

* Control overview

Isolated Micro-grid System
without Wind Power Generation

| I

Micro-grid Hydro Storage Control l|

control co-ordinator

Inverter Interfaced Contro
Storage System Control

* Objective
° To regulate frequency and voltage of the isolated
micro-grid system during insufficient wind

* Design considerations
° Insufficient wind speed results no power from wind
generators
o Effective response time to accommodate new power
commands
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator

* Pumped hydro storage
© Capable of storing large amount of power
° Available reservoir can be utilized to pump water

* Pumped hydro storage: Design and Control

PLIA PLZA
—+ ©
(koo
@ 2 oo ™
O 2 ©)

T1 — T4 @TLZ
@_/ =l L1 ‘ 35 C
(3 15
G-
° Topological similarity is applied to choose the control of
the HSU

° Modify the controllers parameter to achieve the control
objective
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Controller Development and Evaluation
Controller: Isolated micro-grid without wind generator

Hydro storage control: Overall model and performance

o implemented in ® step change by 2% of load
Matlab/Simulink g
. . ; eoW
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator
* Design considerations

o Effective on-demand, discrete time power adjustment

© Fast and stable response to accommodate new power

commands

* Controller overview
° Power flow based micro-grid controller (PFMC)

Micro-grid Systems
Power
exchange
Commnad Control
S Stem powers InV rter pulses
. f}’ . B Power erte Inverter
information Flow Controller
Initialize inputs
DG/Storage
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Controller Development and Evaluation
Controller: Isolated micro-grid without wind generator

Power Flow Based Micro-grid Controller

* d — g-axis Power Flow

° Available PF methods analyze power systems assuming
that they have to be perfectly balanced 3¢ and active
power generated by each PV bus is known

© Such assumptions may not be accurate for buses with
DG unit that operates in various modes and produces
power from stochastically varying primary energy
sources

° The random variation in primary energy sources can
also lead to bus type conversion.

°© DG output powers can be determined using d — g-axis

voltage and current components on the output side of
the converter

|
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Controller Development and Evaluation
Controller: Isolated micro-grid without wind generator

Power Flow Based Micro-grid Controller

* Formulation of d — g-axis Power Flow
°© Mathematical analysis and formulation of d — g-axis
power flow is performed according to (4.13-4.43)
* Implementation of the d — ¢g-axis Power Flow in Controller

° The step by step procedure to implement the d — g-axis
power flow into the controller is described in section
4.4.2 In the thesis

© Qutcomes of the power flow calculation determine the
command power, P and (. for the inverter controller

|
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator

Power Flow Based Micro-grid Controller

* |nverter control

T0 G,
© el
R

Switching Pulses ﬁ ‘TTT
Pc N < Usc

PWM Inverter |« Usc

Controller < 1a
Qc” «1b

* Power from storage to an
Input of the micro-grid side
Inverter is assumed as a
DC source

* Focus is to control the
Inverter to maintain
command power flow from
storage to the micro-grid

* Also synchronization be-
tween the storage and
micro-grid
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator
Power Flow Based Micro-grid Controller

* |nverter control structure e Current references:

P Qg _ P—Vgalg.
Clurrei Command power controller ID ¢ VD
. I Q. Vp+P.Vg
e |l QC - VD2+VQ2
I Qt—’%ﬂ ~.,,| ® Micro-grid voltage angle
Labe ab% Ia; ocB/4(2 Ip —f‘q g raﬁ"npulses o Va
> > +vy > Bl ¥ ¥ COS e
B EN E>Q—> . fo ? Ve+Vs
. |%
Te oL+ Lg) S/Ln¢ — %
» oL +Lg) ! VO‘ +V,3
g (i ] * sin(¢—0) can be reduced to
w9 6 [ a value that allows synchro-
™ Micro-grid voltage " sm(¢—(-)) . + . >0 . .
wecleition | o — nization based on the fact
‘ - that sin(¢p — 0) = (¢ — 0) =
[ cos
- A6
Micro-grid synchronizer
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator

Power Flow Based Micro-grid Controller: Overall model
* Implemented in Matlab/Simulink
* d — g-axis power flow is realized using a Matlab code
* Inverter control is accomplished using Simulink model

* Closed loop study is carried out by employing d — g-axis
power flow and the control of the inverter

* Control performances represent the dynamic condition of
the micro-grid system along with power adjustment in the
system

* Simulation study is performed for grid-connected and
Isolated modes of operation

|
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Controller Development and Evaluation

Controller: Isolated micro-grid without wind generator
Power Flow Based Micro-grid Controller: Performances
* |solated micro-grid with wind generator disconnection
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Controller Development and Evaluation

Controller: Isolated micro-grid with wind generator
Power Flow Based Micro-grid Controller: Performances
* |solated micro-grid with step increase in load
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Controller Development and Evaluation

Controller Development: Summary

* The developed active power controller is capable of
maintaining power balance between generation and load
under various operating conditions

* The operation of an isolated micro-grid with HSU is studied
and discussed

* An alternative control scheme is developed based on power
flow analysis and current controlled inverter for the storage
unit

* PFMC shows the ability to initiate accurate and fast actions
to adjust power between generation and load

* The accuracy of the PFMC is observed from the micro-grid
frequency and bus voltages under different operating
conditions

|
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Controller Development and Evaluation

Micro-grid Test Setup: Overview

ISmotor-pump I—M @ @
— ——WTS
HGS |—
Utility Grid
TL2 TL3
@ @
Y Si2 Pr4

* Validate the outcome obtained by simulation for the
developed controller

* Micro-grid test setup (MTS) is accomplished using the lab
facilities

* Four bus system because it is assumed that the voltage

level is the same In the test setup
|

|
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Controller Development and Evaluation

Micro-grid Test Setup: Wind Turbine Emulator (WTE)

Induction
generator

Power
suppl
dSpace ds1104 DSP i
Control
D | |signal | Power Electrical
1 A electronics DC
DSP Based C devices drives
Personal /
Computerc é i Sianal co- Torque meas.
¢ | nditioning] "Speed meas.

* A separately excited DC motor is emulated to represent a

wind turbine rotor.
* The inertia of the DC motor and induction

generator is

assumed to be the inertia of the wind turbine rotor.

* DSP based PC is utilized to implement the wind turbine

model and characteristics
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Controller Development and Evaluation

Micro-grid Test Setup: Wind Turbine Emulator (WTE)
* Wind turbine model
° Turbine output power: Ppccr, = 5pAv3 Cp(N)
° Tip speed ratio: A = ==

o Average torque: Ty, = 3pAv2Cy(N)ry
° Torque coefficient:
C, = —0.02812 + 0.038576\ — 0.0045912A? + 0.0001489\°

* Torque control algorithm
©o Recursive discrete PI controller

* Optimum power controller

PI Limiter

Reference, Aopt :
‘ f Pulse Driver Switch
- generation ShrEu

Measured,®m Carrier
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Controller Development and Evaluation

Micro-grid Test Setup: WTE Implementation
* Laboratory layout for the WTE

@

Analog
input
power
controller

A

2-10V
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CB

=

Micro-grid Bus 3

Speed Torque )S )S )f
_
Instrume- x 7 )F ?
ntation lls lls
A dSPACE
—_ ADC ds1104 DSP [Micolation
in
speed ) and Pulse
> WT model amplifier
Torque contr- )
DAC <+ ol algorithm
Optimum po-
wer control |~ LRAC
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Controller Development and Evaluation

Micro-grid Test Setup: WTE Implementation
* Photograph of the laboratory wind turbine system

’é:

Power electionics ==
nd signal conditionin g s
‘-‘_p ) ! «:r‘ 3 3
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Controller Development and Evaluation
Micro-grid Test Setup: WTE Implementation
* Experimental Performances
§ I L | 1 i = |
® 0 20 a0 4‘o_|_ime é)econdg? 70 80 90 100 ':“-‘T"r.‘.*.f 1-:}* f# ,5"; EP'T"T i-w-“‘ﬁ'unlmrm A ”*?Tr""m'l' ."mu, h-fﬂ J-1 ]J-qu-
2 “‘ = Sw:tc}ungpulses Co Response to:rque
Wind speed profile T | N A T i
Telestep | ‘
iReferenc;e tor(é[ue 1 ﬁ}‘ : _ : __ I _ : : : _;
. : . : . ;s . ' _ : 5 : Errormtxp speed ratm £ : : v :
R N e . & R menie | B T e N LK E T B R E
: Response torque : ; : : ; Ch3[ 5.00V  [@jE| 2.00V
il 2 e ant tini b ik el WTE performance with OPC
oo B E o B o 2 cxnlge sve Fu ] * Almost exact fit between DC
ek ,._,_ e motor actual torque and the
USRS % L I R R reference torque produced by
the wind turbine model.
WTE performance without OPC |
|
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Controller Development and Evaluation

Micro-grid Test Setup: Other Hardware Components

Hydro Generation Simulator

DC Field Excitation

SG CB

nizing
module

2
o]
% Synchro-

DC Supply
+

Micro-grid Bus 1

DC Shunt Motor

A 3¢, 208 V, 60 Hz supply is used as the utility grid.

A 3¢, 10 A circuit breaker is used as the link between MTS
and the utility grid.

6, 2 and 2.5 m long cables represent the line.
Two loads are SL2 = (750 + j251)W and PL4 = 1.24kW
Motor load, Sy.otor—pump= 0.9KVA
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Controller Development and Evaluation

Active Power Controller Implementation

* Experimental Layout
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Controller Development and Evaluation

Active Power Controller Implementation

* Experimental Hardware
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Controller Development and Evaluation

Active Power Controller Implementation

* Experimental Performances: without control
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Controller Development and Evaluation

Active Power Controller Implementation

* Experimental Performances: with control
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Controller Development and Evaluation
Active Power Controller Implementation
* Experimental Performances: with control
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Controller Development and Evaluation

Power Flow Based Micro-Grid Controller Implementation

* Schematic of Experimental
Layout
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Power Flow Based Micro-Grid Controller Implementation

* Experimental Hardware Setup

|
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Controller Development and Evaluation

Power Flow Based Micro-Grid Controller Implementation
|solated micro-grid without wind generator

* Performances: Bus Powers * Performance: Bus Voltages
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Controller Development and Evaluation

Power Flow Based Micro-Grid Controller Implementation
|solated micro-grid with step change in load

* Performances: Bus Powers * Performance: Bus Voltages
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Controller Development and Evaluation

Controller Evaluation: Summary

* Scaled version laboratory prototype of a micro-grid system
IS presented

* WTE is developed to represent a variable speed wind
turbine system

* The implementation and performances of an active power
controller is presented

* Power flow based micro-grid controller is implemented and
the performance results are presented

* All the tests results show the same pattern as those found
through simulation study

|
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Reliability Assessment

Why Is micro-grid system reliability necessary?

* Wind speed profile and the power generation by the wind
turbine are highly dependednt on a specific site

* Reliability calculation should be carried out for the entire
wind speed range that a wind turbine system operates and
also for the complete wind energy conversion system

Assumptions

* Power generation by the hydro unit is assumed to be highly
reliable

* |nverter interfaced storage is also assumed with better
reliability of generating power

|
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Reliability Assessment

Micro-Grid System Reliability: Model
* Detalil reliability block diagram (RBD)

I T2 I | T3 I
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* Simplified reliability block diagram

WPGS

Utility Grid
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Reliability Assessment

Micro-Grid System Reliability: Model
* RBD for micro-grid Modes (a) Mode-I:

e IWPGs| RMSRMl —
— 1= (1= Ruts)¥ (1 = Rrgu)(1 = Rug))
Utility Grid
@ (b) Mode-I1:
Rasryr, =
HGU — [1 _ (1 - thS)N (1 — RHGU)}
(b)
(c) Mode-llI:
RysRys =1 — (1 — Rugu)(1l — Rsu)]
HGU

(©

Wind turbine system

I I Ruyts = Rtp X Rgp X Rg X R
* Wind turbine system ‘ tp X figh X Hg X LIPE

Wind Gear

. WPGS
. Interfacing Power
WT Generator

speed | hox Electronics (IPE) B Rwpas = [1 — (1 — ths)N

|
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Reliability Assessment
Micro-Grid System Reliability: Model Implementation

Tield data collection and scaling
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Ditribution identification
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1

y
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v v y
i Calculate reliability of wind turbine system, Rets unit i
vI
i Calculate micro-grid systern reliability by assuming realiability of HGU and SU i
y v y

MSR calculation fo MSR calculation for M5R calculation fo
grid connected isolated micro-grid isolated micro-grid
system with WPCS without WPGS
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Reliability Assessment
Reliability Results

* Sub-systems reliability in a variable speed wind turbine

system
DG units Reliability
WT rotor, Ryp 0.9068
Gear box, Ry, 0.9107
Generator, R, 0.9266
IPE system, R;pg 0.8144

* The reliability of generating power by various sub-systems
of a variable speed wind turbine is acceptable

* Interfacing power electronic sub-system is less reliable
among all the subsystems

|
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Reliability Assessment
Reliability Results

* DG units reliability

DG units Reliability

WT system, R.ts 0.6232

WPGS, Ry pas | 0.9998

HGU, Ryau 0.85
SU, Rsy 0.8144
Utility grid, Ry g 0.85

* Micro-grid system reliability

Micro-grid operational modes Reliability

Grid connected mode RysRy
.9999

Isolated micro-grid with WPGS: RyrsR o

number of WT systems in WPGS (1, 2, 3,4) | 0.94, 0.97, 0.99, 0.997

Isolated micro-grid without WPGS

RA SRy

0.97
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Conclusion

Summary

* The possibility of constructing a micro-grid system that
contains only renewable sources has been practically
demonstrated

* Detall modeling of the micro-grid sub-systems/systems has
been conducted to understand the operational and control
Issues and needs

* Active power controller has been developed, tested and
validated for isolated micro-grid operation

* Power flow based micro-grid controller has been developed,
tested and validated for an isolated micro-grid operation

* A micro-grid test setup has been developed for
experimental testing of micro-grid controllers

* Reliability assessment of a renewable source based
micro-grid system has been conducted

|
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Conclusion

Future Work

* \Voltage control scheme development for an isolated
micro-grid with wind generator system

* Further investigation using power flow based control for
multiple generation unit control

* Addition of other renewable micro-generations such as
ocean and solar power generation to the micro-grid system

* Development of hydro generation simulator would improve
the micro-grid test set up

* Detall reliability assessment for other micro-generations in
the micro-grid system

* Micro-grid protection

|
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