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Summary of Thesis

Wind power is an essential part of the strategyddress challenges facing the
energy sector. Operation of the electricity netwiorR020 will require higher levels
of response and reserve from generation. The poovigf inertial response from
wind turbines was investigated.

A model was developed for the simulation ofgfrency on the mainland UK
system, including a simplified model for a synchoos generator to represent Full
Power Converter turbines. Two different methodsiradrtia response, the step
method and the inertia coupling method, were medednd introduced into the
turbine torque speed control. Simulations illugtdatthe effects on primary
frequency control for a high penetration of winabines. Results are shown for
different demand levels with generation losses 820GW and 1800GW. A
comparison of the inertia functions is included #mel effect of wind speed and the
constant speed region of the maximum power extraaturve. For the scenarios
modelled only a small change in turbine output wecpuired for inertia response
(0.02p.u). Without inertia response a large inaeassynchronous plant response
was needed.

A test rig was constructed consisting of a FRiwer Converter bridge and a
synchronous generator driven by a dc machine. Powrererters were designed and
constructed by the candidate. Vector control ohlibe generator converter and grid
converter was implemented on a dedicated contafgsm. The inertia coupling
function was implemented and a test frequency devianjected to represent a load
generation imbalance. Results compared closelyhtset from the model and
demonstrated the capability to closely couple nebspeed to system frequency
with adjustment of the response via a filter ificksd.

The experimental work confirmed the adequacthefsimplified generator model
and further confirmed the possibility of using it@response. The inertia coupling

function was considered suitable for use for thedyktem.
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Tm Mechanical torque applied to the input shaft gkaerator
Tpmax Curve of torque for maximum power extraction

Tsi Torque employed to synthesise wind turbine iaggubtracted from
TPma>)



Tsr
TWT_acc
U, UWind
Vabe

V de-link
Vg
qu_speed
Ve

Vdn Vqr
Vds

Vs
VAbase

Accelerating torque for inertia synthesis (befooenpensation)
Accelerating torque at the wind turbine rotor

Wind speed

Phase voltages

dc link Voltage

d and g-axis voltage setpoints from Pl compemsato
Speed voltage components

Equivalent stator voltage

d and g-axis rotor voltages

d-axis stator voltages (alsg) e

g-axis stator voltages (alsg) e

Rated power of a generator

Equivalent stator reactance

Rotor reactance

Stator impedance

Inertia response function

ftrig

Kc, KT
I:)step
tI’ECOV
Tait
Tstep

®min

Triggering frequency

Coupling gain, torque compensator gain

Step power increase

Time after disturbance at which turbine speedvery initiates
Time constant of the first order filter appliedthe differentiator
Step torque increase

Minimum rotor speed

System modelling

D
Po
I:)gov
Pload
Prerm

Pwr

Pw ss

To

TcH, Tre, Tsm
Tgen

Fup

®o

Test rig
Heff
Hrig

|acc

Load sensitivity

Initial value of power

Power response via synchronous plant governors

Power consumed by loads

Power output from synchronous generators

Wind turbine power output

Steady state power output of wind turbine betodisturbance
Initial value of torque

Steam turbine time constants — Steam chest, Refh&ervo motor
Combined VSC and electrical machine time constant

High pressure turbine fraction

Initial value of rotor speed

Effective per unit inertia constant of the tegt r
Per unit inertia constant of the test rig
dc machine armature current less current duediiohal losses
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Idc_arm dc machine armature current

Idc_arm_ref dc machine armature current reference

Ton_arm dc machine armature duty cycle on-time

Ton_u1, U2, us, L1, L2, 13DUty cycle on-time for upper (U) and lower (L) c@nter
switches

Taero_ref Aerodynamic torque provided via dc machine

Tdc_ref Setpoint torque for dc machine

Tscale Additional shaft torque to increase effectivertizeof test rig
Oref man Speed setpoint for manual control of the tegpt ri

Machine Modelling

Lad d-axis mutual inductance
Lag g-axis mutual inductance
Lg Inductance associated with total d-axis flux #igk due togi
L tg d-axis field self inductance
L tkd Field to d-axis damper winding mutual inductance
Lkkd d-axis damper winding self inductance
Lq Inductance associated with total d-axis flux #igk due toyi
L Leakage inductance
Pair-gap Power transferred across the air-gap
P Terminal power
Ra Per phase armature resistance
®mech Mechanical speed of rotor rotation
Subscripts:
ad d-axis armature
aq g-axis armature
fd Field winding
kd d-axis damper winding
kq g-axis damper winding

Common subscripts

acc Accelerating

dc Direct current

d g d-axis, g-axis

ref Reference

s Stator
Operators

A Change in value
p Rate of change
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Greek Symbols

o7 Torque angle

¥, A Magnetising flux / flux linkage

®e Rotational speed of reference frame (i.e. freque a.c)
Or Speed of turbine rotor or generator shaft

®or Rated speed of a generator

®s Slip speed

0 Position of the d-axis ahead of the stationargme#ic axis
Or Rotor position
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List of abbreviations

ADC
CCGT
C.V
DAC
DFIG
DMOL
DSP
FPC
FSIG
FSM

K.E
LFSM
MOSFET
PC
PCB
PLL
Pl

PM
PPM
PWM
SM
VSC
WT

Analogue to Digital Converter
Combined Cycle Gas Turbine
Control Valve

Digital to Analogue Converter
Doubly-fed Induction Generator
Designed Minimum Operating Limit
Digital Signal Processor

Full Power Converter

Fixed Speed Induction Generator
Frequency Sensitive Mode
Integrated Circuit

Induction Generator

Induction Machine

Kinetic Energy

Limited Frequency Sensitive Mode

Metal Oxide Semiconductor Field Effect Tsiator

Personal Computer
Printed Circuit Board
Phase Locked Loop
Proportional Integral
Permanent Magnet
Power Park Modules
Pulse Width Modulation
Synchronous Machine
Voltage Source Converter
wind Turbine
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1 Introduction

An outline is given of the challenges facing thectical power industry and the
role of large scale wind energy in making the ti@ors to a de-carbonised electricity
sector. The research objectives of the thesisistexllalong with publications by the
candidate. Lastly, torque speed control of a véiapeed turbine is introduced, this
being a key feature of the variable speed windimerbvhich is the subject of this

work.

1.1 Future UK electrical supply system and large scale wind

1.1.1 The energy challenge

The UK in common with many other countries is faca number of challenges
regarding the provision of adequate supplies ofgné the near term and long
term future. For the UK three main issues are ifledtrelating directly to the

power generation sector (Department of Trade addsimy 2007):

* Ageing plant and infrastructure; an estimated 25%xesting capacity is due
to close by 2020. These closures will consist ohigacoal fired and nuclear
power stations.

» Security of supply concerns for fossil fuel basexheyation; a declining
output from the UK Continental Shelf oil and gaslds and an increased
reliance on imports from unstable regions. Thissés against a general
backdrop of increasing energy consumption worldwide

» Constraints on green house gas emissions; Natéohlnternational legally
binding targets seek to reduce current green hgasemissions and make a
substantial reduction (down 80% on 1990 levels2®50. A substantial part
(37%) of existing emissions directly occurs fromthin the power

generation sector.

A further challenge for the power generation sedhe planned large increase in

use of electricity based technologies for heat #&mhsport. This is because
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electricity is considered easier to de-carbonisel will mean that overall demand
for electricity is set to increase regardless oftier energy efficiency measures. In
all an estimated £110billion of investment will heeded in electricity generation
and transmission by 2020, a more than doubling®fturrent rate of investment.
Government strategy to address these challeng#sde energy efficiency,
advanced metering, demand side management, and means least building of a
diverse spread of low carbon generation via marketsed investment.
Encouragement and enforcement of the necessargebareeded in the operation
of markets is seen in the ‘Electricity Market Refobill (Department of Energy and
Climate Change 2011a) now being passed throughrapeaht. This details changes
which include a new Feed in Tariff to replace thxésting Renewables Obligation
(main mechanism which incentivises building of loarbon generation), a Carbon
Price Floor (to strengthen carbon trading whichcfioms to reflect the externalised
costs of emissions), and an Emissions Performatae&rd (to limit annual carbon
emissions for new plant). A new market based meassralso included to

incentivise the provision of plant capacity.

1.1.2 Attractive characteristics of large scale wind
Large scale wind power has a number of attractheraxcteristics, which make it

suitable to play a large part in meeting the cingiéss outlined. These are:

» Established technology and competitive cost (MothcBlonald 2010) -
Comparison of Levelised Generation Cdsfsr new build, large scale
generation technologies, indicates the cost of @mskvind lies in-between
the cheapest option, Combined Cycle Gas Turbin€&313) and those of
the next cheapest option, that of coal. The fupuwegliction is that “A modest
real cost reduction over the next decade meansittjanshore wind] is
projected to undercut CCGT to be the least cosstanbive renewable

! The report ‘Building a Low Carbon Economy’ (Comteé on Climate Change 2008) sets out
emissions reduction targets for the UK and pute/éod decarbonisation of the power generation
sector as a key part of the strategy to achievéstigets.

2 Levelised generation cost is “the lifetime discmahcost of an asset expressed in cost per unit
energy produced”. It is largely composed of therauptf capital costs and the running costs (such as
fuel costs for non-renewables) over the life of pkent. It is important to note that comparativetco
estimates between different types of generatidwe&vily influenced by the projections for fuel and
carbon prices adopted and discount rates used (WaatDonald 2010).
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option.” Predicted costs for the newer technologyiams of offshore wind
(currently costing 50% more than that of onshone)xt generation nuclear
and coal with carbon capture and storage (includunger-critical coal) are
that large reductions in costs will occur as eachmhology matures.

» Carbon footprint an order of magnitude lower thassfl fuelled plant (The
Parliamentary Office of Science and Technology 264 Calculation of the
‘carbon footprint’ of an electricity generating hewlogy involves
assessment of the tot@missions over the lifetime of the plant and doris
of this total by the electricity output. Large szalind is among the low
carbon technologies which have emissions largely tuconstruction as
opposed to conventional fossil fuel plant wheressions are largely due to
their operation. Data from a range of peer reviewedlies indicates the
carbon footprint of large scale wind to be appraatety 15gCQeq/kWh.
This compares to median estimates for the carbotpifimt of existing gas
and coal plant of approximately 500 and 900g€&flkWh respectively.
Median estimates for coal and gas generating mgotpped with Carbon
Capture and Storage is approximately 200g€Zk\Wh.

* Resource availability — The UK has a large poténéisource of wind energy
especially offshore. This is reflected in the ‘UKeriewable Energy
Roadmap’ (Department of Energy and Climate Chan@&l1lB) which
analyses trends in recent deployment of renewahbisreference to 2020
targets. It reported levels of wind capacity as 4@Wshore and 1.3GW
offshore with the potential to achieve 13GW onshamrd 18GW offshore by
2020. The Gone Green scenario presented by Nat®ridl (2011a) as a
plausible scenario to meet climate change objestiveeludes planned
capacities of 9GW onshore and 17GW offshore by 208010GW onshore
and 37 GW offshore by 2030.

1.1.3 System operation with high proportion of wind power
National Grid is responsible in the UK for the pgiwn of adequate and reliable
network capacity and the task of balancing supply @emand. In their consultation

® Total emissions will for example include “constioa and maintenance; the extraction, processing
and transport of their fuels (if applicable); ahdit ultimate decommissioning and disposal” (The
Parliamentary Office of Science and Technology 2011
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document National Grid (2011b) present their asialgnd view on operation of the
network in 2020 with a generation mix based onrtt@@dne Green’ scenario. A key
aspect highlighted is the change in the generatibn due to the increasing
proportion of renewable and other low carbon gdr@rasources. Some of the
important issues arising from this change aredistelow (note reserve and response

are explained in 2.1.1):

* Reserve — Higher levels needed and greater vatjabden as scheduling of
plant becomes more influenced by the effect of herats installed wind
capacity rises.

* Response — Increase needed due to largest indsedybing up from 1320
to 1800MW. This is to cater for connection of offsé wind farms and also
the expected larger size generators from new Ipaider stations.

* Operation at minimum demand — The need to curtaldwplant during
minimum demand will become necessary (predictedda@@s per year)
although the curtailment will rarely coincide withgh output from wind
generation.

* Thermal plant operating regimes — An increase & rédquired operational
flexibility of CCGTs and a reduction in their lo&attor®.

* Other issues — Increase in the size of intercoongcand increased
variability of these flows. In general an increaséhe number of balancing
actions is predicted, this in turn creating a niedurther automation in the

despatch of generation and demand.

1.2 Wind turbine torque speed control

Synthesis of turbine inertia requires control abtne speed and torque. This section
introduces the power and torque characteristicthefvariable speed turbine, the
practical division of the torque speed control inrégions and explains how turbine

speed control may be implemented.

* Load factor is a measure of the utilisation ofanpand is calculated by dividing the actual otitpu
from the plant in a year by the maximum theoretmaput in a year if it ran constantly at full outp
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1.2.1 Turbine power and torque characteristics
The relationship between turbine power output amtlwpeed is cubic and is given
by (Burton et al. 2001):

1
P = CppUnR?

wherep is the density of air, U is the upwind free aiesg, R is turbine rotor radius
and G (explained next section) is the coefficient offpenance of the turbine.

An example of the torque,dl, and the power P developed for a horizontal axis
wind turbine is shown in Figure 1.1 for three diffiet wind speeds with rotor pitch
held constant. Per unit scaling of power and toligummsed upon rated operation at a
wind speed of 13m/s. Hence at rated output, wiretdd3m/s, the maximum power
and the torque corresponding to maximum power até bhp.u. The power and
corresponding torque value for maximum power ojp@mnafor a wind speed of

10.2m/s is also indicated.

Maximum power (and corresponding
torque) for U = 13m/s

0.9
—~ 0.8
=}
e 0.7 Corresponding
- 0.
) | torque (at max power
s U = 10.2m/s)
206 ,

- Maximum power for
= . U=10.2m/s
205
N—r
S 04
g
o
F 03

P, Taero (10.2mis)

o
[N

©
[

Rotor speed o, (p.u)

Figure 1.1 — Torque developed by the rotqg,.[magenta) and developed power P
(blue) as rotor speed varies for three differemdispeeds for a horizontal axis

variable speed turbine.
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1.2.2 Maximum power extraction curve

The efficiency of a turbine in converting the aable power from the wind into
power available at the turbine, the developed terauoultiplied by speed, is
described by the power coefficient.@or a particular turbine rotor design thg C
value will peak (become optimum) at a particuldioraf wind speed to rotor speed,
this ratio which is non-dimensional is known as tipespeed ratid and is given by
(Burton et al. 2001):

wrR
U

A=

whereaoy is rotor speed, R is the rotor radius and U isujnveind free air speed.

If turbine speed is controlled such that th&mpm tip speed ratio is maintained
across a range of wind speeds then the power poduof the rotor will be
maximised. The set of points which prescribe this operatiorm a maximum
power extraction curve, this curve is shown in Fegli.2. Division of the curve by
rotor speed results in a curve of torquemzk which corresponds to maximum
power and is typically used in the turbine contislthe generator torque setpoint.
Note the G-lambda curve for the turbine featured in this ihds included in
Appendix B2.
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3 ! ! Maximum power
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[

|
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Rotor speed ®, (p.u)

Figure 1.2 — Turbine power characteristics inclgdimaximum power extraction
curve and corresponding torque curyghk

® This assumes the aerodynamic performance of #iebldoes not deteriorate as apparent wind
speed changes. Note that operation at a congtasppdied ratio means the apparent angle of attack of
the wind to the rotor blade is also constant ilad® pitch is held constant.

20



1.2.3 Operating regions for the variable speed turbine

The primary objective for a turbine control schemmdhat of maximizing energy
capture whilst remaining at the same time withirerational limits and designed
loading limits. Economic design of a turbine me#ra operation on the maximum
power extraction curve is not possible for all wsgkedS Torque speed control of
the turbine is thus typically divided into threestitict regions which are illustrated
in Figure 1.3 and listed below:

» Variable speed region - followspfax as closely as possible in order to
maximize energy capture; poiato b.

» Constant speed region - maintains rotational speedtant and adjusts
torque as wind speed changes (this helps reducsi@acooise)b toc.

* Pitch regulation region - maintains torque nearstamt and limits

aerodynamic rotor power by blade pitching as wipélesl increases;to
d.

Pitch regulation

region
Rated torque \

Cc

TPmax

Constant speed
region —_—

b

Variable speed

Torque region

Cut-in Rated Shutdown

Rotor speed

Figure 1.3 — Operating regions for a variable sgedulne.

°A comprehensive treatise on the design of winditebis given in Jamieson (2011)
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1.2.4 Torque speed control in the variable speed region

Ideally speed control of the turbine in the vamaldpeed region might be
implemented by measuring wind speed and controljjegerator torque to adjust
rotor speed to the optimum tip-speed ratio (Manwelal. 2002). However a more
practical method that does not use wind speed measut is to set the generator
torque reference to the value of torque obtainethfilpyax curve for the existing
value of rotor speed. The behaviour of the turbwieen using this speed control
method for a step change in wind speed is illusttan Figure 1.4 and is explained
below:

i) At point a aerodynamic torque i, is equal to the torque setpoint for generator
Temaxand speed is constant.

i) A step increase in wind speed occurs. The gepersetpoint initially remains
unchanged at poirt but Taerohas increased to poibt

iif) The turbine now undergoes acceleration, of magle Twr acc AS speed
increases the torque setpointpmdy gradually increases andagl gradually
decreases. This results in a gradually reducinglating torque and thus a
gradually reducing acceleration until the turbineaches a new equilibrium

operating speed at poiat

L o e
09F - —--7----

08F ——-—+--——d-——-—I -

o°
3

o
o

Torque (p.u)

o
o

04f - - - - Y e e S P

|

|

|

0. 1 1

3.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Turbine speed (p.u)

Figure 1.4 — Operation of the simple torque spm®drol method for a sudden

increase in wind speed.
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For simplicity the modelling and experimental warkthis thesis uses the above
method of speed control. Johnson et al. (2006)gdf® the method as ‘standard

control’ and states its shortcomings to include:

 Maximum power extraction curve derived during desaf the turbine
may be inaccurate.

» Actual wind regime is turbulent (i.e. wind speecitioually changing) so
the turbine will spend much of its time away frohe toptimum power
point as described by the maximum power extraatione.

 The maximum power extraction curve needed for omtimenergy
production will need to change as blade conditicmsnge; aerodynamic
performance of a blade is affected by dirt, ice lamg) term erosion.

A more sophisticated version of the above methoouitined by Bossanyi (2000)
who presents a speed error based control, thisanidtbing more likely to be used
in a real implementation. Advantages of the metl@dtuning of compliance via Pl
compensators, possibility for speed exclusion zaaesvoid turbine resonance and

smoother transitions between regions.

1.3 Thesis overview and research contributions
Overview
The overall research objective was to investighgegdrovision of inertial response
from variable speed wind turbines for the mainlaid system. This is becoming
important due to the expansion of wind energy dmdeffect a reduction in inertia
will likely have on the regulation of frequency dg large load generation
disturbances.

Research tasks were broken into the three key itesiv with thesis chapters

indicated, as below:
* Review of published research/literature (Chapter 2)

— Fundamental coupling properties of turbine generajaologies.

— Proposed methods of inertia response.
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Simulation of the UK system in terms of frequenegulation to include
wind turbines with inertia response (Chapter 5).

Experimental testing of an inertia response fumc{ohapter 6).

Contributions

The contributions of the thesis are listed below:

Review of European technical requirements for tlgulation of
frequency by conventional plant and large scalelvmstallations
Development of a UK frequency model (Chapter 5)revitled the
platform to evaluate the potential impacts of thereasing quantity of
wind power on the UK system and the possible useeasfia response to
improve or remediate primary frequency control perfance.
Development of a simplified model of a Full Powesr@erter turbine
(Chapter 3) - Enabled representation of turbinguercontrol for use in
the UK frequency model.

Construction of a wind turbine test rig (Chapter- Allowed testing of
an inertia response function, thus contributing etaluation of the

performance capability of variable speed, convdyéesed wind turbines.

1.4 Publications

A number of papers were published describing thekw@l to 3 below) and

additionally two reports (4 & 5):

1. Moore, |., Ekanayake, J., Jenkins, N., “Conéiredl Dynamics of Wind Turbine
Generators for Existing and Future Grid Code Coamgie”,Journal of Energy &

EnvironmentVolumel, April 2009, pp. 15-24.

2. Moore, |., Ekanayake, J., “Frequency Resporma iVind Turbines”, in

Universities Power Engineering Conference (UPE©@Q2Proceedings of the 44

International
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3. Moore, |., Ekanayake, J., “Design and Developmoéa Wind Turbine
Simulator” inUniversities Power Engineering Conference (UPEOL Q@
Proceedings of the f8nternational

4. Moore, |., “Review of Transmission System CorimgcRequirements”, report
for E.ON Technology Centre, Ratcliffe-on-Sour, Nottargkhire 2011, available
MoorelF@Cardiff.ac.uk

5. Ekanayake, J., Moore, I., Jenkins, N., “Con&d@ynamics of Wind Turbine
Generators for Existing and Future Grid Code Coamgaie”, report for th€entre
for Distributed Generation and Sustainable EleatiEnergy 2009, available at

http://energy.engineering.cf.ac.uk/technology-rexge
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2 Literature review on inertial frequency response

2.1 Introduction

2.1.1 Frequency balancing services

Regulation of system frequency is principally masthghrough a combination of
automatic and scheduled (non-automatic) changegemerator output. In the UK
these are termed response and reserve respecetigre shown in Figure 2.1 with
response further subdivided. They exist as one oomemt of the ‘balancing

services’ which a system operator employs for ddjast of real and reactive power

to cope with a range of operational scenarios.

Activation

delay A
Reserve
min

Response Seconda

sec Primary

1 1 =

sec min hrs

Support duration

Figure 2.1 — Hierarchy of frequency balancing smsifor the UK grid in terms of

activation delay and support duration.

In the UK, increased power output from generatesponding within 10 seconds
and maintaining their extra output for at leastiidhfer 20 seconds is termed primary
response. Increased output from generators respgpndithin 30 seconds and
maintained for no less than 30 minutes is termedrs#ary response.

The function of primary response is to provadeimmediate balancing action to
contain the frequency deviation. Secondary resptree progressively relieves the
primary response and by further changes in outpstores system frequency to
within its normal operating range.

Reserve is the slowest acting frequency batgntype service. In addition to
being used for restoration of frequency and respaagpability it is used to make up

for demand forecasting errors and plant loss. traring and functioning of reserve
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services in the UK is explained in the Nationald3ialancing Principles Statement
(2008).

For a synchronously connected power system itiséantaneous imbalance
between prime mover input power and system loadetsby changes in the K.E of
the rotating plant, this ‘response’ from rotatindarg inertia being entirely

automatic.

2.1.2 Frequency control in the UK (Erinmez et al. 1998)

In the UK, frequency services are classified alseeitontinuous or occasional, the
latter consisting of primary and secondary respdr@a generators and also relay
initiated load response. Frequency control fromegators is indicated in Figure 2.2
which shows the frequency deviation profile as rhigbcur after a sudden large

generation loss or connection of a large load.

continuous service
A
/ event

50.2 ¥

10s 30s 60 s

YANA 4

/' V e time

49.8

895 | bbb

%:casional services
49.2

¥ t0 30 min
primary secondary
esponse response

Frequency (Hz)

Figure 2.2 — Modes of operation of frequency cdrdrothe UK grid (Erinmez et al.
1998)

The system operator implements a policy of contammand regulation of

frequency to within certain limits and procures afidpatches frequency control

services in order to achieve this. The limits grec#fied depending on generation

loss size and are summarized in Table 2.1.
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Table 2.1 — Frequency containment policy for the &l&ctricity system

Operating Condition Requirement

Supply Regulations 50 Hz £1.0 except in exceptional

circumstances

Normal (‘continuous’) control target 50 Hz £0.2
Sudden loss < 300MW 50 Hz 0.2
300 MW < Sudden loss < 1000MW 50 Hz £0.5
1000 MW < Sudden loss 1320MW 50 Hz -0.8 return to 49.5Hz by 1 minute

Emergency load shedding at 48.8 Hz

To ensure adequate plant performance minimum rexpnts for governors are
specified in the connection ‘grid codes’ as welleguirements to meet target output
and frequency setpoints. The main requirement fdmary response from
synchronous plant is that it is “released increglginvith time, through automatic
governor action”. Average response capability fartipular types of plant, those of
coal, oil and CCGT was noted to vary between 114% of registered capacity for
primary, secondary and high frequency responsecsstv

Regarding the commercial arrangements for #aqy control services in the UK,
payments are made to reflect costs due plant db-&daciency, start-ups, lost
opportunity, maintenance, ageing effects incurned iaclusion of a profit margin.
For the year 2009/10 payments made to service geovifor frequency response
services which consisted of a ‘Holding’ payment antResponse Energy’ payment
totalled £112 million (National Grid 2010a).

2.1.3 Frequency balancing services in other countries
Differences in terminology of frequency servicesl grerformance requirements of
frequency response are compared by Rebours eD@¥)across a selection of ten
different countries. Classification is divided intprimary control’, ‘secondary
control’ and ‘tertiary control’ these broadly beieguivalent to primary response,
secondary response and reserve within the UK.

In the comparison, UK primary and secondarypoese are classified as both
being part of ‘primary control’, its subdivision the UK reflecting the technical and

commercial importance of primary control for a tefaly small power system with
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low interconnection. European countries are ndtedequire a relatively slow
primary response capability; full deployment witl#i seconds or before deviation
of 200mHz and support length of at least 15 min(tESTE 2004).

2.1.4 Characteristics of response for the UK grid

Although automatic and scheduled services from g@oes act to redress a load
generation imbalance, the dynamics and magnituda @fequency deviation is
additionally influenced by frequency dependant ahtaristics of loads and
generator plant types.

An example of loads exhibiting frequency sewityt is pumps and fans where
power consumption will typically vary as the culdeinput shaft speed (IET 2009;
Searle 1997). Some loads have no frequency dependarich as switch mode
power supplies where power output and hence poweswned is electronically
regulated. Using data from power station outputsindu system disturbances
Pearmine et al. (2006) calculated that the UK systead sensitivity can vary
between a 1 and 7 % reduction in load per Hz dapgnah the time of day and
season. In order to maintain desired levels of sgcdor scheduling purposes the
load sensitivity factor is taken as a constant 2%.

Generating plant not participating in frequenocgntrol may also exhibit a
frequency sensitive characteristic but one whicults in declining power output
capability as frequency drops, thus potentially seming the load generation
imbalance. Limiting factors for generating plantmu below nominal frequency are
described in ANSI/IEEE C37.106 (1993). For stearbite plant these comprise of
reductions in auxiliary plant output and prohibitadd time restricted areas of
turbine shaft speed operation. For combustion meripiant a major restriction is the
increase in blade temperature as shaft speed hod) (air-flow decreases which
eventually leads to over-temperature protectionesys reducing fuel input.

The combined interaction of responsive and megponsive generating plant and
loads during frequency disturbances along with $le of the generation load
imbalance will determine the frequency responséling’ required.
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2.1.5 Power system inertia

Contribution to system inertia

Utility scale electrical power systems consist afuember of large generators and a
multitude of loads, the interconnection of thesami is illustrated in Figure 2.3.
Rotating electrical machinery such as the synchusrtarbo generators illustrated
and the Synchronous Machine (SM) and Induction MexH{IM) loads will all
contribute to system inertia. For the synchronoashine this is due to the rotor
shaft being synchronously coupled to the statdd.fithe angle between the fields
depending on the torque. For the induction macthiraotor shaft is also coupled to
the stator field but asynchronously by a slip viélowhich is proportional to torque
(this may typically be around 2% at rated outptit)e variable speed wind turbine
will conversely not contribute to system inertichid is due to the fact that the
electromagnetic machine torque for the wind turbine is controlled via a power
electronic converter. For explanation of this deximg see 2.2.

Total contribution to system inertia will alsiepend on the relative size of the
electrical machine and any connected rotating nsasseh as turbine assemblies.
The relationship between rotor dimensions, weigid the output of an electrical
machine means that system inertia is principallyg e the rotating mass of large
synchronous generators and their turbines. Inéstiaa range of rotating machine

sizes is given in Appendix B1.

Turbo generators
Te

Loads

Tm

Large rotating IM
mass

Pinpu(
- &9 - o=

Variable Speed Wind Turbine

Figure 2.3 — lllustration of electrical machine etqgmy, torque and power imbalance

in relation to system inertia.
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Rotational Dynamics

An imbalance between prime mover power inpds.Pand power consumed,R,
shown in Figure 2.3, will result in a correspondimgbalance between each
generator's mechanical input torque, &nd electromagnetic air gap torque T
During this imbalance rotor speed and hence systeguency will change

according to Eq(2.1) which is known as the ‘Swiggaion’

z]d;‘;r _ Z Toe  (2.1)

where J is the moment of inertia (kg)nof each generatos), the angular velocity

(rad/s) and 1. is the accelerating torque given by-T. (N.m). Note a negative
value of Tccindicates deceleration of rotor speed.
Fundamentally the instantaneous power imbalanoeetsby changes in the stored

rotational Kinetic Energy (K.E) of the system whishgiven by
1
K.E = E]mz (2.2)

For convenience it is possible to express the ima@t a generator in terms of a
dimensionless unit known as the per unit inertiastant H. This is defined as the
K.E of the rotating mass divided by its power basd is given in Eq(2.3) where

VAaseiS the rated generator power angl is its rated speed.

_ KE _ Jwd
VAbase ZVAbase

(2.3)

By substituting for J it is now possible to writeetswing equation in terms of H
thus:

from Eq(2.3)

_ 2H VApase

2
Wor

and substituting into Eq(2.1) (summation not shown)
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2H VAbase d(,l)r 2H Tbase d(,L)r

acc —

2
0‘)01‘ dt Wor dt

where Laseandw, are the torque base and shaft speed respectively.

In per unit this can be expressed as:

dw
Tace = 2H dtr (2.4)

Whilst load generation mismatch is kept in checkpbyne movers equipped with

governor speed control loops i.e. providing frequyenesponse services, due to
finite response times of governors and plant timestants the initial imbalance is
met by changes in the stored K.E of the systemrrReging Eq(2.4) gives the rate

of change of speed of the system

To obtain rate of change of frequency we divide2lbyHowever in p.u Eq(2.5) will

be the same as rate of change of frequency irhpsu t

df _ Tacc
dt  2H

(2.6)

For small changes in system frequency the per acdelerating torque . is
equivalent to the per unit power system imbalamzeleence accelerating powegf
(see 5.2.1). Dispensing with superbar notation ger unit, rate of change of

frequency can therefore be written as

df  Paec
dt 2H

(2.7)
eq

Note that B is expressed as per unit on the system bageafd Hq is the
equivalent inertia constant of the system given by
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Si
Heq = Z Hy« 2 (2.8)

. sys
i=coal,gas,... y

where H and $ are the inertia constant and MVA rating of thefatént types of
plant.
Hence the speed at which system frequency @sasglirectly determined by the

ratio of power imbalance to system inertia.

2.2 Inertial coupling properties of WT generators
The relationship between rotor speed and systequércy for fixed and variable
speed turbine topologies is given below along vatiblished models relating to

their inertial properties.

2.2.1 Fixed Speed Induction Generator (FSIG)
For the induction generator used in an FSIG turbsfip s, is the per unit difference
between rotor speead, and the rotational speed of the stator fielénd is defined

as positive for motor action and negative for gat@raction.

Wg — O

S = (2.9

S

A simplified induction generator circuit model (Kdur 1994) yields the following
relationship between slip and electromagnetic tergu

T, =3

E( Rr) Ve (2.10)

2 \swg/ (Re + R /s)? + (Xe + X,)?

where p is the number of poles, ¢V Xe, Re are the equivalent stator voltage,
reactance and resistance respectively ap@rid X are the rotor resistance and
reactance referred to the stator side. Under noopetation, where values of slip
are small (typically 0 to -0.02), Eq(2.10) meanstthorque will be directly
proportional to slip (shown Appendix B1).
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During a drop in system frequency, such as aftgemeration loss, slip will
increase and ¢will increase according to Eq(2.10). The speedhef turbine will
then reduce until the original torque and slip wegtored and the turbine attains a
new equilibrium at the lower frequency. With initelip and post-transient slip the
same, Eq(2.9) means that for small changess,imper unit change in rotor speed
will be approximately equal to per unit changesinthis shows the FSIG to exhibit
an inertial coupling whereby rotor speed followstsyn frequency.

Littler et al. (2005) investigated FSIG inerf@ the Irish power system. Field
based measurement of a wind farm with FSIG turboh&sng a frequency event
shows an increase in turbine power output as fregyuelrops before automatic
disconnection by ROCOF (Rate of Change of Frequenejay protection.
Simulations with a first order model, Eq(2.1) & 9p.combined, of the 500kW
turbines used on the wind farm (H = 3.0 sec) shogaamt correlation with the field
measurements before the turbines tripped. Compaoéthe FSIG response to the
expected response from a synchronous machine {Eyi2dicated similar output
from both.

Modelling of FSIG inertial response by Lalor et €005) using a fifth order
induction machine model, in contrast to Littleragét(2005) shows an approximately
50% lower peak in power output response than fer ¢hse of a synchronous

machine.

2.2.2 Doubly Fed Induction Generator (DFIG)

This topology and the partitioning of its contrslillustrated in Figure 2.4. Similar
to the FSIG the stator is directly connected toghe, however rotor field excitation
is obtained independently of the stator by use 8fphase ‘back-to-back’ voltage
source converter.

The generator converter varies the torque mroducomponent of rotor current
according to the torque setpoint, (& to obtain maximum power extraction. This
setpoint, as explained in section 1.2.2, is a foncbf rotor speedy,. The grid
converter maintains dc-link voltagesMink, constant, by exporting to, or importing
from the grid, Pgen the power generated or consumed by the rotoritirReactive
power control for both converters is implementedaapropriate (not shown in
Figure 2.4).
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The reference frame needed for vector contoolthe generator converter is
derived from rotor positiof; and the position of the stator field, the lattbtained
via a Phase Lock Loop (PLL). The resulting rotatiregerence frame enables
regulation of the desiredqicomponents of current independent of rotor spéhd.
reference frame for the grid converter controhit tof the stator field obtained via a
PLL. Application of a DFIG vector control schemesigown in Pena et al. (1996).

Note that at synchronous speed active powew fbacurs solely through the
stator. At super-synchronous speeds a portion efttital active power gy is
sourced from the rotor via the converters whilssalb-synchronous speeds rotor

power flow is reversed and power is consumed bydtar (Bose 2002).

Pgrid

Veorlink

—HH

Or

Generator PLL

‘ PLL

converter i
control | , i :
' | / Terer i [{ Dclink Grid converter
| [ regulation control

siné,

Figure 2.4 — Doubly Fed Induction Generator topglagd partitioning of control.

A model of a vector controlled DFIG for use in gystfrequency studies is derived
by A. Mullane & O’Malley (2005) and is shown in Fige 2.5. Electrical torqueeT
and magnetizing currenysi(set to zero) are controlled by regulation of ¢gsaand d-
axis rotor currentsgiand §, respectively. Stator reactive power for the maselet

to zero which makes torque solely proportionalhte product of the magnetizing
flux yqs and the rotor d-axis current.iThe response of the current control loops is
adjusted by the proportional and integral gainsthe Pl controls k and k
respectively. Parameters for the machine arhé stator inductance plthe mutual
inductance and RR;s the rotor and stator resistances.idgiven by > — L,Ls and

ki is given by 4/3pLm where pis the number of machine poles.

35



Magnetizing
Flux control

Vgr

igrref =0

o1 | Rslm
ko + kils — T TS -

Taero

vdr

idl

ke + kils

ol — 1
T Re=(LoLs) s 2Hwr s

Torque
control

Figure 2.5 — Inertia model for the DFIG (A. Mulla&eD’Malley 2005)

Coupling between system frequency and rotor toapeeirs through changes in the
g-axis stator voltage i and the resultant change in the g-axis magnetithingygs
and therefore torque, given by the produoygir.

Using this model Mullane & O’Malley (2005) instegate coupling of DFIG rotor
speed to system frequency for a sudden drop iruémcy as might occur after a
large generation loss. The response obtained fnentutrbine for differentyj control
loop time constants (adjusted by variation of theg&ns) was compared. With a
time constant of 0.1 second, no change in turbongue and speed resulted, hence
showing no inertial coupling to exist. With a timenstant of 5 seconds the change
in rotor speed was shown to be approximately Hathat from an equivalent size I1G
wind turbine (8" order model) and the peak torque approximatelfim@l twith a

significantly slower rise time.

2.2.3 Full Power Converter (FPC)
The FPC turbine topology, featuring synchronous hime; is illustrated in Figure
2.6. The generator is connected via two voltagecgooonverters connected ‘back-
to-back’ via a dc-link. For a variation on this tdpgy where a diode bridge rectifier
replaces the generator converter see Fox et &4)20

Generator converter control is similar to tbétthe DFIG in its regulation of
torque, with the exception that stator currentdgisted rather than rotor current. All
of the power developed by the generatogn s output via the dc-link. Grid
converter operation is again similar to the DFIGhwihe exception that active

power transfer with the FPC topology is always fritv@ generator to the grid. This
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power exported to the grid,gR, is slightly less than &, due to losses in both
converters.

For the FPC topology the vector control refeeeframe used in the generator
converter control, sty, is simply obtained from the rotor positi®a The grid
converter control’s vector reference frame is @@ as that used with the DFIG i.e
obtained via a PLL on the stator voltages.

The de-coupling of rotor speed from system frequeexhibited by the FPC
topology is achieved by virtue of the separate rabrf the converters and the
buffering effect of the dc-link capacitor which &hes dc-link voltage to remain

relatively constant.

F)grid

= Vierink

H\[

Or Teref i i Dc link i Grid

Generator | - ' i converter
converter u | | regulation | control

control

Figure 2.6 — Full Power Converter topology and oargartitioning, shown with

synchronous machine.

Use of an induction machine instead of synchrormoashine results in a similarly
de-coupled machine inertia. The principal diffeeeme control of generator torque
compared to the synchronous machine is that ragdd fposition needs to be
calculated from rotor position and slip, the latibeing firstly calculated from the
stator current. Further explanation of vector candf induction machines using the
‘indirect’ rotor field orientation method mentionehd other methods is given in
Novotny & Lipo (1996) and Krause et al.( 2002).

A simplified model of an FPC based inductiomeator wind turbine, with the
addition of an inertial response function, is shawrtkanayake et al. (2008). The
model, for use in frequency studies, is shown guFe 2.7 and represents the torque
control implemented by vector control of g-axistetaurrent 4, control of flux by
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d-axis current is set constant and assumed ndfeict ahe g-axis. Operation on the
maximum power extraction curve is achieved by isgtthe electromagnetic torque
reference, Je; equal to the maximum power torque setpoiptaf with additional

torque required to provide inertia responsg, ihtroduced at this point. Speed of
response of the model’s torque controf Jto Te) is determined by choice of the
current control loop proportional gain.KTime constant Tand parameter Xare

derived from machine parameters anddnd Ly, are the rotor self inductance and
rotor to stator mutual inductance respectively. Toiating mass of the turbine is
represented according to Eq(2.4) whergrhs the inertia constant of the turbine,

Taerothe aerodynamic torque andql accthe accelerating torque at the turbine.

‘ Current ‘ Electrical ‘ Turbine ‘
Rotor

| control machine

Inertia coupling Tsi
function

\

o'

3 =R

ko + ki/s — X

I
B

3

2Hwr s

TPmax

Max power
extraction curve

Figure 2.7 — Simplified FPC induction generator aviarbine model for use in

frequency studies (Ekanayake et al. 2008)

Comparison of the change in output power betweenstimplified model and that
from a full order machine representation showedbssantial agreement” when

inertial response was applied during simulatiosystem frequency deviation.

2.3 Inertial frequency support methods
Exploitation of stored rotor K.E of the variableegd wind turbine for system
frequency support is demonstrated by various asthi@ essentially two different

methods:

* ‘Inertia coupling’ which attempts to force turbimetor speed to follow

system frequency and restores or increases systemiaj effectively
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increasing system damping (Morren et al. 2006),loiLaet al. 2005),
(Kayikci & Milanovic 2009), (Ekanayake et al. 200&Conroy & Watson
2008).

» '‘Step response’ a triggered increase in torquep@wer to provide an
immediate reduction in the system load generatinbalance (Kayikci &
Milanovic 2009), (Tarnowski et al. 2009), (Ullahadt 2008).

The methods are described in the following sectiamsl where appropriate,
illustration of their operation uses the model deped in Chapter 6. Note that the
constant speed region of the maximum power extmaaturve (shown Figure 1.3) is

omitted for clarity.

2.3.1 Inertia coupling

Inertia coupling is achieved by applying an acalag torque to the wind turbine
determined by Eq(2.6); the value of the accelegatorque being given by the
product of the rate of change of system frequenuy double the wind turbine
inertia constant k. To distinguish synchronous machine acceleratmgue T
Eq(2.1), from the accelerating torque employed yiatteesize wind turbine inertia

the latter is labeledgl. Hence for synthesis of inertia :

df
TSI = 2HWTKca (211)

An increase in the effective size of the wind togbinertia can be achieved by
setting gain K above unity. Addition of this inertia coupling Hation’ to a DFIG
model is shown in Lalor et al. (2005) to provideclaange in power output in
response to a frequency disturbance similar to tfiad synchronously coupled
generator (of similar H). Notably a first ordettdil was applied to the df/dt signal in
order to attenuate noise and the model assumedstarw aerodynamic torque and
did not include the turbine torque speed control.

To account for attenuation due to the df/dt fileerd for scaling of ‘coupling’
across the possible wide operating speed rangeké{ay Milanovic (2009) adjust
K¢ For frequency deviations of around 1.5 %, simolet demonstrated turbine
shaft speed to follow system frequency. These teswdre obtained by assuming a
constant torque setpoint from the torque speedaont
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Interaction with maximum power extraction control

Direct summation of the inertia coupling functideg(2.11), to the turbine torque
speed control is shown in Figure 2.8 whekeis change in system frequency.
Included is representation of the turbine rotatingss and illustration of feedback
from rotor speedv,. The accelerating torque from the inertia couphmgction Tg,,

is subtracted from the existing torque setpoiptafto give the electrical torque
setpoint, T .+ A vector control scheme (not shown) will contedectromagnetic
torque T at the machine to matche Jes The accelerating torque at the turbine

Twr ace IS given by the electromagnetic torque riinus the aerodynamic torque

Taero

Inertia coupling
function A Turbine

torque speed
A —] 2 Hur K, it |—2 IE\;I characteristic

| VSC & Electrical 1 Or -
o l/ machine T, » QD > 2Hwr s >

|

. |
Maximum power | Turbine

|

|

TPmax Te ref

extraction curve rotating mass

Torque speed control

Figure 2.8 - Direct summation of inertia couplinmétion to turbine torque speed
control, turbine rotating mass and feedback frotarrepeed.

During a frequency eventsfbecomes non-zero and causes rotor speed to change.
The values of #naxand Teroalso depend on rotor speed and changes in thesk re

in Twr_acc NO longer being equalsl This is more fully illustrated in Figure 2.9
where plot (a) shows the turbine’s torque speedecgmagenta), the power curve
(blue) and the torque curve pplax (black), corresponding to maximum power
extraction. Plot (b), a magnified view, illustratibe application of a step change of
accelerating torqueg], of negative magnitude, as might occur at therbegg of a

sudden generation loss. An explanation is giveovoel

i) At a, the turbine is operating at a steady speed detedhby the torque speed

control shown in Figure 2.8;eTet= Tpmax= Taero@Nd Tyt acc= Tsi= 0.
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i) Subtraction of the (negative) accelerating t@dls; from Tpmax results in a step
change in T from a to b. At pointb turbine deceleration torquent accis equal

to Ts.

i) From b onwards, the turbine undergoes deceleratiort, Adrbitrarily chosen on
the trajectory), the decelerating torque at théihg isc — ¢ and has reduced in
magnitude from in its initial value ofsJdue to the increase in aerodynamic torque
AT aeroand the decrease in the maximum power torque iseOpmax

iv) The turbine decelerates until steady state atpmr at poind is attained. Return
of Tsito zero will result in the turbine, by a similaropess from i) to iii), but via,

returning to steady state operation at paint
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0.775 ‘ ‘
. . . . . 0.875 0.9
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Turbine speed (p.u)

(a) (b)
Figure 2.9 — Reduction in turbine acceleratinguerque to speed change for
directly summed inertia coupling function. Trajestof Te (sfor step change ins[

shown asbcd.

From this example it can be seen that with directreation of the inertia coupling

function to the turbine speed control:

» changes in turbine rotor speed reduce the actgalexating torque.
e summation of a constant value with the torque spemutrol results in
operation of the turbine at a new steady statedspeg pointd (of Figure

2.9), rather than causing a constant acceleraggeldration as expected.
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lllustration of the overall effect on coupling afertia for an example, step increase

with decay to zero of g, is shown in Figure 2.10 for an FPC type turbiflee step

load generation disturbance occurs at t = 61 sdaargovernor response is present.

Plot (a) shows the accelerating torque from thetimeoupling function §,, given

by Eq(2.11), and the resulting accelerating torgtighe turbine Wr ace Plot (b)

shows system frequency and (c) rotor speed reguitihen using the ‘directly

summed method’ and the required rotor speed fotineoupling.

Erosion of the accelerating torque dueAfb,ero and ATpmax (Shown Figure 2.9),

eventually makes the turbine decelerating torquwe &£, negative at around t = 67

sec. The turbine then accelerates gradually, retyio its original speed at around t

=120 sec.
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Figure 2.10 - Reduction in turbine acceleratingte due to speed change for

directly summed inertia coupling function. Overeliiect on coupling of inertia for,

step increase with decay to zero, gf. T
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Use of the directly summed method is shown in Rarath et al. (2007) and
Ekanayake et al. (2008) the latter including arraexiifferential control term and
selection of filter parameters to extend the lbngftthe initial deceleration. Rotor
speed is shown to return to its original pre-distunce speed as df/dt returns to zero,
thus returning the turbine to operation at maxineffitiency.

Interaction of the inertia coupling function withet turbine torque speed control,
as shown in this section, is highlighted in (Kayilé& Milanovic 2009) but no

corrective measures are suggested.

Inertia coupling function with torque compensator
Addition of a compensating control termy Kin proportion to system frequency
deviation is shown in Figure 2.11. This acts tocehUtATpmax @NAAT 4er0 (Figure

2.9) which otherwise decrease the net acceleratimgie as rotor speed drops.

Af

Torque
compensator

> ————>
I/ N

TPma + Te ref

Max power
extraction curve

Figure 2.11 — Inertia coupling function with additiof torque compensator.

By suitable choice of gain K the turbine is subject to the desired accelggatin
torque given by d;. For large changes in rotor speed this compensaayr not be
accurate, however it can be seen from Figure Z9g)that for changes up to 0.1pu
in rotor speed, wWherAT,ero and ATpmax Will be approximately linear functions of
speed the compensator will function as intendedherturbine.

The compensatory nature of this additional @nierm and its facilitation of
rotor to system frequency tracking (i.e inertia gkng) is recognized and shown in
Ramtharan et al. (2007). Use is also made in Co&r&yatson (2008) where it is
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referred to as a ‘droop’ control, similar to thauhd on conventional generating
plant. A side-by-side comparison of the inertiabgling function and a ‘droop’
function (implemented via power rather than torqaetrol) is done in Morren et al.
(2006). It could be argued however, that in comioamawith the inertia coupling
function and the turbine torque speed control,ttiigue compensator and its effect
should not be likened to governor droop.

Adjustment of the inertia response is demotetran Conroy & Watson (2008).
Reduction in magnitude of the output from the dfddinponent is shown to reduce
the size of the initial output peak. Increasing thiative size of Kis shown to
increase the K.E extracted by reducing the fineda@y state) speed of the turbine.
Using this latter adjustment, and forcing turbineeed o, down from 0.93 to
0.77p.u, a visible drop in final steady state tnebpower output occurs. Conroy &
Watson (2008) present a scheme for implementinkirtarre-acceleration whilst

system frequency remains below nominal.

2.3.2 Step response

Step response methods may be classified into thiéeh use a step increase in
torque (Kayikci & Milanovic 2009) and those whickeua step increase in power,
(Ullah et al. 2008), (Tarnowski et al. 2009), inder to implement frequency
support.

An instantaneous step is presented in eachlpaskee above authors. This step
increase can be maintained according to differeategyies as desired. In Ullah et al.
(2008) it is maintained for a pre-determined tireagth, in Kayikci & Milanovic
(2009) it is held until a defined point on the nrayim power extraction curve is
reached and in Tarnowski et al. (2009) is set tbadra lower turbine speed limit.

The step response methods in the cited literatinectty control the turbine
torque setpoint. Thus their output is independdninteraction with the turbine
torque speed control during their operation or fréumther changes in system
frequency after they are initially triggered unlitkes inertia coupling functions.

At the end of the support period provided bg #tep output, a recovery/re-
acceleration phase, where the turbine output pasvéess than the aerodynamic
torque, is needed to return the turbine back toimam operating efficiency and

also to restore support capability.
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Step torque

A step torque function is illustrated in Figure 2.CTomparator 1 monitors system
frequency, f, and when the trigger frequengy i reached, enables the step change
in torque output Je, At the same time the sample and hold circuitasvated
which keeps the torque setpoinyfx constant during the frequency event.
Comparator 2 monitors rotor speeg and disables the step output and sample &

hold circuit once a desired minimum speed liai, is reached.

f 5 enable
—_—

ftrig
Comparator 1 enable/disable
=

"] omn | disable
Torque
Comparator 2 step
+
o Thmax g ? +V Terer
Max power Sample & hold

extraction curve

Figure 2.12 — Example of ‘Step response’ inertigction using torque.

Operation of the function withsgpset to 0.1p.u an@min set to 0.8p.u for the turbine

operating at 11.6m/s wind speed is illustratedigufe 2.13 and is explained below:

i) At point a aerodynamic torque od,, is equal to the generator electrical torque
setpoint T esand the turbine is operating at a steady spe@é=TTe ref (= Tpmay-

i) A generation loss occurs such that the trigfyjequency is reached. The step
change in output Jepis added to the sampled and held value of theiegisorque
setpoint BmaxWhich results in the generator electrical torgegaint moving froma
tob.

i) An initial controlled deceleration (of gradislreducing magnitude) occurs from
point b until pointc where the minimum speed limii, selected for the function is
reached.

iv) Reduction of Tepto an intermediate magnitude indicated at pdintill result in

steady state operation at this lower speed (Kaykdilanovic 2009 use poing).
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Alternatively reacceleration to the original spesdichieved if T is returned to
zero; reacceleration beginning initially, with & located at the intersection of the
Temaxcurve and the vertical lined (located off the bottom of the figure).

Note that while the electrical torque setpasteld constant) to ¢, output power
will drop due to operation away from the optimurosdtion on the maximum power

extraction curve.
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Figure 2.13 — Example operation of torque step otethr 0.1pu torque step.

Torque speed curve (magenta), power curve (blug)lianaxcurve (black).

Step power

A step power function is illustrated in Figure 2.18imilar to the torque step
function comparator 1 monitors system frequencyanid upon reaching a trigger
threshold §4, enables the step change in power. The requiregieéostep, which in
fact becomes a ramp as speed changes, is calcbhatéigiding the desired power
step, Rep DYy the rotor speed,. This equivalent torque is summed with the exgstin
torque setpoint, dnax from the sample and hold circuit. Comparator 2nitoos
rotor speedo, and disables the step output and sample & hotaiitionce a desired

minimum speed limitom, is reached.

46



f - enable
—_—

ftrig
Comparator 1 enable/disable
= Pstep
®min | disable J_L
Comparator 2 Power

step /

»
-

to torque

[ON
> | f > o
Trmax T

Max'power Sample & hold
extraction curve

Figure 2.14 - Example of step power inertial fuoit{re-acceleration logic not

shown)

Operation of the function with ¢, set to 0.05p.u andmin set to 0.8p.u for the
turbine operating at a wind speed of 11.6m/s usitated in Figure 2.15. Similar to
the torque output for the torque step method, shiowngure 2.13, the power output
increases from its pre-disturbance steady staigevaila to its new valué due to
the addition of the desired step (0.05 p.u powethis case). A period of controlled
deceleration follows, this time of increasing magde, until pointc is reached
whereow, is equal taomi,. Reacceleration of the turbine begins when thegostep,
Pstep IS dropped to a value slightly (0.1p.u in this&gabelow the output power of
the turbine,c to d. As the turbine speeds up this value gf,Rs increased to
maintain constant reacceleration, until at p@nthe power step is returned to zero
and the turbine operates at its original speedpavder output. This reacceleration
technigue/method is used in Tarnowski et al. (2009)

In the Figure, point, B, C, D andE are the values of torque corresponding,to

b, ¢, d ande.
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Figure 2.15 — Example operation of step power netbo0.05p.u power step.

Torque speed curve (magenta), power curve (blug)lian.xcurve (black).

Turbine support capability

Kayikci & Milanovic (2009), Tarnowski et al. (200@nd Ullah et al. (2008) present
the step method as a means of extracting the maxipussible amount of K.E from
the wind turbine and achieve this by selecting aimium rotor speed limit as low as
possible. The maximum duration of a 0.05p.u powep & shown in Table 2.2 for
various wind speeds.

In Ullah et al. (2008) a turbine based on tlieIBMW DFIG model (Miller et al.
2003) is used this having an inertia constant @B %econds. A minimum speed
limit of 0.7p.u was chosen. Power step times o888 61 seconds are obtained for
wind speeds of 7.5 and 10.1 m/s respectively. kghmen than 10.5 m/s and up to
rated wind speed, support duration starts reduiceigg 53 seconds at 10.5m/s and
only 45 seconds at the 11.2m/s wind speed.

Tarnowski et al. (2009) assesses support duratpakslity of the step power
function method to vary between 7.5 seconds at /8.5mnd speed up to a
maximum of 34 seconds at 11 m/s. Reduction in sdmhoation, due to operation

in the constant speed region of the maximum pow&a€tion curve, begins near
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this point with the support duration at 12m/s (dateind speed) being only 26

seconds.

Table 2.2 — Support duration capability of the spepver method with 0.05p.u step (Ullah et al.
2008) and (Tarnowski et al. 2009).

Wind speed (m/s) Support duration (sec) Comment
Ullah / Tarnowski

7.5 28/7.5

10.1 61/-- start of constant speed region
10.5 53/ --

11.0 -134

11.2 45/ -- rated wind speed / --
12.0 --126 -- [ rated wind speed

Regarding overall operation of the step power fianct(Tarnowski et al. 2009)

investigates tradeoffs between re-acceleration poleegth of recovery and lost

energy. For slow re-acceleration, the net powedrdog to operating away from the
maximum turbine efficiency is larger. For highemdispeeds support duration is
longer and again net energy loss is larger. Ullatale (2008) investigates the
sensitivity of support duration to the shape of @eurve and as might be expected
a flatter G curve gave a longer support time.

2.3.3 System frequency support performance

Measures of frequency support performance aretriditesi using the frequency
profile in Figure 2.16 for an example a load getiemaimbalance. Steady state
response of the system is indicated by the setflieguency. Typically for large
disturbances a transient component of responseowglir and can be quantified by
the minimum frequency and the ‘overshoot’ whiclthis magnitude of the frequency

deviation beyond the steady state value.

" The operating range of a variable speed turbinévided into regions as explained in section 1.2.3
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Figure 2.16 — Frequency profile during a step Igaderation imbalance showing

measures of performance

The detrimental effect on system frequency duentmduction of wind plant and
remediation by wind turbine inertia response iswaian Lalor et al. (2005). FSIG
response and DFIG response with and without inedigling is modelled for the
Irish power system, peak capacity 6100MW. For thaimum summer demand
with 2GW of DFIG based turbines operating, and gigin in-feed loss of 422MW,
results show a higher rate of change of frequeficd4(increased to 0.69Hz) and a
lower minimum frequency (49.4 decreased to 49.3WApplication of the inertia
coupling function to the DFIG turbines restoreseraf change of frequency to
within statutory limits (0.5Hz/sec) and the minimdiraquency to a similar value to
the no wind turbine case. For the case of FSIGdased turbines, rate of change
of frequency increases to a similar extent as thigh'inertia-less’ DFIG turbines but
minimum frequency remains unaffected.

Comparison of the inertia coupling method (withtorque compensator) and the
step torque method set for maximum power extractomiven in Kayikci &
Milanovic (2009). The power system modeled consista single 8MVA diesel
generator in combination with a 1.5MW DFIG turbihethis example, operation of
the DFIG does not degrade system performance Ipjadiag inertia as may happen
in larger systems. Inertial response is used toigeoan improvement in system
frequency response performance compared to the id vurbine case.
Improvement in rate of change of frequency andnir@mum frequency is shown
to occur for both the inertia coupling method ahd step torque method, for the
latter a near 50% reduction in the minimum freqyes®btained. Although the step

method substantially improves the minimum frequeticy method has the effect of
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prolonging recovery of frequency to the steadyestatlue as compared to the case
of no support or support via inertial coupling.

Frequency support performance is demonstratethé inertia coupling function
with torque compensator in Conroy & Watson (2008g gain K (Figure 2.11)
being set high enough to provide rotor speed ttesygrequency coupling greater
than unity. The system modelled consists of a 120MWC based wind farm, six
synchronous generators totaling 320MW and suddss ¢d one unit as the load
generation imbalance. Clamping of maximum outpaimfrthe inertia coupling
function results in a step increase in output fitbe turbine similar in profile to the
torque step method used in Kayikci & Milanovic (800Displacement of system
inertia by the wind turbines causes an increasatm of change of frequency and a
drop of the minimum frequency of approximately atra 1/3% compared to the
case without the wind farm. Application of the tundb inertia support results in a
minimum frequency similar to the case without th@dvfarm. The turbine model
included a two mass representation of the drivetndiich showed large oscillations
(magnitude 10%) on application of the step increaserque.

Application of the step power function to a hyddominated system is
demonstrated in Ullah et al. (2008) and is propasedrder to help mediate the
negative power surge characteristic of hydraulibines (Kundur 1994) which
limits their effective response after a frequenayerg. Simulation of a large
generation loss of 0.1p.u showed a very large tvo@tswith a minimum frequency
of 48Hz and a maximum rate of change of frequericyHz/sec. Addition of DFIG
wind generation at 20% penetration lowers the mimmfrequency. Application of
the step function returns a 0.5Hz improvement ertiinimum frequency compared
to the case of DFIG turbine with no inertia. A largemporary frequency drop of
0.5Hz is shown to occur 10 seconds after the Irdigturbance, this being due to re-

acceleration of the turbine.
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2.4 Grid code requirements

2.4.1 Overview

All transmission system operators have specifibri@al requirements, sometimes
referred to as grid codes, which any connectedrgésremust adhere to. This helps
facilitate safe, efficient and economical operatiointhe electrical transmission
system. The grid codes typically state the follaywaquirements:

» Voltage and frequency ranges

» Active power frequency response

» Reactive power and voltage control

* Fault ride through (including fast acting voltagetrol)

» Islanding, black start and other ancillary services

» Data communication and documentation (includinguéation models)
» Capability testing and voltage quality

» Operational procedures and division of responsidli

Scope

Only active power frequency response and frequeacges are reviewed here and
where present or proposals exist, synthetic ineftiee grid codes chosen, listed in
Table 2.3, pertain to generators or groups of gdoes connected to the

transmission system and are chiefly those from @edEuropean countries which
have a large quantity of wind capacity integrated &ence specific requirements
for connection of wind plant exist. For the UK a@drmany (Central Corridor) the

complete grid codes are reviewed, for the othemtraas only grid code annexes
relating to wind farms are reviewed.

The new European generator grid connection ¢sdaso included which has
been published in draft by the ‘Network of Transsios System Operators for
Electricity’ (entso-e). This generic grid code s &tempt to harmonise standards as
part of efforts to improve cross-border electriditgding and market access across
the European Union. A wider review of grid codehtgcal requirements relevant to

wind integration is given in Moore (2011).
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Table 2.3 — Grid code documents reviewed for agiweer frequency response and frequency range

Company / Country Document Reviewed Issue & Date
National Grid / UK The Grid Code, balancing coded apnnection code| Issue 4 Rev 5,
sections (National Grid 2010b) 31/12/2010
EON-Netz / Germany | Grid Code -High and extra high voltage Status 1, 04/2006
(Central Corridor) (EON-Netz 2006)

Requirements for Offshore Grid Connections in the1/04/2008
E.ON Netz Network (EON-Netz 2008)

Eltra / Western Denmark  Wind Turbines Connecte@itids with Voltages 3/12/2004
above 100 kV(EON-Netz 2008)

EIR / Ireland Controllable Wind Farm Power Staterd Code — | 30/01/2009
WFPS1 (EirGrid 2009)

entso-e / Europe Requirements for Grid Connectipplidable to all | Working Draft,
Generators (Entso-e 2010) 19/08/2010

Hydro-Quebec / Canada  Technical requirements tomection of power 02/2009
plants to the transmission system, 14.4 , inertial

response (Hydro - Quebec 2009)

Terminology

Standard terminology across the grid codes doeexistt hence to preserve intended
meaning, terminology from the original grid codelsene appropriate is indicated in

single quotation marks ‘thus’. Longer quotationsenir the relevant grid codes,

appear in double quotation marks “thus”.

2.4.2 Frequency response

All large generating plant, and groups of smallengrators (such as wind farms),
are normally required to have capability to pap@te in frequency control by
supplying an increase in power if frequency droplew and a decrease in power if
frequency increases above a nominal frequency.i$tashieved by operation at less
than maximum available output in order to providaliy to regulate power
production upwards. Generators which do not opdgm#ovide this governor type
response will normally still need to provide a higbquency response where active
power is gradually reduced above a certain frequebBairing low frequency no
increase in active power is required, in fact alove#d reduction in power is
specified to account for technology dependant acharatics (see 2.1.4) of output
power verses frequency for certain types of plant.
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National Grid
For the UK grid, generating plant above 50MW inesiacluding dc converter and
Power Park Modulés‘must be fitted with a fast acting proportionakduency
control device (or turbine speed governor) and load controller or equivalent
control device to provide frequency response”. kezgy ranges for ‘plant and
apparatus’ requires continuous operation betw&eh d@nd 52 Hz and operation for
a period of at least 20 seconds between 47.5 ar@l 47 after which they may
disconnect. The frequency control device (or spgedernor) is required to be
operated and designed to a European specificatiocommonly used European
standard and have a droop of between 3 and 5%eadbednd of +15mHz.
Control of frequency via this plant is achievwsdinstruction to operate in either
one of two modes:
‘Frequency Sensitive Mode (FSM)' - This mode pr@gdhe primary and
secondary response for negative frequency excuwsisrllustrated in Figure
2.2. Generators in this mode must also have capald provide ‘high
frequency’ response. The minimum required respofmeBSM are shown
in Figure 2.17. The rate of change of output fahhirequency response is

set by an ancillary service agreement with Nati@sradl.

FSM minimum response

Frequency
49.0 49.5 50.5 (Hz) 510

5 — Rate for FSM high frequency response
/ set by ancillary services agreement

FSM high frequency
minimum response
Active Power Change (%)

B to 52.0 Hz
\ —»
\
Figure 2.17 — National Grid primary/secondary aiyh irequency response active
power verses frequency requirements for plant dipgran Frequency Sensitive

Mode (FSM).

8 A power park module is a collection of generatprsyered by an intermittent source, which utilise
a common connection point (National Grid 2010b).
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For the low frequency response the effective ‘didophe proportional band
between point A and 50Hz is:

Droop (%) =100% x (p.u change in freq )/(p.urg@in power)

= 100% x (0.5/50) / (0.1) = 10 %

‘Limited Frequency Sensitive Mode (LFSM) - This d® has high
frequency response capability only, the minimurmunexyl response and the
required maintenance of active power during lowjdiency within this mode
is shown in Figure 2.18. Generators should maintermal active power
between 49.5 and 50.4Hz. Above this a proportibigtt frequency response
of 2% change in output per 0.1Hz deviation above4ld9 is required
(equivalent to 10% droop). Below 49.5Hz proportioreduction of active
power output is allowed up to a maximum of 5% atO#z (equivalent
droop of -100%). For Combined Cycle Gas Turbinescalinection is
allowed if frequency remains below 48.8Hz for mtivan 5 minutes. Some
types of plant such as “existing gas cooled reagtant” are exempt from

FSM capability and operate only in LFSM.

Frequency (Hz)

LFSM High frequency

95 minimum respon
LFSM minimum active power inimum response

47.0
|
\
|
|
|
\
} maintenance
|
|

49.0 49.5 50.0 50.5 51.0 52.0
|
|
\
|
\
!
|
|
|
|
|

-90

Active Power (%) Disconnection
allowed

Disconnection
allowed

Figure 2.18 — National Grid requirements for higdgluency response and

maintenance of active power during low frequenayplant operating in LFSM.
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Reduction of required response capability due toantpl loading for
primary/secondary and high frequency responseas/shn Figure 2.19. The figure
corresponds to operation at point A or B on FigRr&7. For low frequency (i.e
primary/secondary) response the full minimum insesi@ output (10% of registered
capacity) is required between 55 and 80% loadini \&i proportional reduction
allowed until loading reaches 100%. For high fregyeresponse the full reduction
in response (set in ancillary service agreementggsiired at loadings between 70
and 95%. Generators must have a high frequencyomsesp capability when
operating at the minimum generation level (65%is tapability being indicated by
a requirement to operate down to the Designed Mimn®Operating Limit (DMOL)
at 55% (or if feasible below).

12.0

RC - Registered

= L Capacity
MG - Minimum
Generation
8.0 1 -
Dynamic \
60 Operating
one \
4.0

207

10.0

0.0 T T
5 70 s 80 85 90 95 100
Loading (% on RC)

DMOL

(oY uo %) s|jeas) asuodsay Asusnbalg yBiH/Alepucoag Alewllg

| .

| 7/
N\ ,

MG o g w T -

| g PrimaryiSecondary =k High | | = e Plant dependent |

Figure 2.19 — National Grid generator frequencpoese verses loading for 0.5Hz
deviation (National Grid 2010b)
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Delivery of the active power increase for low fregay response is shown in Figure
2.20. It is required that “output should be relelsereasingly with time over the
period of 0 to 10 seconds from the time of thetsihthe frequency fall.” Capability
for reactivation of the response is required witBidr minutes. Figure 2.20 also
shows the method of testing of frequency responsijbction of a test frequency
(upper plot) and the measurement of response detlv&or primary response this is
the minimum sustained increase in output over hé¢ol30 second time period (in
this case point P) and for secondary response thanom sustained increase in
output over the 30 second to 30 minute time pepaiht S).

-0.5 Hz

Frequency Change (Hz)

Plant Response (MW)

A
P s
/

10s 30s time —= 30 min

Figure 2.20 — National Grid primary/secondary res@o Measurement (lower) and

frequency injection test stimulus (upper) (NatioGaid 2010b)

EON-Netz
Frequency response capability is required fromgalierators above 100MW, this
response capability being termed ‘primary contfeée 2.1.3). Continuous operation
of generating plant is required between 49.0 an8Hsf) Operation outside these
limits, down to 47.5 and up to 51.5Hz, is requited only for between 30 and 10
minutes whereafter they may disconnect. Offshor@dwgenerators have an
extended short term operating region for 10 secahdsation between 46.5 and
47.5Hz and between 51.5 and 53.5Hz.

Governor droop is specified as adjustable witteadband of less than £10mHz.
The active power range capability must be a minimaim2% of rated power and

the response delivered must be activated withins@nds and supplied for a
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minimum of 15 minutes. Reactivation capability equired within 15 minutes «
return to nominal frequenc

Minimum requirements for ‘overfrequency’ are a reiilon in active power at ra
of 5% droop beginning at 50.5Hz. For onshore geassavhich are subsidized v
the German ‘Renewable Energy Act’ the reductiorfirégguency begins at 50.2F
For offshoe wind generators the droop is 2% and the thredhedgiency 50.1H:

For ‘underfrequency’ minimum requirements are thetive power must rema
constant down to 49.5Hz and below this not dropwehn equivalent droop ¢
10%. The EON grid code irddition to including a diagram similar Figure 2.18
includes specification for maintenance of activeweo during a sho-term
frequency event. This is reproducedFigure 2.21and specifies that no change
active power is allowed above the thick red linevsh.

Frequency

in Hz above the curve

A must be P =Py

50,0 +
400 —mm = - .\/

40,8 = i

495 + first stage of the

-T frequency-
-+ dependent load
Al H / shedding

F1:7 [ EUSSSESSEEE S WE— S SO S

t
0 10 sec 25 sec 60 sec Time

Figure 2.21 -EON active power maintenance requirement for sieonh frequncy
deviation (EON-Netz 2006)

entso-e

The European draft code requires ‘active powerdeagy response’ capability fro
all generators (synchronous and -synchronous) according teigure 2.22 where
power is indicated on the-axis and frequency on the x-ax{Senerators operatir
in ‘frequency sensitive mode’ are required toerate according to droc

characteristics 1 and 2 (thick red lir
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) | Droop
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=
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Figure 2.22 — entso-e ‘frequency sensitive modd’ ‘amited frequency sensitive

mode’ active power verses frequency requirementssgze 2010)

When not operating in this mode generators shoplktraie in ‘limited frequency
sensitive mode’ where they are only required tongeaactive power according to
droop characteristic 2 (thick and dotted thin pafrtred line). Ranges of active

power, deadband, and minimum response times arepésified.

Eltra

Continuous operation of wind turbines are requilbedween 49.5 and 50.5Hz.
Outside these limits, reductions in power are fssidisconnection is allowed at
47.5 and 53.0Hz.

All wind turbines are required to have ‘autoimdtequency regulation’ capability
and similar to the entso-e grid code a frequenagege active power diagram is
included (see Figure 2.22). Droop and deadbandspeeified as adjustable and
active power range is required to be variable betw20 and 100%. Delivery of

response must be adjustable between 1 and 10%edfpawer per second.

EIR
Frequency range requirements dictate that winddamast operate at normal output
between 49.5 and 50.5Hz. Either side of this cértemd they must remain
connected for 60 minutes or for 20 seconds if betw#/7.0 and 47.5Hz.

A ‘frequency response system’ is specified wond farms above 5MW and

10MW in size. Similar to the entso-e grid code egfrency verses active power
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diagram is included to illustrate the requiremeitst wind farms between 5 and
10MW, high frequency response capability is requmad for low frequency, active
power is required to be maintained at 100% of éivailable. For wind farms greater
than 10MW low and high frequency response is reguiValues for droop and
deadband where applicable are specified in agreewiém EIR. The response rate

of each turbine is required to be a minimum of %ated capacity per second.

2.4.3 Synthetic inertia requirements
Specification of inertial response from non-syncioas generators appears in the
Canadian grid code and the draft generator reqeinésnpublished for consultation

by entso-e.

Hydro-Quebec
An ‘inertial response’ from wind turbines is reqdrto act during ‘major frequency

deviations’ in order to help restore system freqyen

“To achieve this, the (frequency control) systemstmeduce large, short-
duration frequency deviations at least as doesiribdial response of a
conventional synchronous generator whose inertip déluals 3.5s. This
target performance is met, for instance, when ystem varies the real
power dynamically and rapidly by at least 5% fooath10 s when a large,
short-duration frequency deviation occurs on thegrasystem.”

entso-e

An active power response, from Power Park Moduta\f), above an agreed size,
is required of the form shown in Figure 2.23 “ider to limit the rate of change of
frequency following a sudden generation loss”. Félivery must occur within
200ms and “the initial injected active power sueglito the network shall be in
proportion to the rate of change of network freqy€nThe transmission system
operator is required to define the support duragieriod where the response (now
exponentially declining) must remain of a positimagnitude and similarly define a

suitable recovery period.

° Power Park Modules are “Multiple interconnectec@ating Units which are not synchronous and
have a common [Point of Common Connection] to teeAdrk” (Entso-e 2010).
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Figure 2.23 — entso-e non-synchronous inertialaesp (Entso-e 2010)

This synthetic inertial capability must operate wltlee plant is in Limited
Frequency Sensitivity mode (see 2.4.2 entso-e)rd&dipea in combination with
active power response during frequency sensitivdeni® desirable but not
compulsory. The control system which provides rgtsetic inertia must have an
adjustable rate of change of frequency deadband anethod to “limit the
bandwidth of the output” to remove the possibibfyexciting torsional oscillations
in other generating plant.

2.5 Discussion
Response from generators over various time framesemup the principal method
of regulating frequency for an electrical powertsgs. For the UK system, response
from generators is sufficiently important for thendgce to be divided into two
distinct periods. This is in contrast to larger powsystems such as those in
mainland Europe. System inertia is principally hieldarge rotating generators and
their attached machinery such as steam turbinesnd@wa frequency disturbance
K.E is exchanged between these large rotating masxgkthe electrical system. This
additional exchange of power from a synchronoushma&cduring a disturbance acts
to slow down the change in system frequency angdraportional to the rate of
change of frequency.

This inertia response is instantaneous andn®witly provided by default due to
large synchronous generators being predominanthensystem. However inertia
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response is not currently provided by variable dpgmd turbine topologies and is

also not a part of commercial balancing services.

Inertia coupling properties of wind turbine generators

Field based measurement and modelling of the F&IBine shows an inertial
response to occur with this topology. The respasdandamentally related to slip
velocity rather than rotor angle as is the cast@fsynchronous machine and thus a
slightly lower peak power output is to be expectedtor speed change and K.E
exchange when frequency changes, from one steatly whlue to another steady
state value, will be close to that from a similadized synchronous machine.
Contradiction in FSIG response between models bjofLet al. 2005) and (Littler et
al. 2005) indicate that use of higher order macimeglels may be appropriate. A
general review of the inaccuracies of reduced ondeéuction models is given in
Thiringer & Luomi (2001).

The de-coupling of the DFIG topology is due sparate excitation of rotor
current via an electronic power converter. The dpefehe control loop is shown to
affect the extent of the de-coupling (A. Mullane @&Malley 2005). However it
might be argued that requirements for reactive pomegulation for grid code
compliance and control of turbine torque for avaicka of resonance will demand
fast control of real and reactive current. Henceptiog between torque and system
frequency, to any significant degree, will not megent in a typical DFIG turbine.

The FPC turbine conversely shows clear de-togmourtesy of its topology. A
simplified model of an FPC turbine equipped witduntion generator, suitable for
use in system frequency studies, demonstratesymhiesis’ of an inertia response
by addition of a function to the torque speed aartop (Ekanayake et al. 2008).

Inertial frequency support methods

Two distinct methods were found in the literatuFerstly, the inertia coupling
method, which produces a response essentiallyasirtol that from a synchronous
machine, Eq(2.6). Direct summation of the inerbaming function, Eq(2.11), with
the torque speed control loop, however, does notige the expected coupling of
torque to frequency. This was illustrated to be tluehange in turbine aerodynamic
torque and change in the torque setpoint from tirque speed control loop.

Inclusion of an additional control signal in propon to frequency deviation is used
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by a number of authors to provide the necessarypeosation for synchronous-like
coupling. The ability to achieve a higher torquel dhus speed change, to extract
extra energy from the turbine by adjustment ofitieetia coupling function was also
demonstrated (Conroy & Watson 2008).

The second distinct method was that using p sBterease in output of either
torque or power. Significantly the step methodshhmintrol turbine torque directly
and independently of system frequency apart fromir tinitial triggering at a
frequency threshold. The step methods are typicphgsented configured for
maximum possible K.E extraction. Due to the lar¢g@ange in rotor speed when
configured as such, a distinct reacceleration ef tilrbine is implemented at a
suitable point after the initial frequency deviaticAs an example of the support
capability for the turbines modelled, using a OWwwer increase, duration of
support was shown to vary from 7.5sec at low wipélesl up to 61sec at high wind
speed.

The regulation of system frequency followindpad generation disturbance can
be assessed by the value of minimum frequency eeadhe ensuing steady state
value of frequency and the rate of change of fraqueModelling of the lIrish
system (Lalor et al. 2005), a single diesel gewer@ayikci & Milanovic 2009) and
a small multi-generator system (Conroy & Watson8Q0ustrate how introduction
of variable speed wind turbines can deterioratgueacy regulation and additionally
how the inertia support methods, inertia couplimgl &tep torque can restore or
improve performance.

The step method was shown to be particularlgflewhen applied to a hydro
dominated power system; the capability to supplsrge quantity of energy in the
first few seconds of a load generation imbalanceownteract slow initial response

from hydro governors.

Grid codes

Two complete grid codes, that of the UK’s Natiotaid company and E-ON'’s
network code in Germany were reviewed for requimreihief frequency response
and frequency ranges. The review additionally ideth annexes relating to the
connection of wind generators for two other Europemuntries and a draft

European grid code which is part of moves to stedide grid codes in Europe.
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Basic requirements for frequency response dhiyadpply according to the size
of power generating station whether this be a sidgtge synchronous unit or a
collection of smaller non-synchronised generatofsiciv form a ‘power park’
(National Grid and entso-e term). Capability toibstructed to operate in one of
either two modes is commonly required. The firsaifully responsive mode (e.g
Figure 2.17) where a governor action provides gmeite variation in active power
as frequency changes. The second is a mode wh&mdactive power increase
requirement as frequency drops but retains a ‘frgguency’ response where active
power is reduced as frequency rises (e.g Figur8)2A noticeable difference
between the National Grid code and the E-ON codéhéslevel of detail, the
National Grid code including requirements for miommincrease/decrease in output
at different loadings and detail of the measuremédelivery of response.

Regarding range of frequency for operation, ¢apability for wind turbines to
remain connected over a wider frequency range tt@mventional generating
stations is indicated in short term requirementggerate down to 46.5 and up to
53.5Hz in the EON offshore connections code.

Inertia response from wind turbines is a regmient in the current grid code of
the Canadian Hydro-Quebec company, the power sybtwng 42GW in size and
consisting of mainly hydro-electric generating istag. The inertia response required
approximates to the step function as described.3r22As mentioned above this
type of system benefits from a step type inertspoase. Insight into the draughting
of this requirement is given in (Brisebois et &@12). The European entso-e draft
code in contrast specifies an inertial responsdlaino that which occurs from
synchronous generators; an increase in power ipoption to the rate of change of
frequency, rapidly delivered and having a (typigakxponential declining profile
(Figure 2.23). This required response is cleargnidiable with the inertia coupling

function described in 2.3.1.

64



2.6 Conclusion

Review of published literature including generatonnection requirements from
system operators shows the following:

* The inherent inertia response provided by largelssgonous machines is not
present by default in variable speed wind turbinde FSIG turbine
provides a form of inertia response, the DFIG eitbitbrque to frequency
coupling which is eliminated via suitable controf s rotor power
converter and the FPC turbine is inherently decedipl

* Synthesis of an inertia response can be achievea@ddlition of a suitable
function added to a variable speed turbine’s tospexd control loop.

* Two basic methods are to be found in the publiditehture. Firstly inertia
coupling which provides a response similar to syocbus machines i.e in
proportion to rate of change of system frequen&co8dly a step method
which controls turbine output directly and can Isedito extract maximum
K.E from the turbine.

* Remediation and improvement of system frequendgmonstrable through
modeling of system response using turbines equipptdinertia response.
A simplified model of the DFIG and the FPC induatigenerator based
turbine has been published.

* Introduction of inertial response requirements tbe UK will be of
particular significance, due to the existing higiportance of UK frequency

response services compared to mainland Europe.

To further investigate the provision of wind turbimertia response, for the UK

mainland system, the following work is undertaken:

* Development of a simplified model of the FPC tugbiaquipped with
synchronous machine (Chapter 3).

» Evaluation of use of the two basic inertia respom&thods in conjunction
with a frequency model of the UK system (Chapter 5)

* Experimental testing of an inertia coupling funati@hapter 6).

65



3 Synchronous machine modelling and vector control

3.1 Introduction

Chapter 2 identified the need to model the synabmemmachine based Full Power
Converter wind turbine. A basic outline of synchooa machine theory is given
along with the fundamental principles of vector ttohapplied to the synchronous
machine. A first order simplified model of the siinenous machine is derived for

use in the wind turbine model of Chapter 5.

3.1.1 Rotating reference frame
Figure 3.1 shows the orientation of rotor and aum&! magnetic fields for a 2-pole,
3-phase synchronous machine and the location ahtiee phase windings, aa’, bb

and cc’.

phase a-
magnetic axis

Figure 3.1 — Orientation of stator and rotor fieldisa (2 pole) 3-phase synchronous

machine and location of rotating dq reference frékendur 1994).

Flow of 3-phase sinusoidal currents in the statifirr@sult in a (net) rotating stator
field of constant magnitude and rotation of therah synchronism with this (net)
field. Stator and rotor quantities can be refetoed rotating reference frame located
along the magnetic axis of the rotor. This rotatieference frame is indicated in
Figure 3.1 by the (direct) d-axis, and an orthogiggaadrature) g-axis which leads
the d-axis by 90 degrees. The speed of rotatidheofeference frame is the same as

19 For 3-phase rotating machin@snatureis used synonymously wisstator, where the second
indicates the armature is non-rotating. This isantrast to brushed dc machines where the main
current (non-field) winding is wound on the rotor.
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the rotor speed,. The position of the d-axis ahead of the statipmaagnetic axis

of phase a is indicated oy

Conversion of quantities in the stationary refeeeframe to those in the rotating
reference frame is achieved by use of Eq(3.1) ®) tBese applying to current

2T 2T
ig = kg [ia cos 0 + iy, cos (6 - ?> + i. cos (9 + ?>] (3.1)
: o . 2my 2m
ig = Kkq [la sin B + iy, sin (9 — ?) + i. sin (6 + ?>] (3.2)

1
ip = 3 (1, +1ip +1i¢) (3.3)

Similar equations apply when converting flux linkagr voltage. The value of the
constants k and kg are chosen to give desired scaling between thaltires dq
quantities and the sinusoidal quantities. Usey6f ky = 2/3 results in the magnitude

of the dg quantity being equal to the peak valuthefsinusoidal quantity, use aof k

= kq =+/2/3 results in a power invariant transform (Kundur 4p9

3.2 Synchronous machine stator and rotor equations (Kundur 1994)

The behavior of the synchronous machine, undembathoperating conditiohs is
described by the following equatidfsn terms of voltages which are developed due
to changes in flux linkage, and flux linkages whaztcur due to the flow of current.
All quantities are in per unit and per phase arml teinsformed to the d-q axis
reference frame; the suffix d and g indicating éhasis quantities respectively. The
equations apply to a machine with a sinusoidal flistribution i.e. a non-salient

pole machine. Damper windings are included.

3.2.1 Voltages
The terminal voltage of the machine is given byE&4)( & (3.5) where gand g are

the direct and quadrature components of voltageisghe rate of change of flux

" The zero sequence components of current and ecéBgzero,i= & = 0.

12 Flux linkage is denoted by the symhah keeping with most textbooks on electrical maehi
theory. In Kundur (1994y is used to denote flux linkage to avoid confusioth Eigenvalue
notation.

67



linkage, B is the rate of change of the d-axis position wi$pect to the stator field,

Rais the per phase resistance of the armature isnclirent.

€q = pld - que — Raid (34)
eq = PAq — AgpB — Ryig (3.5)

The field voltage g is located entirely in the d-axis and is given by

efqd = PAra + Reallg (3.6)

Damper windings for the machine in the g-axis andxid are represented by
Eq(3.7) & (3.8) where k is a number denoting aipaldr damper winding of which
there may be many. These windings are short cadustnd hence for the case of

balanced currents, no voltages are developed aitress

exd = 0 = pAgg + Rygika  (3.7)
ekq =0= p)\kq + quikq (38)

3.2.2 Fluxlinkages

The d-axis flux linkagé\q (EQq(3.9)) is determined by the armature d-axisualut
inductance Lg, the leakage inductance &and the d-axis stator, field winding and
damper winding currentsg,iiy and ig. The g-axis flux linkagéy (Eq(3.10)) is
determined by the armature g-axis mutual inductdngeplus L (similar for both

axis) and the respective g-axis currentand ig.

Ag = —(Lag + Lig + Lagigg + Lagika ~ (3.9)
Aq = —(Laq + L1)iq + Lagikq (3.10)

The inductances associated with the total fluxdogs due togiand j, respectively
are denoted asgland Lg where Ly = Lag + Ly and Ly = Lag + L. Thus Eq(3.9) &
(3.10) may be written as

Aq = —Lqiq + Lagifg + Lagia  (3.11)
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Aq = —Lqiq + Lagikq (3.12)

The d-axis flux linkage in the field windin@, is determined by the d-axis currents
and the field self-inductanceg{, the field to d-axis damper winding mutual

inductance kg and the d-axis mutual inductancg bcecording to

Afg = Lgrgigg + Likaikg — Lagla  (3.13)

Flux linkage in the d-axis damper windinlyg is determined by currents in the d-
axis and the d-axis damper winding self inductamhgg, the d-axis mutual
inductance Lg and the field to damper winding mutual inductangg. Flux
linkages in the g-axis damper windingg are determined by currents in the g-axis
and the g-axis damper winding self inductangg &nd the g-axis mutual inductance
Lag

Akd = Lkkdikd — Laala + Lkaica  (3.14)

Akq = kaqikq - Laqiq (315)

3.2.3 Speed voltages and transformer voltages
Since the rate of change of positighip equal to the rotational speed of the raigr
Eq(3.4) & (3.5) may be rewritten as

€q = p}\d — Aqwr — Raid (316)
eq = PAq — Aqw; — Ryig (3.17)

The termsyo, andiqm, are known as the speed voltages and the tekmanal

as the transformer voltages. The transformer vetazgcur “due to flux changes in
time” and the speed voltages occur “due to fluxng/eain space”. Under steady state
conditions the transformer voltages are zero whedves the speed voltages to

constitute the main components of stator voltage.
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3.3 Vector control of the synchronous machine

3.3.1 Power and torque (Kundur 1994)

Terminal power Pcan be expressed as the product of voltages anehts
3
=3 (eqlq +eqlq)  (3:18)

Substituting for voltage using EQq(3.16) & (3.17)darearranging results in an
expression for power in terms of “rate of changeaohature magnetic energy”,
“power transferred across the air-gap” and “armeatuesistance loss”. The

component of power associated with torque, thgarpower is

3., . .
Pair—gap = E(xdlq —Agig)oy  (3:19)

To obtain torque d the air-gap power is divided by the mechanicaksipof the
rotor omech@iving Eq(3.20). Division of electrical speed bycehanical speed

simplifies to give Eq (3.21) where is the number of field poles.

T, = 2 (Aaiq = Aqia) == 3.20

e_2 dlq qld Omech ( . )
3pr,, . .

T, = E3(%11(] — Aqla) (3.21)

3.3.2 Control of torque and flux

Torque

From Eq(3.21) it is seen that torque is proportiaadhe cross product of stator flux
with stator current i.e the difference betweenghmducts of d-axis flux with g-axis
current and g-axis flux with d-axis current. Sutesiing for flux linkageshq andiq
Eq(3.11) & (3.12)

f

!
|

(iq(Lagira — Laia + Lagika) = ia(Lagikg — Lalg))  (3.22)

o3
I
N W N w

NN

(iqLadita + idiq(Lg — La) + (igLadika — iaLagikg)) (3-23)
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Eq(3.23) shows torque to be composed of three coeme (Novotny & Lipo
1996). Firstly the excitation or reaction torquecandly the saliency/reluctance
torque and the thirdly the damping torque. Contfdbrque is obtained, via the first
term, through regulation of g-axis current, withtlie case of a salient pole machine
an additional adjustment made for d-axis current.

A special case occurs whenis regulated to zero; orthogonal orientation a th
excitation flux to the armature flux (torque anglgual to 90 degrees). This results
in control of torque entirely via the g-axis andalmaximization of the torque to
current ratio (Novotny & Lipo 1996). Operation dtmachine is now analogous to
the operation of a dc-machine where armature cudieectly controls torque. Note
that the machine operates at lagging power fagtdeuthis condition.

Flux

Control of the field of the machine is obtained vegulation of d-axis current to
achieve one of three aims; operation at a desioseepfactor, control of machine
terminal voltage, or as explained above, orientafiof the field) to obtain direct
control of torque (Rashid 2001). At high speedsldfiweakening’ may be necessary
to limit terminal voltage. Multi-mode operation $uas this can be used to optimize

the combination of machine and converter (Galldgmsez et al. 2005).

3.4 Simplified model for use in frequency studies

For modelling of system frequency, where transiarts not important and also
multiple instances of machines may be requireds tseful to derive a simplified
model of the synchronous generator. This modetiised within the wind turbine

model of chapter 5.
3.4.1 Simplifying assumptions

The following assumptions are made:

» Damper winding currents are zero (a) — Damper wigsliare designed to
produce a restraining torque to reduce oscillationgotor angle during

disturbances. For relatively slow changes in torgghech would occur via a
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turbine’s torque controller, no currents would bgected to flow in these
damper windings.
ikd = ikq =0 (324)

» Saliency small and d-axis current regulated to Z&o— A round rotor
construction is assumed as opposed to a saliert rpathine. Along with
regulation of d-axis current to zero this ensurescontribution from the

saliency torque, the middle component of Eq(3.23).
Ld = annd id =0 (325)

* Rotor field current constant (c) — The rotor figldrrent jy is held constant

by a suitable excitation control system.

ifqg = constant (3.26)

3.4.2 Realisation of torque and flux control
Control of torque and flux is obtained via outpf@itao appropriate terminal voltage

at the generator’s voltage source converter, fugikplanation being given below.

Torque
Torque is controlled through regulation of g-axisrent (3.3.2). Taking Eq(3.17)
and replacing p with d/dt and substituting fgr(where iq = 0, assumption (a)), the

rate of change of;is determined by

a = ~glala ~Aawr —Raig  (3:27)

wherelqw, is the speed voltage component of the g-axis teioltage g due to

the magnetizing flux. Note that when the machinepen circuited, gs measurable
at the terminals and is known as the internal gelta
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Given assumption (b) and substituting Zgiin Eq(3.27), the relationship betwegn i

and the applied voltagg and field currents is

d . .
eq = —anlq + Lagitawr — Raig (3.28)

This shows a first order relationship to exist ledw g-axis terminal voltagg and

g-axis currentjand thus torque.

Flux

Control of flux is obtained through regulation ehris current (3.3.2). By a similar
process to that shown for control of torque abgween assumption (a)kfi= 0), rate
of change of4is determined by

d
€q = —a (Ldid + Ladifd) - }\qwr - Raid (329)

wherelqo; is the speed voltage component of the d-axis telioltage g due to
the g-axis current.
Given assumption (c) and substitutingXgin Eq(3.29), the relationship between

ig and the applied voltagq B

d
€q = —a]_‘did + Lqiqoor - Raid (330)

Again similar to torque, this shows a first ordetationship to exist, this time
between d-axis terminal voltaggand d-axis curreng eand hence magnetizing flux.
For the vector control scheme chosen via assamyc), where 4 is assumed

regulated to zerogén steady state will be solely determined bgs below

eq = Lqiqwr (3.31)
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lllustration of vector control

A phasor diagrar illustrating the variation of terminal voltage,roent and flux for

a synchronous generator, given the stated assump(#) to (c), is shown in Figure
3.2. Phasor quantities in the stationary referdrazaee are indicated by capitals;E
the internal voltage of the machine; tBe terminal voltage;lthe current and gthe
impedance (which in per unit equalsdnd Lg). dg quantities are indicated by lower
case. Flux linkages are located 90 degrees behaid dorresponding voltages and
out of phase with their respective currents; figlok linkage A, Stator flux linkage
As (= Adg), and armature reaction flux linkagge

Three steady state operating points are sh&wmt 1 indicates open circuit
operation where the internal voltage of the maclsrmaeasureable at the terminals.
Points 2 and 3 show, with accompanying blue andpleglsors respectively, the
machine generating. Point 3 indicates a doublingyafompared to point 2 and
hence a doubling of the torque. The changes irtdngponents of g-axis and d-axis
voltageAg; andAey can be seen to be due to the resistancan® the reactance of
the machine Xrespectively.

Points 1’, 2’ and 3’ show the correspondingflinkages. Note that with the d-
axis component of current equal to zero, the torpugesdr, the angle between the
armature reaction fluk, and the field fluxsy is always 90 degrees.

Control of the machine in steady state is addeby setting the d-axis voltage e
proportional to the g-axis current according to E&8() and setting the g-axis
voltage according to Eq(3.28), the internal voltageus the voltage drop across the

resistance.

13 An explanation of phasor representation of dq tties is given in Appendix B1.
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Figure 3.2 — Phasor diagram for the synchronousrmgéor illustrating change in

steady state terminal voltage for a doubling ofjter (operating point 2 to 3).

3.4.3 Conversion to s-domain

The differential equation describing the simplifigenerator, Eq(3.28), is converted

into the s-domain as below:

Collecting the input terms (the applied voltagejl @he output terms

Eq(3.28) becomes

eq - Ladifdoor = ——Lqiq - Raiq (332)

dt

Taking the Laplace transform of Eq(3.32) and dewpthe internal voltage

of the machind., 4ifqw, as @: and the control component of the applied

voltage g — @nt as g.int gives

eq—int(s) = _Siq(S)Lq - Raiq(s)
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The transfer function G(s) which describes the biginaof the system
represented by Eq(3.33) is given by the ratio eflthplace transform of the
output variable to the Laplace transform of theutnygariable (Bolton 1998).

Hence
_iq(s)
G(S) = m (334)
3 iq(s)
~ —sig(s)Lq — Raiq(s) (3:35)
N S 3.36
~ (Lgs+R,) (3.36)
=— 1/Rs (3.37)
((La/Ra)s +1)

In steady state Eq(3.37) has a gain of, R a time constant of/R..

3.4.4 Simplified model

The simplified model of the synchronous machinescin of a control loop for
torque via g-axis current, plus the transfer fumrcidf the electrical machine in terms
of ; and , Eq(3.36). Assumption (b) obviates the need ttunie modelling of the
d-axis current control. The g-axis current conilimplemented, as is common
practice, by a Pl compensator and negative closed feedback. The resulting
model is shown in Figure 3.3 whergi& the ratio of g-axis current to torque.
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Figure 3.3 — Simplified model of the synchronousegator.

Further simplification is obtained by assuming ttit VSC under normal operation

behaves as a linear amplifier (Y. Ming et al. 20843 that the internal voltage of

the machine ;g will remain constant since, will be slow to change due to the

inertia of the rotor and turbine. This resultshie imodel shown in Figure 3.4 where

kp and k are the equivalent Pl gains.

Te ref Iq ref

Current
control

Electrical
machine
eq 1 iq 1 Te
k, + ki/s > i e
P Les + Ra ko

Figure 3.4 — Simplified model of the synchronousegator suitable for frequency
studies
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3.5 Summary

The following was undertaken :

* Governing equations of the synchronous machinénénrotating reference
frame were given.

» Control of torque and flux was shown possible dgulation of g-axis and
d-axis currents respectively.

* Assumptions were made in order to obtain a singaifimodel of the
synchronous machine: (a) damper winding currengs zaro, (b) d-axis
current regulated to zero and saliency small apdotor excitation current
held constant.

» Control via the terminal voltage componentsa@d g was illustrated, in
steady state, with d-axis current regulated to.zero

* An s-domain transfer function was obtained deseglihe dynamics of the
g-axis current in the machine.

* A simplified model suitable for use in frequencydies was presented. This
is comprised of the electrical machine transfecfiom and a Pl control loop

for g-axis current.
The simplified model of Figure 3.4 is used withire twind turbine model in Chapter

5. The time constant for the electrical machigéRlk is experimentally measured in
Chapter 4.
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4 Laboratory wind turbine test rig

4.1 Introduction

Research into wind turbines, their generators amdral systems, invariably makes
use of laboratory based test figsA brief account of published work is given below,
and following this, an overview of the wind turbinest rig constructed by the

candidate.

4.1.1 Experimental testing of wind turbines

Description of the design of two wind turbine tegs, a 4kW DFIG based system
and a 3kW interchangeable IG and PM based systendescribed in Rabelo &
Hofmann (2002) and in Chinchilla et al. (2004). Tirst gives detail of filter
design, controller gain calculations, measurementmachine parameters and
practical insights into the overall development ammmissioning of a test rig.
Inclusion of a multi-mass model of the drive trancombination with wind data
and a model of turbine’s power characteristics Ethlemulation of drive train
dynamics (Rabelo et al. 2004). Inclusion of othiéeats such as tower shadow and
wind shear are presented in Chinchilla et al. (20@hilst most test rigs utilize a
machine size of between 2 and 4kW, the Norwegiaivadsity of Science and
Technology use a 55kW machine which is stated tmbee representative of full-
scale turbines due to the p.u values of the mashoeeng similar (Molinas et al.
2005).

Examples of areas of investigation which havead a wind turbine test rig are:

 Comparison of energy vyield between a stall regdlat® and a pitch
regulated variable speed PM turbine (ChinchillaleR004).

* Demonstration of control and operation of a PM FRbine including
control of d-axis current for optimum efficiencyHli@chilla et al. 2006).

* Experimental testing of inverter active and reactpower limits for a PM
FPC turbine (Chinchilla et al. 2005).

* Fault Ride Through capability of the grid inverten an IG FPC turbine
(Molinas et al. 2005).

14 Also referred to in a number of publications aswiVi urbine Emulators.
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» Gain scheduling of a stall controlled variable sh& FPC turbine (Bourlis
2009).
» De-loading for primary frequency control using fudmgic control of pitch

and torque (Courtecuisse et al. 2008).

4.1.2 Overview of the wind turbine test rig
For the research described in this thesis, a tgswais constructed consisting of a
0.8kW 3-phase synchronous generator, driven dyrebly a dc drive. The
synchronous generator was connected to the gridrvigPC type arrangement, two
identical converter bridges connected back-to-baeka dc-link. To emulate the
torque produced by the rotor of a wind turbine, dicedrive’s torque reference was
calculated by using a model of the turbine’s powalaracteristics (the same model
that is described in Chapter 5). Control of the plate system was implemented on
a rapid prototyping embedded control systém This consists essentially of
hardware, a controller board with master proceasdrslave DS, and software, a
PC based user interface and a development plafi@rmoding and graphical input
of the control design via MATLAB Simulirk

The components of the test rig are shown instiieematic of Figure 4.1 and are
broadly divided into the hardware and software kdéondicated. The hardware
components consist of the electrical machines (A,@wer electronics (C), grid
connection (D) and the embedded controller platf@mn The software components
consist of the control system (F) which is impleteeinon the embedded controller
platform and the user interface (G) which is lodat@ a dedicated PC. Sensors are
indicated on the schematic along with (major) sigrimetween the blocks. Further

detail of each block is given in the following seas, 4.2 to 4.5.

!5 Rapid prototyping embedded control systems arieaylg used in industry to develop and
implement a control system at the design stagaliBation of the control system design, onto to a
specific (and lower cost) hardware platform, theltofvs.

16 A Digital Signal Processor (DSP) is a processiegiak optimised to perform mathematical
calculations and is commonly found in high-perfonte motor/generator control applications.
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A, B, C, D - Electrical machines, power electronics and grid connection
A. B. C. D.
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Figure 4.1 — Schematic of the wind turbine testshgwing functional blocks and
major signals and measurements.

4.2 Electrical machines, power electronics and grid connection

The main items of hardware are described in tht$iee except for the controller

platform (E) and sensors which are described in 4.3

4.2.1 dcdrive (A)

The dc drive and its power supply and controller sinown in Figure 4.2 and are
explained below.

dc machine

The dc machine is of the shunt wound type and hrasireg of 1kW at 1500rpm and
2kW at 3000rpm. The armature current has a maximaimg of 8.5A and the field

current a maximum rating of 0.7A.
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Figure 4.2 - dc machine (left) and drive power dyand machine controller (right).

dc drive power supply and machine controller

The dc drive power supply consists of a 3-phasadioy based rectifier to provide
armature current and an uncontrolled single phastéfier to supply a constant
voltage to the field. Incorporated in the power@ypunit is a machine controller.
Although torque and speed control is possible ughgy machine controller an
external control mode was utilized which gives dirgontrol of the duty cycle of the
armature thyristors via the external signabN_am This signal was provided via an
external current control loop implemented on thegfprm controller, block E1.

4.2.2 Synchronous machine (B)
Synchronous machine and excitation
The 3-phase synchronous machine is of 4-pole, wawhar construction (non-
salient) with damper windings and is shown withexgitation supply in Figure 4.3.
Name plate ratings for the machine give operattetD8/230 Volts, 1.52/2.66A in Y
and delta configuration respectively at 50Hz arRk@A at power factor of +0.8.
Maximum allowable excitation current for the machirs 1.6A and maximum
excitation voltage 220V. The machine windings weoafigured in delta to allow
operation of the dc-link at a reasonably low vodtgige less than 500Vvdc).
Excitation for the machine was provided by gk phase thyristor controlled
rectifier with current externally adjustable viauaty cycle input signal.
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Figure 4.3 — Synchronous generator (left) and a&omn unit (right).

4.2.3 Power converter (C)
The power converter consists of a pair of identiégiulse’ converter bridges
arranged in back to back configuration and connkeig a dc-link equipped with a
capacitor. Units such as these where connecteddapacitor are also known as
Voltage Source Converters (VSCs). The arrangeménth® power switching
devices is shown in Figure 4.4 along with the gdtee circuitry which was
necessary for interfacing to the embedded controlle

A brief explanation of the converter bridge tarand the gate driver board and
their development follows. Full schematic diagraimsthe bridge and gate driver
boards are located in Appendix A2.

Development

An initial version of the test rig made use of certer bridges which were made up
by interconnecting individual switching units. Tkeanits consisted of a single
MOSFET plus some minor additional components, kEdtain its own individual
PCB. However, stray inductance associated wittr-umé wiring and PCB tracking
lengths was suspected of causing emission of umdambise and mal-operation of
the converters. The 6-pulse converter bridges téolcan a single circuit board and
described below, were developed to remedy thislenob

" A 6-pulse converter uses 6 switching devices gedrin pairs, one pair for each phase, to either
‘invert’ a dc supply and create 3-phase alternatimgent output or ‘rectify’ an ac supply to create
dc current output.

83



1U 2U

3U 1U 2U

3U

d
bl J:%

to s

£}

1

to grid
connection

MOSFETs
10A 500V
N-channel

generator

| +
1000uF

> —

1L 2L 3L 1L 2L 3L

53 51

Gate drive []
resistors [ﬁ Yt
Gate Driver Gate Driver
IC IC
[T I T [T TT 1

Tonutu2us
TonttL213

Tonutu2us
TonutL2Ls

from controller
PWM outputs

Figure 4.4 — Power converter schematic showingtBSFET switche¥, dc link,

capacitor and connection to embedded controllegata drive circuitry.

Converter bridges
MOSFET devices were selected for use as power Isggtéor the test rig which is
nominally rated at 800W at 220V. The MOSFET dewbesen was deemed of a
suitable rating after checking its characteristeSOperating Area (SOA) chétt
Additional local capacitors and varistors (sbbwn in Figure 4.4) are connected
across each bridge leg (e.g 1U and 1L), betweeniphber MOSFET device’s drain
pin ‘d’ and the lower device’s source pin ‘s’. Thapacitor serves to reduce noise
from switching transients and the varistor providegrvoltage protection for the
two MOSFET devices in the bridge leg. One of the tenverter bridges is shown
in Figure 4.5 (right) connected to its gate drikeard.

18 The discrete diodes indicated in the figure arfaat an integral part of the MOSFET device and
are known as ‘body’ diodes.

¥ voltage and current ratings for a power switchilegice are subject to duty cycle and pulse length
limitations. These rating capabilities are exprdsaea SOA chart supplied by the manufacturer. An
overview of how to interpret an SOA chart is giverfRaychem n.d.).
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Gate Drivers

A number of requirements exist for the correct affetient switching of MOSFET
devices which are used in a VSC (International iRecin.d.). These relate chiefly
to the signal applied to the gate pin (indicatédrigrigure 4.4):

* A minimum voltage amplitude of 10 to 15V.

» For the upper devices (indicated ‘U’ in Figure 4tH4g voltage must be 10 to
15V above the dc-link voltage.

* Logic interfacing capability and a number of otlpeotective requirements
relating to abnormal operation and prevention agjafiailure of the bridge

components.

To meet these requirements whilst at the same tiedeicing part count and
development time, an Integrated Circuit (IC) wasdisAdditional isolation between
the high voltage/current circuitry of the conveibeidges and the controller platform
was achieved via use of opto-isolators. This miserinoise interference and also
ensures catastrophic failure of the converter lesddoes not cause damage to the
controller platform.

The gate driver board additionally features 1@ Bicrocontroller to assist in
(sequential) interfacing between the gate driveaid the controller platform. The
PIC was also used on the generator side gate dieard to derive the
complimentar$® gate drive signals for the lower devices (indidate on the left
bridge in Figure 4.4); this being due to a limibatiin available outputs on the
controller platform. Note that for simplicity, tlsehematics in this chapter depict the
grid and generator gate driver circuits as beingniidal and having the full
complement of input signals from the controllertfaem.

The values of the gate drive resistors wereeamentally selected to give a
relatively slow gate voltage rise time. This wameldo reduce the size of the
transients which occur when each MOSFET devicetsstir conduct. For an

2 Except when the bridge is de-energised (all swicire off), the lower devices are always driven
with the inverse logic value of the upper deviced gice-versa, these lower drive signals being
known as the ‘complimentary’ of the upper driversits. A ‘dead-time’ (or ‘blanking’) period does
in-fact exist where both switches are held in tfies@te to ensure avoidance of a short circuthef
bridge. Note that the gate driver IC that was ugemhrporates its own dead-time protection (of
200nsec) regardless of the gate drive logic inptitee device.
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illustration and explanation of changes in curremtl voltage across the respective
terminals of a MOSFET device during switching seshisih et al. (2003).

Figure 4.5 — Gate driver board (left) and 6 pulS@SFET converter (right) forming
one half of the back to back bridges, developethbycandidate and constructed at
Cardiff University.

4.2.4 Grid connection (D)

Transformer

The 3-phase transformer shown Figure 4.6, ratigVv36per phase, was used to
connect the power converter to the mains. This egdigured in YY, and due to
the particular winding ratio provided on the tramsier, results in a stepping up of
the converter voltage from 220 to 400V enablingerifaicing to the mains supply.
Since the YY connection results in the generatidn38 harmonic voltages
(Chapman 2005) a set of tertiary windings aresgtdiin delta which allows the flow
of circulating currents which suppress tffetgrmonic components.

A 3-phase variac was used at the mains commegoint in order to provide
controlled energisation of the dc-link and factia@peration of the grid converter at
a lower voltage if needed.

Note that the transformer additionally provides $keies inductance needed for the
grid side converter control scheme which measunesphase shift between the
current and voltage, output to the grid.
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Figure 4.6 — Transformer used to connect the paarverter to the mains supply.

4.3 Controller platform and sensors (E)

4.3.1 Controller platform

The controller platform used was a dSPACBS1103PPC and its architecture is
shown in Figure 4.7. The platform essentially cstssbf a main processor and a
slave DSP (indicated) with respective analoguedigithl I/O interfaces. Additional
Analogue to Digital Converters (ADCs) and DigitalAnalogue Converters (DACSs)
are provided on the platform along with an incretakencoder interface and a
number of internal and external communication fatss, one of which is to the
PC. All of the control functions indicated in Figu4.1 and described in section 4.4
run on the controller platform. The controller wa®grammed via entry of a the
control design in MATLAB SimulinR. Compilation of the design into code which
runs on the platform controller was again donel@nRC, within the dSPACEand
MATLAB ® development environment, and then downloaded ® phatform
controller.
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Main processor

<

Slave DSP

\

hi 7]

1
031103

Mlaster PPC 1O festures Slave DSP A0 features

Figure 4.7 — Hardware architecture of the contrglatform showing main
processor, slave DSP and internal and externafacies (ASPACE 2009).

4.3.2 Sensors
Sensors were connected via the breakout panelisdppy dSPACE shown in

Figure 4.8.

B

L
MRS SRS
LS PR e

Figure 4.8 — Breakout panel for connection of semaad digital I/O, including
status LEDs for the digital I/O.
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Analogue signals were connected using co-axialimgkdnd digital signals were
connected via twisted pair screened cabling. Appatg advice on cabling methods
for the avoidance noise emission and interferescgvien in Williams (1991).

The principal sensors necessary to operateetheig are shown in Figure 4.1 and
are explained below. Note additional voltage anderu sensors were used to obtain
measurements of extra signals as and when necdssarge within the controller
platform. Use was also made of a 4-channel oscips for monitoring and
measurement purposes independent of the contpéiform.

Voltage and current measurement

The measurement of voltage was obtained using rapdidvices which employ
Hall effect sensors and closed loop compensatiogite a measurement output
which is isolated. An assembled measurement ungh@wvn in Figure 4.9 (left)

along with its PCB.

Figure 4.9 - Voltage measurement unit (left) andent measurement unit (right).

Similarly for the measurement of current, modulavides are employed which use
the Hall effect and an assembled unit is showniguré 4.9 (right). Information
about the operation and characteristics of botlseheolated voltage and current
sensors is given in (LEM n.d.).
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Encoder

The encoder used was of the incremental type astiasn in Figure 4.10. It has
three channels, the first two generating rectangpldse waveforms, 1024 per
revolution which are 90 degrees offset from eadteotThe third channel generates

a single pulse per revolution which is used adexeace.

Figure 4.10 — Encoder used for the measurememtarf position and speed, shown

connected to the dc machine.

4.4 Control scheme (F)

The control scheme for the wind turbine test rig ba divided into three separate
areas. Firstly control of the dc machine which eated aerodynamic torque,
secondly control of the power converter which iwvidkd into the generator

converter control and the grid converter contrat] &stly supervisory control of the

test rig as a whole. The functioning of these ascdbed below.

4.4.1 DC machine control (F1)

The control of the dc machine is shown in FigurEl4and is divided into a further
three functions, current control, aerodynamic tergmulation and test rig inertia
scaling. Note an additional function, manual speeatrol, was included for run-up

of the test rig.
Current control

Control of the armature current for the dc machimes implemented by a Pl

controller. Some non-linearity was found betweendb machine controller’s input
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and the actual value of armature current. Henceexmpensation was added (not
shown) which consisted of level shifting and radlgiastment depending on the value

of the duty cycle, &n_arm output from the PI block.

Aerodynamic torque emulation

Emulation of the aerodynamic torque produced by ttlrbine was implemented
using the Matlab Simulirfk ‘wind turbine’ block. This consists of a mathemati
function (see Appendix B2) which gives the valuet@fjue according to the wind
speed input, Wng, and the turbine rotor speeg. The same block with identical

parameters is used in the wind turbine model ofp@reb.

Test rig inertia scaling

1 st order Taci Tscale

d/dt > filter 1 2H iy

v

Aerodynamic torque emulation

U T
'wind Taero ref dc_ref
Ll @I

K3 _I_‘
Turbine power

characteristics

®ref_man % Pl

+

Current control

+VY

or

ldc_arm_ref

Pl —»

Manual speed control (for run-up)

Figure 4.11 — dc machine control scheme consistirayirrent control, aerodynamic
torque emulation, test rig inertia scaling and ddigonal manual speed control

function.

Test rig inertia scaling

This function artificially increases the effectiugertia of the test rig itself. Small
rotating electrical machines have a comparatively Inertia (discussed 2.1.5), a
5kW induction machine for example having a per umgrtia constant of 0.06 sec
compared to between 2 and 7 sec for typical MW g@e@able speed wind turbines.
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For a small electrical machine the energy exch@rmgtween the rotating mass and
the grid due to a change in speed is too smalt¢arately measure.

The scaling operates by subtracting a componertbrolue, Tcae from the dc
machine’s torque reference, which represents tliiadal shaft torque needed to
accelerate or decelerate an additional rotatingsm@snceptually this is equivalent
to adding an extra rotating mass to the test rig dpplying its associated
accelerating/decelerating torque via the dc madhirotor rather than a mechanical
coupling.

The scaling component of torquecde is determined by firstly calculating the
accelerating torque,ad, corresponding to the real rotating mass usin@ By This
value is then multiplied by the desired scalingdacK,. The resulting effective test
rig inertia, Hy, is given by

Hett = Hyjg (K4 +1)  (41)

where Hg is the real inertia constant of the test rig duéd physical rotating mass.
Since a differentiator is used to obtain the r@oceleration, a first order filter is
included to reduce noise. Conversion between ptpubwf the dc machine and p.u
current on the synchronous generator is accountdolyfKs.

4.4.2 Converter control (F2 & F3)
Generator converter
Control of generator torque was achieved by remgratf g-axis current using a Pl
controller and is shown in Figure 4.12. The torgeference { s was supplied via
the maximum power extraction curve block (see )Jat€he current reference was
derived from EQ(3.22) wherg s the number of poles of the machine. The current
error, i emos Was converted via the Pl term into a g-axis \ggtav,, applied to the
generator terminals by the VSC. (Derivation of dweipling between yand § is
shown in 3.4.2).

Control of flux was implemented in a similaryma control of torque, however in

the case of flux, d-axis curreny was regulated and coupling was via. \As

% The inertia constant, H, is the K.E of the rogtinachine at rated speed, divided by the VA rating
of the machine (Eq(2.3)). Hence for the example SkiNiction machine, given that K.E is
proportional to the square of shaft speed (Eq(2e&2ghange in speed from 1.0 to 0.9p.u over 1
second corresponds to a change in terminal outpuépof 0.06 * (1— 0.9) = 0.01p.u, for a period
of 1 second.
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explained in 3.3.2, the d-axis current can be Getero to maximize the torque to
current ratio of the generator and give direct sergontrol of the machine. For the
test rig, field weakening,{® 0), was used to reduce terminal voltage.

Cross-coupling terms due to speed voltages (3v2e8¢ included. For the g-axis,
the speed voltage, cross decoupling term {¥e3, has a componentdixo,, due to
the magnetizing flux from the rotor excitation @nt in addition to the termyligor,
due to current in the d-axis (Eq(3.11) & (3.17)pr Fhe d-axis the speed voltage,
cross decoupling term @Vspeey, IS igLqor (EQ(3.12) & (3.16)).

For the test rig, it was assumed that the sali@myponent of torque (3.3.2),
idq(Lq-La), was significantly smaller than the excitatiomgiee componentgliadid,
and hence only a small reduction in accuracy oftbhgue control will occur when

operating with4 at a non-zero value.

Te ref 4 iq_ref iq_error Vq‘ Vq
- — Pl | >
3 prLadi + a o,
Vq, peed
Iq
Torque control
. + -
Ladifgr — Lo,
Lqor
Flux control [
Vdﬁspeed
1d_ref id_error Vg Y+ Vq4

Figure 4.12 — Implementation of generator convextgtrol scheme for torque and

flux.

Grid converter

The grid converter was connected to the grid viaasformer as indicated in Figure
4.1. This connection can be represented by a senigsdance, R+jcL. Defining
current flow as positive towards the grid, the tielaship between the voltage at the
VSC terminals, ¥ and the voltage on the grid side of the induaanend
resistances, ¥_gria IS (Pena et al. 1996)
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di
Vg = Vg gria + L—= + Rig — weLig  (4.2)

dt
dig _ _
Vq = Vg gria + LE + Rig + weLig (4.3)

The grid converter reference frame was obtainech faoPhase Lock Loop (PLL) on
the grid side of the inductance/resistance. Reterdrame alignment was chosen
such that ¥ leads \, by 90 degrees and hencg_y4s will be equal to zero and
Eq(4.3) simplifies to

di

Vy = Ld—t“l +Rig + welig  (44)

The control of the respective dg-axis currents wasved from Eq(4.2) & (4.4)
similar as to that which was done for the generatde. However this time due to
the reference frame alignment being reversed, egibwer was controlled vig and
Vg and reactive power was controlled vieand V. This led to the control scheme
implementation shown in Figure 4.13, the upper blatfwing reactive power control

and the lower half active power control.

ilref ilenor Vq' Vq
+ - + A -
iq
Flux control
Loe
Loe
dc link voltage control i
Vdciink_ref Vi . +
clink_ref dclink_error idﬁref — |d_error Vd " Vd
PI Pl >
— + +

Vaciink

Vd_grid

Figure 4.13 — Implementation of grid converter conscheme for reactive power

and dc link voltage.
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Regulation of dc link voltagé was achieved via the (outer) Pl loop which

determines the active power references

Reference transformations and PWM

The conversion between stationary reference fraanbles and rotating reference
frame variables for both the generator and conwvedatrol schemes is indicated in
Figure 4.14. For the generator control schemgyas chosen to leadsVEQ(3.1) &
(3.2) were used for the conversion (its inversadi@rm is shown Appendix Al).
The quantities sihand co8 were obtained from the rotor position encoder.hage
shift was necessary for the inverse reference friaamsformation to account for the
30 degree displacement between phase currents im@dvoltages in the delta

configured synchronous machine.

o Generator convertor
reference frame and PWM
sin,
cos
sin6 -
» phase
cost > shit
. Yy Yy T
lgen,ab,c ON U1,U2,U3
o Ref. i 2 Va i
*| Frame > Generator > In}\_\/,c:;se Vo
—»{ Trnsfm. i convertor control | , : » PWM | Toniri21s
Eq(3.1) | " (Fig. 4.11) s T':ra’pe Ve 2
. 4. |
—> 8(3.2) rnsfm.
Va_gi )
-rid Grid convertor
v reference frame and PWM
PLL
sin6
oSO
Yy \A
L] V_gria Tonut,uz,us
i > Ve | inverse | V=
gidabe | Ref. : Grid > >
— i V
Frame | convertor control Y, Flr?aer;e * »{ PWM TonL11213
—| Tmsfm. | |, (Fig. 4.12) : T Ve
E——

Figure 4.14 — Reference frame transformations awt/IRor the generator and grid
converter control schemes.

% The relationship between dc link voltage W, grid converter power output to the grig?
generator active power output to the bridgg, Rnd the capacitance, C, is given\y jinx =

J% J (Pgen — Pyria)dt (Anaya-Lara et al. 2009).
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For the grid converter control scheme a Phase LLadp (PLL) provides the sih
and co8 quantities. In contrast to the choice of alignmémt the generator
converter control, the grid control usegl¥ading \4.

The PWM blocks both functioned similarly for thengeator controller and the
grid controller in converting the required VSC tamal voltages ¥y into three-
phase sinusoidal Pulse Width Modulated (PWM) dsignals. These signals U1,
U2, U3 and L1, L2, L3 (the logic inverse of the epgate signals) were routed via
the gate driver boards to the appropriate bridgéches. Functioning of sinusoidal
PWM is explained in (Mohan).

Maximum power extraction control
The torque reference for the generatar.f (Figure 4.12) was derived from the
turbine’s Temax curve and rotor speed input (explained 1.1). Ttusve was

implemented as a look up table and is shown inreigul5.

11
1
0.9

0.8

Torque (p.u)
© © o o o o
N w N al )] ~

o
=

0
0 01 02 03 04 05 06 0.7 08 09 1 11

Rotor speed o, (p.u.)

Figure 4.15 — Fnaxcurve used to derive torque reference from rgieed.

The breakpoints for the curve were obtained frootgpbf power and torque verses
rotor speed for wind speeds between 6 and 13mg ike model contained in the
turbine power characteristics block of Figure 4.Maximum torque for the

generator was set to occur at 1p.u rotor speednilihinum speed for the machine
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was implemented by reducing torque gradually asr rsppeed¢,, went below 0.582,

the value of the torque reference becoming zerowbr speed was 0.481pu.

4.4.3 Supervisory control (F4)

Supervisory control of the test rig is shown by s$itete transition diagram of Figure
4.16. Each box describes a state in which the rigstvas operating, transition
between each state as indicated by the arrow, wxtwhen the statements located
next to the bar on the arrow, became true. The staichine was implemented via a

‘case’ statement type programming structure witMiTLAB Simulink®,

Test rig de-energised START

> (platform controller
utputs set to safe state)
_1_ Manual speed control,Vpg jink <15V
Variac <5%, 0.7<o,<1.0

Test rig run-up
Shaft rotating ready for
low voltage operation

PLL enabled, encoder zeroed,
latched faults cleared

Reference frames
functioning, ready for low
voltage PWM operation

Grid PWM enabled,

| —  Vdclink regulation = 25V,
‘ Igregulation = 0

Fault A

detected Grid convertor operating
at low voltage

Generator PWM enabled,
—— igregulation = zero,
Manual stop lgregulation = zero

OR I

Fault detected Complete bridge
operating at low voltage

——  Adjust Vye_iink @and Variac up,
set igto reduce Vgen

i

il

HiFTIM]

Test rig ready for normal
operation

i

Switch dc machine control to
wind torque emulation

Y

Operation as wind turbine

|

Figure 4.16 — State transition diagram for the tigst

To guard against mal-operation or failure of anythed components, a number of
important input signals were monitored. These weter speed, grid and generator
converter currents, dc link voltage and a gateedfault signal from the gate driver

board. If these exceeded pre-determined limits tthen signal ‘Fault detected’
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became true and as indicated in Figure 4.16, steritgimmediately returned to the

de-energised state.

4.4.4 Configuration of controller program code

The controller platform had the capability to sahlledthe running of separate parts
of the program code at different rates and wited&nt priorities, this being a
common feature of what are known as real-time dpgyasystems. Additionally,
certain hardware interfaces present on the platf@8P PWM, ADCs and encoder
of Figure 4.7) were also configurable in their exi@ming of data capture and data
output. Introduction of an offset between the aligmt of the input sampling and
the PWM output transition enabled the reduction@se on the input signals; this is
utilized in a power electronic converter applicatiby selecting the offset so the

sampling occurs after the switching operation iniradividual bridge leg has fully

completed.
Task1 - PWM
(0.2msec)
Trigger sample Prog' Interrupt from PWM
delay
Task2 - Main timer . ot
| (0.2msec) 100 e
Y * Y
- ADCs

PWM

7 (gen.) > >
- position
R encoder > PWM >
!nput Control functions Output
signals F1, F2, F3, F4 signals

- ADCs DACs >

Digital Digital
I inputs outputs >

Peripheral Main CPU Peripheral
devices devices

Figure 4.17 — Configuration of program executiod &ming of data capture and
PWM output for the test rig.

The configuration of program execution and the nignof data capture and PWM

output for the test rig is shown in Figure 4.17eThighest priority task, Taskd,

% A task is a collection of one or more parts of phegram code which are chosen to be executed
together. Different tasks have different prioritiegyher priority tasks interrupting lower priority
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triggered the output from the PWM blocks. Thisumtgenerated an interrupt signal
which after a programmable delay, triggered samptin the ADCs indicated (for
measurement of the generator current) and theipoghcoder inputs. When Task1l
completed, Task2 ran, this task containing all kg tontrol functions F1 to F4

(shown Figure 4.1). Both tasks were configuredutoat 5kHz.

4.5 User interface (G)

The user interface, located on the PC, consistedrafmber of control screens. All
signals which appear in the functional blocks FF4#o(Figure 4.1) were available
for monitoring in a control screen either via aiidisplay or within a plot format.
Modification of constants or gains was possibleavisuitable screen control. As an

example the main control screen (Figure 4.18) sedieed in the following section.

Sequencing Dc link Generator Polar plots of igq
logic status setpoint currents iapc generator and igq grid
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Convertgr 1.00 o) [PPC - vi_meas - HostSemice Dyno Sequencin
Sequencing . y q d
Stop | Settings. |
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Figure 4.18 — Main control screen for the test rig

tasks when necessary. For an overview of the fonictg of real-time operating systems see Cedeno
& Laplante (2007).
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4.5.1 Main control screen

The main control screen is shown in Figure 4.18 idlodtrates a number of user
interface controls. The left hand side of the streerresponds to the sequencing
logic shown in the state machine of Figure 4.16nt€&x of relevant setpoints such
as the dc link voltage and and j currents for the converters is shown alongside
(right) with the status of the fault monitoring loghown lower left. In the centre of
the screen are real-time plots of the generatoents iyc and the correspondingsy

output from the control loop. Polar plots of\and iq also feature (right).

4.6 Commissioning
After assembly of the test rig a number of testsewrerformed which are described
in the following sub-sections. Determination of gy@chronous machine parameters

and those of the transformer are recorded in Appeha.

4.6.1 Measurement and scaling of test rig inertia

The inertia of the test rig, consisting of the daamne coupled to the synchronous
machine, was measured and a test rig inertia gcdhotor, K, (Figure 4.11),
selected appropriately, the overall process beesgitbed below. An initial test was
also performed to determine the torque to currealirsg for the dc machine.

dc machine torque to current scaling

Under normal operation the measurement of dc mactdmue on the test rig is
achieved by measuring the armature current of theandchine and applying a
scaling ratio to this current. An initial test wasrformed to obtain the ratio between
torque and current by using a torque sensor atthtthéhe dc machine. The torque
sensor operated by allowing the body of the mactinetate against a sprung steel
plate to which a strain gauge sensor was attachiéel. suitable signal processing
(part of the dc machine controller unit) a readoutorque was provided. Driving
the synchronous machine at its rated output, 80@MY,dc armature currendciam
was 5.25A and the torque reading 6.0Nm. Allowingragimately 0.4A for friction
(evident in the next section also) the torque papere characteristic for the dc

machine was calculated to be 1.24Nm/A.
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Procedure for inertia measurement

The dc machine was placed in speed control mode tivé synchronous generator
open circuited i.e. with no load. Saturation of s#peed control input occurred such
that a (relatively) constant step change in curveag applied to the armature of the
dc machine and thus a constant accelerating/datelgrtorque applied to the

rotating mass. The dc machine current, torque \(tatied from current) and the

resulting change in speed is shown in Figure 4T8ree step decreases in

commanded speed of 0.4p.u were applied followedr®ystep increase of 1.2p.u at
t=16.5 sec.

ns

0E

wr (p.u)

04
i

idc;arm (A), TOI’que (Nm)

0z

0o

u} 10 t (sec) 20

Figure 4.19 — Measurement of test rig inertia. Repeed (red), armature current
(yellow) and calculated torque (green). Verticatidine (dotted) in div. of 1/ 18’

Calculation of inertia

From Figure 4.19 it is noted that a current wasuireg to overcome friction
(approximately 0.4A) and also at zero speed areoftsirrent in the dc machine
flowed (-0.3A). Hence for the inertia calculatidghe current required to accelerate
the machine was calculated using the differencevdet the current during
acceleration, t = 16.5 to 19.5 sec, and the curgnisteady state after the

acceleration, t > 20 sec. The inertia is calculasdelow:

From Figure 4.19 the accelerating time
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tace = 19.5- 16.5sec = 3.0 sec

The accelerating currentcd is the current reading during acceleration minus

the reading after acceleration

face = (0.5 + (10/16)) — (0.5 — (1/16))

face = 1.125 - 0.438 = 0.69A

The torque per ampere characteristic of the dc macks 1.24Nm/A,
therefore Tc.the accelerating torque, applied from 0 to 180Qrgm

Toce = 1.24 * 0.69 = 0.86Nm

Rearranging Eq(2.1)

] — Tacc
dow, /dt
('01‘
T (1800 * 21t/60 ) = 62.83rads 2
therefore
_ 086 _ 0.014kgm 2
) =283 = V-0ltkem
Using Eq(2.3)
1500 * 2m\*
g Job 0.014 (==g=7) _0.014+157.08 _ '
T 2VAp.. 2 %800 - 1600 - el sec
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Selection of test rig inertia scaling factor

To provide representative simulation of the effeatsinertia from a MW sized
turbine, a test rig inertia scaling factor, K 12.5 was chosen. This resulted in an
effective test rig inertia, Eq(4.1), of

Herr = (Ky +1) * Hpjg = (125 + 1) * 0.22 = 2.97sec

4.6.2 Tuning of controller gains

All of the PI controllers for the test rig were &thexperimentally using the zone-
based technique given in Ellis (2004). Although tise of design techniques to tune
the controllers is commonly reported (Rabelo & Hafm 2002), (Pena et al. 1996),
an experimental tuning method may be consideredoapipte here; the test rig was

electrically noisy and this is likely to have bdbe limiting factor in performance as

opposed to limitations due to stability criterialsias gain and phase margins (Ellis
2004).

Procedure
The zone based tuning technique utilises the faat the proportional gain,kand
the integral gain jkare individually dominant over different regionghe tuning

technique used was as follows (Ellis 2004):

» Setkto zero. Setklow.
* Apply square wave input signal of a large amplitbdeavoiding saturation.
* Raise k so a small amount of overshoot occurs (<5%])s kow set.

* Increase kuntil approximately 10% overshoot occursisknow set.

For the Pl loops which were contained inside amolaop, the inner loop was tuned
first e.g the current control loop of Figure 4.Hawever for the inner d-axis current
control of Figure 4.13 this needed to be tuned sthile outer loop was functioning
in order to maintain control of the dc link. Thisasvachieved by temporarily
inserting a square wave oscillator and modulatirgreference signaly jer SO that

the PI controller could be tuned whilst the averagkie of voltage remained the

same.
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4.7 Summary
A laboratory based wind turbine test rig was cardéd to the following

specification:

* Dc machine to emulate aerodynamic torque, conttolla a model of
turbine characteristics.

* 0.8kW 3-phase synchronous wound rotor machine wsedhe turbine
generator.

* Full Power Converter (FPC) constructed using MOS&ET

» Converter control implemented using vector contwad sinusoidal PWM.

» Control implemented using a rapid prototyping systacorporating a DSP
and control program description via MATLAB Simulffik

* Additional (scaling) function to modify the dc maaé electrical torque in

order to increase the effective inertia of the tgptotating mass.

A photo of the complete test rig is shown Figuiz04.

Figure 4.20 — Laboratory based wind turbine test ri
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5 Modelling of system frequency and WT inertial response

5.1 Introduction

Application of WT inertia response to support sgstérequency during load

generation imbalances is investigated. A simplepedimass model is presented
including a wind turbine model with inertia respenfunctions from chapter 2

implemented.

The effects of wind speed and the constantdspegion of the ¥,.x curve on
inertia response performance is evaluated. The wirline electrical machine and
voltage source converter is represented by thelietbtorque model developed in
Chapter 3.

The effect of high wind capacity on the quanat synchronous plant needed for
primary response for cases with and without inggsponse is shown including the

effect of an increase in the maximum credible gatn@n loss to 1800MW.

5.2 Modelling for frequency studies

5.2.1 System model
The system model is a representation of the laptgting synchronous generating
plant and the power imbalances due to changesath do prime mover input which

causes increase or decrease in system frequency.
Power swing equation
For load-frequency studies the preferable quastite analyse are power and
frequency as opposed to torque and frequency. Csiovefrom torque to power is
done as follows (Kundur 1994):
Power is the product of torque T and rotationaksipg and for a deviatiod from
an initial value (indicated by subscrigt and with all values in p.u the torque,
rotational speed and power P is given by

T=To+AT (6.1), ww=w+Aw (5.2), P=R+AP (5.3)

Combining Eq(5.1, 5.2, 5.3)
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Po+ AP = (p + Awy) (To + AT)
and assuming that the productaf and AT is comparatively small then
AP =y AT + Tp Ay
Also sincewy = 1 and ifAwy is small then
AP =AT (5.4

Hence for small speed deviations we can expresswliieg equation, Eq(2.4), in

terms of power as

dwy

Pice = Pinput — Ploaa = 2Heq? (5.5)

where the accelerating torque has been replaceah lagcelerating powerRgiven

by the difference between system power inpuytfand system loadiRq

Lumped mass model
A model was implemented as illustrated in Figue dsing a single lumped mass to
represent the synchronous generating plant.

Many studies use single bus electrical modetssimulating system frequency
(Lalor et al. 2005), (Pearmine et al. 2007a), (Kely& Milanovic 2009). Here it is
assumed that voltage is unaffected by frequencytlatdchanges in electrical power
consumed or supplied will result in proportionahobes in current and hence where
appropriate torque and mechanical power as givead{y.4).

Changes in electrical power external to thecByonous generation consist of the
net change in loadPy,g and the wind turbine respona®,r. Change in load is due
to the load disturbance and the load damping cohdda(set to 2%, see 2.1.4).
Subtraction of the wind turbine response from theload change gives the change
in power AP at the electrical ‘terminals’ of the lumped masgchronous

machine.
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Changes in mechanical power input to the symbws generation are the
response from synchronous governogsy,Pand the change of power due to a
generator disturbance (e.g generator disconnecttampmation of these two power
input changes minus the change in electrical ougbuhe machine results in an
accelerating power g applied to the synchronous machine as per Eq(5.5).

The system block diagram can be reduced by vemgahe load damping loop
such that the load damping constant D appearsardémominator of the rotating
mass transfer function (Kundur 1994). Whilst inigeting the synthesis of inertia it
is useful to see the power flow associated only wie inertia itself (9 hence this

reduction is not done.

Load

Load sensitivity disturbance

» D
APIoad
+
o WT
| response .
Synchronous generation
r--r-r—-———">~>""™""™""™="""™"™"JT~""~""TFf"""™"™"™>=""™>""™=">"">"™"™"77 |
F | Generator |
requency | : |
setpoint | disturbance Rotating mass |
I ! f
+ | Governor 1 |
—> —> —————» : >
response
- Af [ - PQOV + Pace 2Heq S |
[ [
| |

Figure 5.1 - Simulation of system frequency usingped mass model.

Calculation of system inertia
Equivalent system inertiadgifor a synchronous power system is determined by Eq
(2.8). For simplification of the model the follovgrassumptions are made

* Individual synchronous plant have the same inextiastant, H= 4.5 sec,
regardless of plant type.
* Increased output from wind plant causes a pro-tletrease in connected

synchronous capacity.
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* Increased contribution to inertia due to de-loadiigsynchronous plant is

ignored

Thus equivalent system inertia for the model is

_ Demand - Wind Output
eq —

Demand * 4.5sec (5.6)

where the numerator is the total (post-disturbameglacity of synchronous plant
connected and the denominator, demand, is systeel ba

5.2.2 Governor response model
In the UK primary response has been predominamtlyiged by coal fired steam
turbine plant, with more recently, CCGT plant beammincreasingly utilized
(Pearmine et al. 2007a). Performance of plant nsoaledl real plant for both CCGT
and coal fired plant are compared by Pearmine, SoG#ebbo (2007a) along with
the development of a model to represent CCGT resgodince the coal-fired steam
turbine model is significantly simpler, this typepdant is chosen to model the entire
frequency response provided by synchronous gensrato

Steam turbines convert thermal energy to mgathechanical power for input to
an electrical generator. A simplified model of aash turbine (Kundur 1994) is
shown in Figure 5.2 and is used to model the ‘GomeResponse’ block in Figure
5.1.

Af oc;i:i/on Pgov
1 p 1+s(FupTrh) >
e it YT e—
R(1 +$TSM) (1 +$TCH)(1 +$TRH)

Tew=0.3,
Tru =_12.0 Governor & C.V Steam Chest &
Tsm=0.3 servo re-heater
Fup=0.3

Figure 5.2 — Steam Turbine ‘Governor Response’ Stearfunction (Kundur 1994)
The first transfer function represents the goveraod Control Valve (C.V)

dynamics where dy is the servo motor time constant and R is the mlrdde

second transfer function represents the steam ahdste-heater dynamics with time
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constants ¢4 and Try and additionally the high pressure turbine frattipe. A

schematic of the turbine is included in Appendix B3

5.2.3 WT Response model & inertia functions
The WT model used to implement the ‘WT responsa&cklin Figure 5.1 is
described below along with its constituent parts.

WT response model

Aggregate WT response is modelled as shown in Ei§u8. Turbine speed control
is achieved using the torque speed loop explaindd4 (WT torque speed control).
Integration of the inertia functions is achieved, explained in 2.3, by suitable
summation with the maximum power torque setpoigal Similar to the system
model, speed is determined by the swing equatiorguke turbine inertia constant
Hwr and the difference between @nd aerodynamic torques,fo Changes in the
aerodynamic torque due to variation of rotor spaed different steady state wind

speeds is modeled by the block indicated ‘turbiowgr characteristics’.

Turbine
Power

inertia Characteristics
Af 5
function

1 1 Or Pwr APwr

aero
1 - +
o I/ Thmax (1 + 8Tgen) | 2Hwr s »| X +
Maximum power VSC & Electrical : i
extraction curve machine |
|

F’WT ss

Speed Control

Figure 5.3 — WT response model showing turbine dpeatrol and calculation of

response output power

The turbine power respongePyr is given by the difference between the output
power during the disturbanceyP and output power at steady state before the
disturbance occurredi\R ss(taken from Table 5.1).

An inertia constant y#r of 3.0 seconds is used which is a recommendedc \falu
use when modelling a GE 1.5/3.6 DFIG turbine (Mi#¢al. 2003).
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VSC and electrical machine

Derivation of a suitable model to represent the luioed electrical machine, VSC
and vector control scheme for a variable speed BR€hronous machine based
turbine is shown in 3.4 (machine modeling & vectantrol Chapter). A time

constant of 20ms is used fogefin the block shown Figure 5.3.

Turbine power characteristics

Turbine power output for different steady state dvispeeds and variation of
aerodynamic power due to changes in rotor speed naoeelled using a
mathematical function. Adjustment of the functiorargmeters enables the
approximation of a particular wind turbine’s coeiéint of performance and thus
power output (Heier 2006). The ‘wind turbine’ blodupplied in MATLAB
Simulink® is utilised, its function and the parameters wmedincluded in Appendix
B2.

During each simulation wind speed is assumeatstemt and only one of three
different speeds is chosen. These are listed inleT&bl along with their
corresponding values of speed and torque for maxirpawer. For the purposes of
the simulations the three wind speeds are desidrestd.ow, Medium or High with

the latter corresponding to rated speed and power.

Table 5.1 — Corresponding steady state valuesgfigg speed and power for the 3 different wind

speeds used in the simulations

Wind Speed Torque p.u Speed p.u Power p.u
(Designation) m/s

(Low) 10.2 0.610 0.791 0.483

(Med) 11.6 0.797 0.891 0.710

(High) 13.0 1.000 1.000 1.000

Maximum power extraction curve
A plot of torque speed for the three wind speedstar Tomax curve for the turbine
is shown in Figure 5.4 a). The minimum turbine sheeas set to 0.481p.u and

maximum torque set to 1.0 p.u at 1.0 p.u speedrd@ipe of the turbine in a region
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where speed is constrained (explained in 1.2.3)migdelled by curve b).
Implementation of the constant speed region agtecaksection is avoided in order
to prevent large oscillations in torque occurrimgthe simulation. Since turbine
speed control may in reality be implemented usinglaype control (explained
section 1.2.4) for dynamic operation, this ‘nearngtant’ maximum power
extraction may be a reasonable approximation. Heweteady state control of

speed will be inaccurate.

11

0.9

Torque (p.u)
© ©o o o o o o
N w ESN [(6)] (o] ~ (o]

o
[EnN

Turbine speed (p.u)

Figure 5.4 — Torque speed characteristics (magémté)e turbine and (a)phax

curve (black) and (b) fhhaxcurve with addition of near constant speed regudume).

Inertia functions

The inertia functions implemented in the WT mode! ilustrated in Figure 5.5 a-i)
for inertia coupling, a-ii) for inertia coupling thiout torque compensator, b) for step
torque and c) for step power. Basic functioningxplained in Chapter 2 (Literature
review). For the inertia coupling functions a filtes applied to the differentiator

input with time constant g.
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Inertia coupling function

extraction curve

b)
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Figure 5.5 — Inertia functions a-i) inertia couplia-ii) inertia coupling without

torque compensator, b) step torque and c) stepmpowe

The step functions include the addition of a negatamp rate limiter to smooth the

change in torque which occurs when the step inergagower or torque ends.

5.3 Inertia function evaluation

Simulations are undertaken of the inertia respdasetions in Figure 5.5 initially

for the purpose of basic evaluation. The inertiaptimg function is then selected for
further evaluation by parameter tuning and obsemabf the effects of operation
with different wind speeds and use of a maximum groextraction curve which

includes a constant speed region.

System setup

Plant capacities, governor response and wind tarb@tup are shown in Table 5.2.
The disturbance applied is a 1320MW generation. I&&sponsive synchronous
plant is sized such that the steady state frequémgt is just met with governor
droop set as per the National Grid specificati@tiien 2.4.2).
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Table 5.2 — System setup for inertia function eadn

Item Setting
System | Demand 30 GW, Wind capacity 20 GW

Governor| Sync response plant 10GW, Governor droeplB%

Turbine | Wind speed medium, Wind output 14.2 GW
Maximum power extraction curve Figure 5.4 a) usles

stated otherwise as b)

5.3.1 Basic comparison
The inertia functions of Figure 5.5 were simulatgth parameter settings as shown

in Table 5.3.

Table 5.3 — Parameter settings for inertia fundionthe basic comparison

Inertia Function (from Figure 5.5) Parameters

(a-i) Inertia coupling K=27, K=1

(a-ii) Inertia coupling without torque compensatarK, = 1

g = 48.8Hz

s&p= 0.05(machine p.u)eto = 30 sec
sBp=0.025(machine p.upmin = -5% of steady

Step Functions

(b) Step torque

(c) Step power

State

For the step power function, accelerating powehatend of support is set to 10%
of the power step sizeyR, Calculation of the torque setpoint for summatioithw

Temax DY division of Rep with rotor speed, uses the value of turbine shadtedow,

occurring at the beginning of the disturbance.

Results
Basic characteristics of the inertia functions iostrated in Figure 5.6 plot i) to iii)

after application of the generation loss at t =e@. Plot i) shows turbine power

response, ii) turbine rotor speed and iii) systesqgdiency.
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Figure 5.6 — Basic comparison of inertia functiosnd turbine power response
APwr (i), rotor speed (ii) and system frequency (id) ho inertia response, (a-i)
inertia coupling, (a-ii) inertia coupling withouwsrque compensator, (b) step torque,

and (c) step power functions.
The results are explained below:
Red line - No inertia response implemented, no ghan turbine power occurs.
(a-1) Inertia coupling - Turbine power responsegtp), is proportional to rate of
change of frequency and becomes negative at t ec Zvlien minimum frequency

occurs. This function forces p.u rotor speed teelyp follow p.u system frequency

(shown later in Figure 5.7 ii)).
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(a-ii) Inertia coupling without torque compensatdmmediately after the generation
loss, turbine power is similar to (a-i), howevetput power rapidly drops as rotor
speed drops due to the reducing maximum power adrasetpoint and reducing
aerodynamic torque (explained in 2.3.1). After th&turbance has settled, (rate of
change of frequency equals zero), turbine speenin®to its pre-disturbance value

att =25 sec.

(b) Step torque - This function applies a stepaase in torque which results in an
initial step increase in power output. However powgtput immediately drops due
to reducing aerodynamic torque as rotor speed dsese(explained in 2.3.2). A
permanent change in rotor speed occurs similahéoitertia coupling function.
Return of rotor speed to its pre-disturbance valm®mences when the torque step

is removed at t = 30 sec.

(c) Step power — This function applies a step iaseein torque which increases in
magnitude as rotor speed decreases. This resuétsstap change in power output
which is maintained constant as rotor speed charfgiesilar to the step torque
function the step power function shows a delayammencement compared to the
inertia coupling functions because it is triggemd frequency deviation «f =
49.8Hz). Ending of the support phase of the stepepdunction and recovery of

turbine speed occurs when the lower speed limmgashed (speed change of -5%).

System frequency support performance can be olbénvelot iii). With no inertia
response (red line) minimum system frequency is988z and the settling
frequency 49.5Hz, thus exceeding the UK statutionit for the minimum frequency
by 0.22Hz (Table 2.1).

The inertia coupling function (a-i) and stepqtee function (b) improve the
minimum frequency, plot iii), by approximately 0.Hz compared to the no inertia
response case. A slight deterioration of 0.08Hzursdor the inertia coupling
function without torque compensator (a-ii). Thepsfwer function (c) shows a
significant change in the initial minimum to 49.40H his however is followed by a
‘secondary’ minimum which is as severe in magnitadethe case with no inertia
response and occurs 20 seconds after the distwba@his secondary minimum is a

result of termination of the power step support aainmencement of turbine
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acceleratioff’. A similar but less severe ‘secondary’ minimum wscfor the step
torque function (b) approximately 37 seconds dfterdisturbance.

Rate of change of frequency with the inertiaptmg function (a-i) reduces from
0.37 to 0.22Hz/sec, the function without inclusminthe torque compensator (a-ii)
performing slightly worse at 0.27Hz/sec. The stapctions reduce rate of change of
frequency to 0.18 and 0.16Hz/sec for step torqlerfd step power (c) respectively,
this reduction does not occur however until aftdeky of 0.6 seconds.

For time to minimum frequency the inertia coogl (a-i) and step torque
functions (b) both show improvement compared toctee with no inertia response,
the time to minimum being extended from 5 to 7.6osels. The inertia coupling
function without torque compensation (a-ii)) showsnaall extension of 1.5 seconds
to the time to minimum.

Support performance for the inertia functioms this basic comparison is
summarized in Table 5.4 including overshoot whighhie percentage deviation of

the minimum frequency past its steady state pastidiance value.

Table 5.4 — Inertia function frequency support perfance

Function Rate of change of Minimum Overshoot Time to
frequency - frequency (%) minimum
initial 2 sec (Hz/sec) (Hz2) (sec)

No inertia response 0.37 48.98 104 5
(a-i) Inertia coupling 0.22 49.09 82 7.5
(a-ii) Inertia coupling 0.27 48.90 120 6.5
without torque compensatar
(b) Step torque 0.37,0.18 49.09 82 7.5
(c) Step power 0.37,0.16 49.40 /49.06 20/88 4.5/20

5.3.2 Further evaluation
Adjustment of the inertia coupling function by \aron of its parameters is
undertaken. The effect of different wind speeds @reduse of a maximum power

extraction curve which includes a near constantdpegion is also investigated.

%4 The change in output power on termination of tiee power function and re-acceleration of the
turbine is unavoidable (see Figure 2.15 pointisd). A negative ramp rate limiter was added to the
turbine power output to reduce the impact on systegquency which occurs during the termination
and re-acceleration period (Figure 5.5¢).
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Parameter adjustment

The inertia coupling function, Figure 5.5 a-i), wadjusted using three parameters,
K. the coupling gain, 4 the differentiator filter time constant and- khe torque
compensator gain. Each parameter was varied mn(ftighlighted in bold) as shown
in Table 5.5 except for case (t) where bothaKd K are changed.

Table 5.5 — Parameter adjustments for Inertia Gogglinction

Description Parameters
No inertia response &0, T =0, k=27
‘Base case’ K=1, Tir =0, K=27
Filter applied to differentiator K=1, T =5.0 Ky=27
Inertia coupling gain doubled K2, Tt = 0, K=27
Shape adjustment HK0.33 T4 =0, K =2.7*3

Inertia coupling function performance is shown ilgufe 5.7 plot i) to iii) after
application of the generation loss at t = 0 sect BIshows turbine power response,
i) turbine rotor speed and iii) system frequenthe five cases in Table 5.5 are

explained below:

No inertia response - No change in turbine poweus

Base case — To facilitate comparison this case tsesnertia coupling function

parameters from section 5.3.1.

Filter applied to differentiator - Addition of aréit order filter with time constant 5
seconds to the differentiator input results in alén initial reduction in rate of
change of frequency, i.e gradient of the initiglguency in plot iii), compared to the
base case. However at around time t = 3 sec tlen&ipower response, plot i),

becomes similar from then on to the base case.
Inertia coupling gain doubled - This adjustmentviiles a doubling of torque

magnitude per unit rate of change of frequency @mabling of rotor speed change

compared to the base case. A further reductiorai@ of change of frequency to
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ii)

0.17Hz/sec occurs and a lengthening of the timtbgéaninimum frequency to t = 10

sec. Since wind turbine ‘responsive’ capacity repngs 2/3 of the system capacity

the increased response in this case results indactien in rate of change of

frequency and hence a less than doubling in theniee of the turbine response

output.
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Figure 5.7 — Parameter adjustment of inertia cogpfinction. Wind turbine power

response (i), rotor speed (ii) and system frequéiigy
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Shape adjustment - This is achieved by changingela¢ive contributions from the
two parts of the inertia coupling function. Thesfipart is derived from the rate of
change of frequency and the value @fithis essentially controlling the magnitude
of the initial peak. The second part is the torgoenpensator component which
determines the speed coupling. Trebling efafd division of K by three results in
rotor speed change the same as the base case thua weduction of the initial
power peak by approximately half. The initial sharprease in power att = 0 sec
similar to the base case is retained giving thparse a ‘knee’ shape.

A characteristic of the inertia coupling functianthat turbine rotor speed is made to
closely follow system frequency (section 2.3.1)eTolid magenta line of Figure
5.7 i) is the accompanying system frequency frdot pi) converted to a base of
0.891p.u (the initial speed of the turbine for base case, Table 5.1, medium wind
speed). Turbine rotor speed is shown to follow eystfrequency, thus
demonstrating the capability to replicate inentegponse such as would occur if the
turbine was coupled directly via a synchronous nrechThe value for the torque
compensator gain K2.7, was obtained by trial and error and is a attaristic of
the turbine power curve.

Support performance for the inertia couplingdiion after parameter adjustment
is summarized in Table 5.6.

Table 5.6 — System frequency support performancthéoinertia coupling function after parameter

adjustments

Description Rate of changel Minimum Overshoot| Time to
of frequency- frequency (%) minimum
initial 2 sec (Hz2) (sec)
(Hz/sec)

No inertia response 0.37 48.98 104 5
Base case 0.22 49.09 82 7.5
Filter applied to differentiator 0.27 49.16 68 8
Inertia coupling gain doubled 0.17 49.13 74 10
Shape adjustment 0.27 49.13 74 6.5
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Effect of wind speed and power extraction curve catant speed region

The inertia coupling function, using the ‘base tgmeameters from Table 5.5, is
compared for operation at three different wind sisggd able 5.1). To enable side by
side comparison, for this section, system inertig iBl held constant at 2.17 sec
which is the value of system inertia for the baagec Variation in wind speed in the
model would normally affect system inertia accogdio Eq(5.6) and thus result in a
different rate of change of frequency and thus féemint quantity of response

provided from the inertia function.

Lastly comparison is made at the medium windespusing maximum power
extraction curve Figure 5.4b) which includes a remarstant speed region, instead of
curve Figure 5.4a).

The resulting turbine power response is shawhigure 5.8 with generation loss
applied at t = 0 sec. For all the wind speeds, lovedium and high the power
response profiles are nearly identical and willufegn system frequency support
similar to that of the base case shown Figure %.7(his similarity in power
response is due to the gradient of the maximum poswraction curve and

gradients of the turbine torque curves being simita the three wind speeds

simulated.

0.025 ‘ ‘ ‘ I I i
- I : : : : curve a) - low wind
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Figure 5.8 — Wind turbine power respomg®yr using maximum power extraction
curve a) of Figure 5.4 for low , medium and higmevand curve b) with medium

wind.
Power response using the near constant speed maxpower extraction curve b),

shows a marked decline after the initial step iaseecompared to curve a). The

response becomes negative at around t = 4 sec whithsecond longer than the
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response from the inertia coupling function withéatque compensator shown in
Figure 5.6i)(a-ii). This reduction in power respens due to the torque compensator
(explained section 2.3.1) no longer being suffitiem make-up for the reducing

value of Trmaxas rotor speed reduces.

5.4 System performance with WT inertial response
Simulations are undertaken to illustrate the effgfcttemand size, generation loss
size and speed of inertia response on the capaicdynchronous plant needed for

primary response.

System sizing
The 2020 ‘Gone Green’ scenario predicts peak aminmim demands of 57.5GW
and 23GW respectively and a wind capacity of 26.8(®Ational Grid 2011b). For
the simulations, 60, 45 and 30 GW was chosen teesept peak, medium and
minimum demand. Coincidence of the low demand (23GMth wind output
greater than 75% is estimated to be less than &stenyear (National Grid 2011b)
hence a larger (less extreme) minimum demand ofV80& taken to be more
representative for the purposes of this investigagivhere wind output is high).
Wind capacity is set to 20GW, operating at atpot of 14.2GW (medium wind
speed, Table 5.1), this representing approximad@Bp of the peak output from
predicted 2020 installed wind capacity. With demah@0GW this approximates to
a ‘50% wind penetration’ scenario.

Settings used for the simulations are summaiizd able 5.7

Table 5.7 — System, synchronous responsive plahtamd turbine setup

Item Setting
System Demand 60, 45 and 30GW, Wind capacity 20GW

Synchronous plant for | Governor droop R = 10%, Plant capacity adjustable

primary response

Wind turbine Wind output 14.2GW, Maximum power extraction curve

Figure 5.4 a), Inertia Coupling functiorr ik 2.7 K. =1
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5.4.1 Variation of demand size and generator loss

For each demand size a generation loss is applitd the quantity of primary
response synchronous plant adjutetich that statutory frequency limits (Table
2.1) are met. The effect of wind capacity and isma of inertia response is shown
for each case. Simulations are then repeated wWétgar generation loss.

Results - 1320 MW loss
System frequency is shown in Figure 5.9 i) tofor) a 1320MW generation loss at t
= 0 sec. The respective rate of change of frequemg to minimum frequency and

synchronous plant capacities are shown in Table 5.8

I I
zero wind capacity U
20GW wind

50

— —20GW wind with inertia response

49.8

50
i) 498
49.6

49.4

Figure 5.9 - System frequency for 1320MW generalioss with quantity of

synchronous responsive plant adjusted to meet nanydaequency limits.

% The quantity of synchronous plant providing gowemesponse was found by trial and error. For a
mathematical method of calculating the level opmase needed see Kundur (1994).
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i) Demand 60GW - Primary response synchronous ptapacity of 7GW is
required for all cases to meet the steady statpiénecy limit of 49.5Hz. The 20GW
wind case results in a lower frequency minimum anckarlier time to minimum but

these are well within limits.

i) Demand 45GW — Similar to i) frequency is coried to within limits, in this

case needing an increase in the primary respoptave to 8.5GW for all three cases
to meet the steady state limit. This increase &stdueduced contribution from load
sensitivity to frequency. The minimum frequency heiit inertia response is

approaching the 49.2 Hz limit.

i) Demand 30GW - In all cases the steady staeuency is higher than required at
49.6 and 49.7Hz. An increase in the quantity ofchyonous responsive plant is
needed for all cases in order to prevent the mimmisequency limit being
exceeded. For the zero wind capacity case 13GWrnaihsonous responsive plant is
needed, for the 20GW wind case 18GW of synchromesigonsive plant is needed
and for the 20GW wind with inertia response cas8\W3of synchronous responsive
plant is needed. Note that for at 30GW demand, didW of responsive
synchronous plant was needed to meet the steaaylisté (shown section 5.3).

The largest rate of change of frequency 0.35Hzéeurs at demand 30GW with
20GW wind and shows a substantial increase (66%jpaoed to the zero wind

capacity case. Time to minimum frequency is beld@sé&conds at demand 45GW
with 20GW wind and all cases for demand 30GW wlzevalue between 7 and 3.5

sec is obtained.

Results - 1800MW loss
The 1800MW generation loss gives similar charastiersystem frequency profiles
to Figure 5.9. The rate of change of frequencygetitm minimum frequency and
synchronous plant capacities are shown in Table 5.8

The necessity to increase the primary respotseprevent the minimum
frequency limit being exceeded, occurs at 45GW beldw, rather than only at
30GW for the 1320GW loss. With 30GW demand the gtyaaf primary response
synchronous plant needed (25 to 36 GW) exceedsap&city of synchronous plant

124



on the system, 14GW, for all cases. (For the 1320M¥¢% this capacity shortfall
only occurs for demand 30GW with 20GW wind).

Time to minimum frequency is below 10 secondsall cases except demand
60GW with zero wind capacity and demand 60GW will®/ wind with inertia
response, the lowest value being 2.3 seconds foadé 30GW with 20GW wind
without inertia response. Rate of change of frequeior this last case exceeds

0.5Hz/sec during the first second.

Table 5.8 — Synchronous plant sizes, rate of chah§requency and time to minimum frequency for
three demand and two generation loss sizes whmm({tesponds to zero wind capacity, (v) to
20GW wind and (w) 20GW wind with inertia response.

Demand Total synchronous Primary response | Rate of change of Time to
(GW) plant (GW), System | synchronous plant frequency minimum
Heq(sec) capacity (GW) initial 2 sec, 1 sec| frequency (sec)
(Hz/sec)
(u) (v&w) W | O W]Ww|O|W]Ww|V| W
1320MW loss

i) 60 58.7,4.4 44.5,3.3 7 7 7 012 0.14 0{12 [141 (114

i) 45 43.7,4.4 29.5,3.0 8.9 85 85 045 0J2015Q0. 11 8 11

i) 30 28.7,4.3 14.5,2.2 13 18 13 021 035 023 | 35| 6.5

1800MW loss

i) 60 58.2,4.4 44.0, 3.3 12 17 1 A5 0/19 0.18.51 85| 105

o
o

i) 45 43.2,4.3 29.2,2.9 15 185 1 L0 0426 0Q.28.0 | 5.5| 7.5

o1
o

i) 30 28.2,4.2 14.0,2.1 25 36 25 0.28.40,| 0.30| 4.7| 2.3 45
0.57

5.4.2 Interaction with synchronous response

Wind turbine inertia response is constrained by efs¢éhe first order filter, time
constant 5 seconds, applied to the inertia functidferentiator input (case (r)
section 0). Settings for the simulation are as shaw Table 5.7 with demand
30GW, this giving the approximate ‘50% wind pengtra scenario. Synchronous

plant capacity for primary response is set to 13GW.
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Components of response
For a generation loss the ‘net power disturbareeqgualled (see Figure 5.1) by the
sum of the synchronous responsgyPthe wind turbine respons&Pyr and the

power associated with the change in speed of tla¢img mass R.:
APioad - generator disturbance goP+ APwrt - Pacc (5.7)
The magnitude of . determines the rate of change of frequency (E¥2.7
Results
Synchronous responseg? combined responseq f + APwr and net power

disturbance are shown Figure 5.10 i) to iii) fagemeration loss of 1320MW att =0

SecC.

Power (GW)

Power (GW)

ii)

Power (GW)

- F’gov*'AF'WT

| | |
02 == - -~ E-—-—-== E-—-—-== m-—-=-== T T
-5 0 5 10 15 20 25 30 35 40

Figure 5.10 - Synchronous respongg,Rombined responsef?+ wind turbine
responsé\Pyr) and net power disturbance for i) wind capacitozé) wind with

inertia response and iii) inertia response withitgald of the df/dt filter.
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i) Wind capacity zero — Synchronous respongg B 1.09GW at t = 10 sec, peak
response 1.20GW and the steady state response\W.0Tke accelerating power
Pacc magnitude is indicated which gradually reducesl tim¢ synchronous response
equals the net power disturbance at t = 7 secathe being the point at which the
frequency minimum is reached. The net power distaeck at this point has reduced
from an initial 1320MW to 850MW due to the effe¢tioad frequency sensitivity.

i) Wind with inertia response — Synchronous reggois similar to i) with responses
at t = 10 sec, peak and steady state of 1.11, dnd01.07GW respectively. Of the
initial 1.32GW disturbance at t = 0, wind turbimeitia response provides just under
half (0.59GW) of the power to meet the net distadeawith the remaining power
shortfall being met by the release of rotationdt f magnitude R,

iii) Inertia response with addition of df/dt filter Synchronous response is again
similar to i) with 10 second and peak values of7lahd 1.18GW respectively.
Initial rate of change of frequency is high duehite magnitude of 2 being equal to
the net disturbance. Wind turbine inertia respgoesaks at t = 2 sec at a value of
0.40GW (0.02 machine p.u).

The effect on frequency of application of the dfiitter was shown in O (parameter
adjustment) to be minimal, a slight improvement tire minimum frequency
occurring.

Response levels and ramp rates are summanis&ble 5.9.
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Table 5.9 — Levels of response with and withouttiagesponse constrainment

Equivalent Synchronous Ramp Ratée® wind Turbine Ramp Ratée”’
to5.4.1 response 10 sec, response peak
peak, steady state
GW On GW.sec On GW On GW.sec On
machine ! machine machine ! machine
base p.u. base base base
p.u.sec p.u. p.u.sec
i) | 1320iii)(u) | 1.09, 0.084, 0.126 0.049 0 - 0 -
1.20, 0.092,
1.07 0.082
iy | 1320ii)(w) | 1.11, 0.085, 0.131 | 0.050 | 0.59| 0.030 Step -
1.2, 0.092,
1.07 0.082
i) | 1320iii)(w) | 1.07, 0.082, 0.134 0.051 | 0.40| 0.020 0.20 0.010
with df/dt 1.18, 0.091,
filter 1.07 0.082

5.5 Discussion

Inertia response

The inertia coupling function, chosen for furtheakation, showed the following

characteristics:

» Control of turbine rotor speed to mimic the changerotor speed of

synchronous plant during the load generation imzada This resulted in

system frequency deviation similar to that whichuwdooccur with entirely

synchronous generation.

* Change in turbine rotor speed small enough noffectasteady state power

output of the turbine. A distinct re-acceleratiamdtion as applied to the

step power function was therefore not needed.

» Capability to adjust power ramp rate via the dfiltkkr and smoothing of the

power output peak via parameter adjustment. Adpigia of these

characteristics may be beneficial for reductionwohd turbine structure,

2 Measured over first 5 seconds
2" Measured over first 2 seconds
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blade and drive-train loadings. Use of the filtemymn fact be necessary to

avoid amplification of noise.

Operation of the turbine in the constant speedoredsee Figure 5.4b) of the
maximum power extraction curve results in less thpimum power production.
Further reduction in turbine speed for inertialp@sse will result in a further
decrease in power. Inertia response whilst opeayatinthe constant speed region
would require adjustment or modification of thertree coupling function presented
and closer assessment of the shape of the turbimergurve.

Provision of an increased inertial responsenoyeasing of the coupling gain.K
was shown. The extent of this capability to ‘acidily’ increase the turbine inertia
would similarly depend on the shape of the turbpposver curve when operating
away from the maximum power point such as occurdagng operation in the
constant speed region. For comparison, &@ve for the GE 3.6MW DFIG turbine
is shown in Appendix B2.

System performance with WT inertia response

The quantity of synchronous plant for provisionpoimary response was shown to
increase as demand dropped and when generationvisssarger. At low demand
and with the larger generation loss the 49.2Hz towequency limit became
dominant with extra response needed to meet tmd, listeady state frequency
deviation being well above 49.5Hz. These resulteevie keeping with those shown
in Pearmine, Song & Chebbo (2007hb).

Adequate restoration of system performance @athange of frequency, time to
minimum frequency and frequency minimum) with WEritia response was shown
in all cases. Constrainment of inertia responséh whie df/dt filter showed no
significant interaction with the synchronous resgmnFor the cases of wind
operating without inertia response a substant@keisse (approximately 40%) in the
guantity of synchronous plant for primary respowss needed at low demand.

For the 1800MW disturbance, time to minimunyfrency was substantially less
than 10 seconds. Existing grid connection codesifspgynchronous response to be
provided within 10 seconds (National Grid 2010b)ddlling of the synchronous
response (5.2.2) may not be accurate for thesel fapguency deviations. Rate

limited and peak limited synchronous response nsodehich may represent
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response more accurately for these cases are simoR@armine, Song & Chebbo
(2007a).

5.6 Conclusion

The modelling studies undertaken showed that:

Introduction of ‘de-coupled’ variable speed windhines necessitated an
increase in the quantity of synchronous plant mhong primary response.
This became more pronounced as demand reduced d@hdthe larger
generation loss.

* Restoration of system performance was possiblenblusion of an inertia
response from the wind turbines. This negated &wal rior an increase in the
synchronous plant capacity providing primary resgson

* ‘Synthesis’ or ‘restoration’ of turbine inertia wa®ssible using the ‘inertia
coupling’ function (Figure 5.5a-i), which forcedrline speed to closely
track system frequency.

» Application of a filter to the inertia coupling tkfrentiator, in order to reduce
possible noise and reduce turbine loadings, did auersely affect the
inertia response provided or adversely interacth wiie response from
synchronous plant.

* The inertia response was unaffected by a rangeraf speeds tested. Some

reduction of response output occurred when operatiithin the constant

speed region of the maximum power extraction cubwg this was

considered to be rectifiable by suitable modifioatof the controller.

The step power function reviewed in chapter 2 shibwapability to extract
maximum K.E from the turbine for system supporteTihertia coupling function is
arguably simpler in that it does not need trigggram turbine re-acceleration after
use. Capability to provide increased support, i$iel, was shown possible by
increasing the ‘gain’ of the inertia coupling. Fhet evaluation of the function in O
and consideration of interaction with synchronoesponse 5.4.2 showed no major
issues. Hence the inertia coupling function Figlyé a-i) is selected for

experimental testing in chapter 6.
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6 Experimental testing of wind turbine inertia response

6.1 Introduction

Two areas of testing were undertaken using therigstescribed in Chapter 4. The
first was functional testing in order to confirmrigct operation of the generator
vector control (described 3.4.2) and correct op@natf the turbine maximum power
control (described 4.4.1 and 4.4.2). The second afdesting was implementation
of the inertia coupling function (described sectiB.1 and simulated in 5.3). The
tests are described in the following sections.

Note that for both the functional tests anditiegtia response test, the test rig was

operated at a reduced outffiih order to minimise electrical noise.

6.2 Functional tests

6.2.1 Generator torque control

This test examined the operation of the generaggtor control which was
implemented as shown Figure 4.12. The test rig o@erated in manual speed
control mode with the speed referenggs manset to 0.9p.u. The maximum power
extraction control block (Figure 4.1), which norigadupplies the generator torque
reference, was bypassed and a step increase (dgubli g-axis current reference,

iq_rer, directly applied to the g-axis current contrado

Results

Figure 6.1(i) to (iii) shows the performance of tpenerator g-axis control loop and
also the coupling effect on the d-axis control Idopa step increase ig je, from
0.2 to 0.4p.u, at approximately t = 0.4 sec. Thexid- current reference was set to
0.15p.u. The results are explained below:

(i) g-axis current,q showed an immediate step change with the referdPawer
output from the grid converteryR, also immediately rose, but relatively slowly,
and reached a steady state after 0.3 sec. Rot@wdspg was seen to dip
momentarily as the speed control loop responded.chiange in g-axis current was
seen to cause an immediate disturbance in thesdeaxrent, 4, of approximately

0.06p.u magnitude.

% Under normal operation a signal value of 1p.uesponds to a power output of 800W from the test
rig.
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(i) & (iii) These two plots show the terminal vatie setpoints, ¢/and 4, input to
the PWM and applied at the generator terminalshiegyMSC. Also shown are the
two components which make up the respectiveald \, setpoints which are
Vg, the outputs from the PI control, and Mqand V;_spa the (speed voltage) cross
coupling term&’.

At the start of the step increase jnei the g-axis voltage ¥ plot (ii), showed a
large drop in voltage from (approx) 0.5 to 0.35pnal then returned to a steady state
value, at t = 1.1 sec, slightly lower than befdre step (indicated asvy).

The d-axis voltage ¥ plot (iii) showed a slow increase from 0.3 to @&
beginning at t = 0.4 sec and settling by aroundt/~=sec. This increase (indicated as
AV ) is due to the change in g-axis current. The changhe output from the d-axis

control loop was composed principally of the crdesoupling term Y spees

2 Note that both of the cross coupling terms wessed through first order filters (time constant
0.03 sec) to prevent the introduction of noise fimme axis to the other.
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Figure 6.1 — Generator step torque test showingréxis and d-axis currents, (ii)

control signal components fory\and (iii) V.
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The corresponding changes in generator phase tsidaring the test are shown in
Figure 6.2(i) with a magnified view shown (ii). Aep increase in the phase currents
occurred at t = 0.41 sec. Concurrent with g-axisesu and output power shown in
Figure 6.2, the phase currents also exhibited gelaettling time reaching their

steady state value approximately 0.5 sec aftestidye

iay ib, ic (A)

iay b, ic (A)

t (sec)

Figure 6.2 — Generator phase currents during #ggetstque test (i) and magnified

view (ii).
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6.2.2 Turbine maximum power control
This test examined the operation of the maximumeyosxtraction control and the
emulation of aerodynamic torque.

A step increase from 10.2m/s to 11.6m/s wadiexppo the wind speed input
Uwind (Shown Figure 4.11).

Results

Figure 6.3 shows the plot of wind speed input.4) rotor speedo,, aerodynamic
torque Tero and the generator's (maximum power) torque ref@efmax verses
time. Pointa corresponds to the steady state values of tonggtebjefore the step
change in wind speed, whepRekis equal to Fmax Pointb is the new aerodynamic
torque after the step change at t = 1.5 sec. ThHent accelerated until the new

equilibrium operating point was attained, panat approximately t = 12 sec.
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Figure 6.3 — Test rig response to step changend speed, 10.2 to 11.6 m/s,

showing aerodynamic torque, generator referencgiéoand rotor speed.

The results for the test are also shown in an jeyformat in Figure 6.4 with £

and Trmax 0N the y-axis andy, on the x-axis. Superimposed onto the plot is alyra
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of the turbine’s torque/power verses speed chaiatits (Figure 5.4) and maximum
power extraction curve (Figure 4.15). The traclopérating points during the test is
shown between pointsc for the aerodynamic torque and between paactfor the

maximum power torque reference.
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Figure 6.4 - Test rig response to step changemad wpeed showing the track of
generator torque and aerodynamic torque duringette

The correct functioning of the test rig inertialgog function (4.4.1) was confirmed

by the results from this test (calculations showAppendix A5).

6.3 Wind turbine inertia response test

The inertia coupling function, Figure 5.5(a-i) wakosen for testing and was
introduced into the generator torque speed corig®lindicated in the Figure) by
subtraction of the additional accelerating torqlg, from the generator maximum
power setpoint dmax This test simulated the change in grid frequebgythe
injection of a frequency test signal into the winatbine control system via the
inertia function’s frequency input. The profile thfe test signal was based upon the
frequency deviation shown in Figure 5.7(iii) foetbase where the inertia coupling

gain K is doubled.
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The inertia coupling function was tested witlrgmeter variations (i), (ii), and
(iii), as listed in Table 6.1. The simulations penied in Chapter 5 which closely
correspond to this experimental test are alsodidiote that to help reduce noise,
for the first test, (i), the differentiator filtex’time constant Jf; is set to 1 sec instead
of the zero used in the simulation. Similarly ftwketlast test, (iii), the filter time

constant is left high at 5 sec. These differencehaghlighted in bold.

Table 6.1 — Parameter settings for the experimématia response test and corresponding
simulations and parameters from Chapter 5.

Experimental test (Figure 6.5) Corresponding simultion (Figure 5.7,
Table 5.5)
(i) Small time constant for the differentiator ditt (q) ‘base case’
K1, Ty =1 Ky=27 K=1, Ty =0, K =27
(ii) Filter applied to differentiator (r) Filter applied to differentiator
K1 Ty =5 K =27 K=1, Tgs =5, Kr = 2.7
(iii) Inertia coupling gain doubled and differeritiafilter | (s) Inertia coupling gain doubled
time constant 5 sec K2, Ty =5 Ky=2.7 K=2, T4 =0,K =27

6.3.1 Results

Results for the test are shown in Figure 6.5. Reparedw,, and the frequency test
signal,Af, are both in p.u. Similar to Figure 5.7 in Chagiethe frequency signal is
shown with its p.u base converted from 50 Hz tolihse of the rotor speed before
the disturbance (0.891p.u). The accelerating torfjoen the inertia coupling
function, Ts;, and the change in power output to the ghiBliq, are both in p.u and
shown multiplied by 10. This is necessary sincenange in system frequency of
approximately 1Hz (only 0.02p.u) results in a rigklyy small exchange of K.E for a

synchronised rotating generator. The test restdt®@plained below:

(i) Small time constant for the differentiator &it— This case demonstrated the
inertia coupling function’s ability to force rot@peed to closely follow system
frequency. The additional torque demangl, &dded to the torque speed control, has
a sharp rise and peaks 2.5 sec after the stanedfequency disturbance. The power
output to the grid also changes with a similar pedb Ts,. At t = 30 sec the output
Tsi remains slightly higher than its original valuezefro. This steady state increase

is from the torque compensator part of the inectapling function (explained
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2.3.1) which acts to counteract the drop in thejuerreference phax from the
maximum power extraction curve. The change in tleeegator g-axis current
reference, 4 re;, and the measured g-axis curregt,also show a similar change to
Tsi, a step increase followed by a gradual decline.

(i) Filter applied to differentiator - Rotor speedagain demonstrated to be coupled
to system frequency. However due to the increases ¢constant of the filter, which
reduces the rate of rise og,la slower change in rotor speed occurs and tloe rot
speed does not match system frequency until t s&20 The peak value of the
change in power output to the grid is 0.01p.u, bi@gg lower compared to (i) which

was 0.015p.u.

(i) Inertia coupling gain doubled and differeribafilter time constant 5 sec - This
case resulted in a quicker rise time fgy dnd doubled the change in rotor speed,
hence doubling the quantity of K.E exported to ¢inel during the speed change
(area under the plot @fP). The peak change in power was just over 0.01%y.the
end of the disturbance, t = 27 sec, the rotor speasl still changing indicating a

settling time much greater than in the case adr(i)i).
Note that the plots of J& and j are not smooth and appear to have a noise

component of approximate period 2.5 sec. This wastified as problem with the

controller PLLs and is not related to the torquetod or synthetic inertia function.

138



~ 040 B
(0]
@
8 os
= 05
o 088
o =
é 0&E7{ & 04
2 g
. 086 o
| g
) b <1_ 0.3
g 085
5 -
2 084 €2
(o] =
&
= 053] .5
. oA
S oa&
&
5 UE 00
0.0
a 10 t (sec) an 30
.91
040 e
0.&9
05
058

=
=

=
Lo

=
3
iq, iq_refy TSI, APgrid (pU)
=
a

=
wr (p.u), Af (converted to rotor speed base)

0.33
0.4
0.32
041 00
0.80
0.31
—~ 090 Bz
[}
@
S oas
5 0.5
3 oss
o —~
& 2 04
5 nE7i g b
= =
iii) o 0881 o°
B o088 <i -
i 7]
5 F
g 0&4{ ® g3
o o
& =
~ 0&3].5
< 0.1
5 082
& :
§ 0.8 0.0 AF’gricl*:l-o
0.80 ;

a 10 t (sec) 20 30

Figure 6.5 — Increase in power output and decreaseor speed with the inertia

coupling function during application of the freqegriest signal.
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6.4 Discussion

6.4.1 Functional tests

Generator torque control

The g-axis current response of the generator vectoirol to a step change i ks
was almost immediate and quicker than 50msec. $heed of response is in
keeping with the expected response time, otherairsized test rigs (Chinchilla et
al. 2006), (Pena et al. 1996), (Konghirun & Xu 2D0fving response times
between 5 and 10msec. The immediate change in speed confirms that the
torque response was rapid and the immediate jumphase currents showed a
balanced change. The relatively slow rise in thd gutput power, seen in Figure
6.1, will be attributable to the speed of respoofsthie grid active power control and
the outer control loop for regulation of the ddklwvoltage.

The rapid change in g-axis current was seeardate a disturbance in the d-axis
current. A large change in the required d-axisaget wheng changed, due to the
speed voltage (3.2.3) was also clearly evidents Thiange in steady state voltage
which accompanies the change in torque matcheshthreges in steady state voltage
shown in the phasor diagram of Figure 3.2. SineeXIR ratio of the machine is
19:1 the change in d-axis voltag¥ y is of a similar ratio greater than the change in
g-axis voltageAV,. Analysis of the disturbance effects when g-axigent changes
and its effect on torque is discussed in Novotnlyigo (1996).

Turbine maximum power control

The response from the maximum power extractionrobaind the function which
emulates aerodynamic torque showed turbine actieleras expected; a rapid initial
acceleration which gradually diminished as theeddhce between the aerodynamic
and generator torque reduced with the increaspard This behaviour was easily
monitored in real time during the test using thg plot (Figure 6.4).

6.4.2 Inertia response test

Unlike the simulations undertaken in Chapter 5 ther experimental test a filter was
applied to the inertia coupling function’s diffetetor input, for all cases. The
sensitivity to noise due to the differentiator metinertia coupling function was

evident by the profile of J for case (i) with a filter time constant of 1 sébte test
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frequency inputAf consists of discrete samples at 0.25 sec, s@tissmooth and

introduced an element of noise. However the additibthe filter, time constant 1
sec, for the first case, (i), produced identicaufes to that shown in the simulation
in terms of the change in turbine power output #red capability to couple rotor

simulations of Chapter 5.

6.5 Conclusion

The following conclusions are made regarding tis¢ tig and the demonstration of

turbine inertia response:

* Vector control scheme derived in Chapter 3 andride=tt in Chapter 4 was
demonstrated to achieve fast control of torquegvéis current.

* Performance of the g-axis current loop was dematestrto be influenced by
the regulation of the d-axis current.

* Turbine maximum power control and the emulatioraefodynamic torque
for the test rig functioned correctly.

 ‘Open loop’ testing of an inertia response functidemonstrated the
capability to closely couple turbine rotor speedystem frequency.

* Change in power output of the turbine during theertia response’ was
demonstrated to be adjustable by the selectiorheffitter time constant
applied to the inertia coupling function’s diffetextor. Capability to double
the effective inertia of the turbine was also destated by adjustment of

the inertia coupling function’s overall gain.
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7 Conclusion

This chapter gives an overview of the research waklen, draws overall

conclusions and makes recommendations for futwseareh.

7.1 UK system modelling studies
A model was developed for the simulation of freqryeon the mainland UK system.
This work included derivation of a simplified model the synchronous generator
to represent the behaviour of Full Power Convettiebines equipped with such
generators. The two distinct types of inertia reés@gofunctions, the inertia coupling
function and the step power/torque function weralatied by the introduction of a
simple auxiliary torque signal into the existingltime torque speed control loop.
Simulations using the model illustrated theljkpositive and negative effects on
primary frequency control for the UK when a highhptation of variable speed
wind turbines with and without inertia response iateoduced. Results were shown
for a spread of demand levels and also two diffesepes of generation loss,
1320GW and 1800GW. A basic comparison of the iaeftinctions was also
included and consideration of the affect of stesidye wind speed and the constant
speed region of the maximum power extraction cuowethe inertia response

capability.

This work provides evidence which suggests:

* Impact on the wind turbine, in terms of performareguirements, for
providing inertia response will likely be small, asfges in torque/power
output (and rotor speed) required during the fregyedisturbances was
relatively small (around 0.02pu for the frequencstrbances simulated). A
guantitative comparison of the typical loadings exignced by a turbine
during operation would be necessary to qualify (sse recommendations
for future work 7.4).

 Commercial case for implementing inertia responsg mxist for the UK
system; for the lower demand and larger loss s@san increase in
synchronous plant response was needed (11GW imadlsé extreme case) to
compensate for the reduction in system inertia @ue large quantity of

wind turbines without inertia response. A reductimrihe necessary quantity
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of scheduled synchronous plant by the provisionwofd turbine inertia

response may be commercially attractive sinceribdia response functions
do not inherently reduce the energy production hed turbine. A more

detailed consideration of the scheduling of coneeral plant and reserve,
across different operating scenarios, would be irequto quantify the

commercial benefit (see recommendations for funoek 7.4).

* Use of the differentiator in the inertia responaaction is not necessarily
prohibitive; when a first order filter was used thie function’s differentiator
input for noise reduction, the initial rate of clganof system frequency
increased by approximately 25% and the peak madmitaf the frequency
deviation reduced by approximately 10%. In termsha&f performance of
system frequency regulation the first affect issidared detrimental and the

second beneficial.

7.2 Experimental testing

A laboratory based test rig was constructed whiohsisted of a Full Power
Converter bridge and a synchronous generator dityea dc machine to represent
aerodynamic torque input. Power converters, utifjsdiscrete MOSFET devices,
were designed and constructed by the candidategateddrivers also constructed
employing a single Integrated Circuit for the gdtser. Vector control of both the
generator converter and grid converter was impléateon a dedicated hardware
control platform using graphical based softwarepiamgram description.

Tests confirmed correct operation of the gewoerarector control, turbine
maximum power extraction control and emulation efoalynamic torque by the dc
machine.

The inertia coupling function was implementedl & test frequency deviation
injected into the inertia function’s input to repeat a large load generation
imbalance. The experimental results, Fig 6.5, wietend to compare closely to

those of the modelled turbine, Fig 5.7.
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This work demonstrated that:

The simplified model of synchronous generator aseldped, was
representative of the behaviour of the wind turbtest rig's electrical
machine and power converters in terms of the spderque response;
speed of response in the experimental test topacki@nge in torque was less
than 50msec, the time constant used for the synol generator model
was 20msec.

Differentiator noise issues are not prohibitive Bn experimental
implementation.

Vector control of the synchronous generator wasficgenmtly fast to
implement the inertia response function; use offilker on the input to the
differentiator reduced the required rate of rised amagnitude of the

additional torque response.

7.3 Overall Conclusions

The following overall conclusions are made:

Simulations undertaken indicate that the inertiapting function is arguably
more applicable for use in the UK than the ste tiyyertia response. Studies
undertaken by another author show the step fundtiobe applicable in
particular to a hydro dominated system. This ighierr supported by a review
of the grid codes; the only existing inertia respomequirement is for the
Canadian Hydro-Quebec (a hydro-electric dominatagstem which
specifies a step type inertia response. The draft gode for the EU
indicates an inertia coupling type response.

The simplified model developed of the synchronoaisegator gave adequate
representation for the system frequency modellindiss undertaken.
Experimental testing further confirms the possipitf providing an inertial
response from a variable speed wind turbine anduftability of the inertia

coupling function for this purpose.
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7.4 Further work

Recommendations for further work are subdivided the following areas:

» System modelling - The model developed for the desgy simulation
studies was simplistic and did not take into actatiner types of generating
plant or electrical aspects. Before use in furitedies an evaluation of the
suitability/accuracy of the model may be useful.

* System studies (a) - Stability analysis to invegegrobustness of system
frequency control and assess if introduction oftiaeresponse from a large
number of turbines using a heavily delayed respapeoblematic.

» System studies (b) - A more sophisticated consiaeraf the scheduling of
generating plant and consideration of the inclussdngovernor response
from (new) conventional plant which may have enleanitequency response
capabilities.

e Turbine modelling (a) - Investigation of the sen#tly of a turbine to
operating away from its maximum power point and deerfurther
guantification of the capability to provide inettiesponse. This might
involve representation of the torque speed combiagh using a more realistic
Pl based speed control as shown in Bossanyi (Z2@d)yepresentation of the
dynamics of the rotor torque production.

» Turbine modelling (b) - Quantitative assessmerthefloadings experienced
by a turbine during operation. This might encompdrege-train, blade and
tower loadings during variable wind conditions gsia program such as
Bladed. As indicated in 7.1, this would enable the perfance
requirements for providing an inertia responsed@ésessed against existing
turbine performance capabilities/constraihts

* Experimental work - Closed loop testing of the fr@eresponse function on a
small scale power system (i.e. 15kW). This will ldleefurther assessment of
the inertia coupling function and also the use beé ftfilter on the
differentiator’s input for the reduction of noisélse of commercially

supplied power converters on the test rig wouldrdimmended for the

30 An example study looking at turbine loading issard aspects of control implementation for the
addition of turbine fault ride through capabilis/given in Bossanyi et al. (2009).
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further experimental work since the test rig canded for the research

shown in this thesis was felt unrepresentativeigyo
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Appendix A - Test rig implementation and commissioning

A1l - Inverse dq transformation
The inverse transforms of Eq(3.1, 3.2 and 3.3) am@nted in the controller are as
follows (Kundur 1994):

i, = igcosB —igsin® + i

o 2my 2my
i, = igcos (6 — ?) — igsin (6 — ?) + iy

o 2my 2m
1C=1dcos(9+?)—1qsm(9+?)+10

A2 - Converter bridge and gate driver schematics

The circuit schematic for a single phase of onghefconverter bridges is shown in
Figure A2.1. The MOSFET device package has gaten @nd source pins located
on pins 1, 2, and 3 respectively with the metalkpge body being internally
connected to the drain. This means the heat sirkdinvee. Note local decoupling
caps across each bridge.{o GND) are not shown and the snubber components
(right-hand side of the schematic) were not popdlatThe gate driver circuit

schematic is shown in Figure A2.2
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Figure A2.1 — Bridge converter circuit schematiagge phase shown)
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A3 - Parameter measurement

To provide values of inductance and resistanceusar in the grid and converter
control schemes of Figure 4.12 and Figure 4.13Hrameters for the synchronous
machine and the transformer are experimentally oredsusing open circuit and

short circuit tests (Chapman 2005).

Synchronous machine parameters

Firstly, voltage verses field current was measuwvel the machine open circuit, the
open circuit characteristic for the machine is shdwigure A3.1 (left). Secondly,
armature current verses field current was measaridthe machine short circuited,
the short circuit characteristic for the machinesiwn Figure A3.1 (right). The
synchronous machine was then directly connectea tesistive load bank where
rated field current was found to be 1.18A for arieal voltage of 230V at unity

power factor, the corresponding per phase loadmessured at 260W.
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Figure A3.1 — Open circuit characteristics (lefiflahort circuit characteristics

(right) for the synchronous machine.

The saturated reactance of the machiges Xiven by
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where gy is the internal voltage of the machine obtaineudnfithe open circuit test
and Lm is the rated armature current obtained with tloetstircuit test, both at rated

field current. Hence from the data in Figure A3.1

Xs = 295 _ 1990

ST 2553
A third test determined the resistance of the mmaly passing a dc short circuit
current through a single phase winding which dgweto5.34V across the phase at
0.497A. Thus

R _v_>3 = 10.75Q
a7 10497

Converting to p.u, with VA base,Shosen as 800VA and the voltage base V
chosen as 230V

V, 2307
b:§:800:669
hence
Xs=g=30pu, Ra=%=016pu
66 66

Transformer parameters
The approximate equivalent circuit of a transforngeobtained by neglecting the
excitation branch and adding the primary and semgndnpedances giving an
equivalent series impedanceqZomposed of a resistanceqRind reactance &4
(Chapman 2005).

A short circuit test was performed by shortitig primary terminals of the
transformer (the inverter side) and measuring thieage, current and power on the
secondary side with secondary current equal todraRated current for the

transformer is

S, 800

ij| =—= = 1.15A
L VL 400V3
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The short circuit test using a primary phase curkeof 1.21A (close to rated) gave
a per phase primary voltage ¥ 50.0V, and a per phase primary powgroP31W
(measured using a Wattmeter). The equivalent impelaxqs and resistance,efh
referred to the primary side are calculated, usiiegfollowing procedure:

The impedance referred to the primary side is

Vp 500
|Zeqp | = kv T 41.3Q

and the power factor (PF) is given by

Pp 31

PF = =
Vplp  50.0X1.21

= 0.51 lagging

Hence
Regp = 0.51X41.3 = 21.1Q

and Xeqp = \/(Zequ — Requ) =35.1)

Converting to p.u using the system base and immedhase used for the

synchronous generator

21.1 35.5
Req = E = 032p u, Xeq = E = 054pu
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A4 - Measurement of generator Lqgq

The d and g-axis inductance was experimentally aoredsusing the control screen
shown in Figure A4.1 using the following procedure:

a) Set ¢ and j both equal to zero (viaq re). Adjust Lag SO that \{ consists of only
Vq_speed the g-axis speed voltage. (i.e. the output froenRI compensatoyg = 0).

b) Set § = 0 and setjinon-zero (via thegd o). Now adjust k until V¢ from the d-
axis Pl compensator is zero.

c) Repeat procedure b) but for other axis. i.eiget0 and setginon-zero (via the

idq_rey- Now adjust k until Vy from the g-axis PI compensator is zero.

Note in Figure A4.1 the superscriptmeans ‘ref’.

i .
Te e | W g
0.000 | Yfd®Wmech || g 0o Y

Torque Control

ks
N .
-0.023 f L 4 Torque

Figure A4.1 — Control ‘mimic’ from the test rig usaterface showing values af;

Vg and the PI control values in real-time.
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A5 - Testrig inertia scaling function check

Correct functioning of the test rig inertia scalifugpction (4.4.1) is confirmed using
the results from Section 6.2.2. Considering theslgcation over the first half second
betweent = 1.5 and 2.0 sec in Figure 6.3:

The average value of the accelerating torgaueid approximately 0.2p.u and
the rate of change of speed

dow, 0.1

— — -1
T 278 0.036 p.usec

Rearranging Eq(2.4)

and using the experimentally measured values #grianconstant is

0.2

H =m= 2.78 sec

This compares well with the intended ‘scaled’ test inertia of 2.97 sec as
calculated in section 4.6.1.
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Appendix B - Generator and turbine modelling

B1 - Electrical machine properties and electrical machine control

Inertia for a range of rotating machine sizes
The inertia constant calculated for a range oftatad machine sizes is shown in

Table B1.1. Electrical power verses the per unértin constant H is plotted in

Figure B1.1. Note that the vertical axis is lodanitc.

Table B1.1 — Inertia constants for a range of efetmachines

Machine Mech. | Current | P.F | Electrical | Inertia Speed | Machine H
Power (1) Power J (rads™) K.E (sec)
(kW) (kW) (kgm?) (kW.s)

WP

DF90LRX 1.1 2.43 0.78 1.3 0.0034  157.1 0.04 0.03

Test Rig - - - 0.8 0.022 157.1 0.17 0.22

WP-DF132-

STX 5.5 10.6 0.84 6.2 0.03 157.1 0.37 0.06

PMGO-10K-

200% - - - 10.0 6.61 | 20.94395  1.45 0.14

WP-

UDF200LNX 30 54 0.86 32.2 0.31 157.1 3.83 0.12

WP-

UDF315SNE| 110 191 0.87 115.3 3.2 157.1 39.49  0[34

BU*-

DF450LA 710 1164 | 0.91 734.7 41 157.1 505.95 0,69

GE 1.5MW

DFIG* - - - 1545.0 75 | 150.7964 852.78  0.55

Jones .

(2005)° - - - 1650.0 75 157.1 925.52 0.56

2MW

DFIG* - - - 2000.0 130 157.1| 1604.28 0.80

3L WP — Range of induction motors by Brook Crompiomw.brookcrompton.com

32 Outer rotor design Permanent Magnet motor of tygel byBen.Whitby@ Cardiff.ac.uk
33 Larger size range of induction motors by Brook @ptonwww.brookcrompton.com

% GE 1.5 MW General Datavailablehttp://www.pes-psrc.org/c/C17/GE%20Data%20Sheets.pd
% From Estimating Wind Turbines Mechanical Constats5. Gonzalez Rodriguez et al. available
http://www.icrepg.com/icrepq07/361-gonzalez.pdf

% From Anaya-Lara (2009)
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0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0
1.00 1 1 1 1 1 1 1 1

M

0.10

H (sec)

0.01

Electrical machinesize (kW)

Figure B1.1 — Per unit inertia constant for a raofyelectrical machine sizes

(vertical axis logarithmic)

Induction generator proportionality of torque to slip
As stated in section 2.2.1, a simplified inductgenerator circuit model (Kundur
1994) yields the following relationship betweempsiind electromagnetic torque T

T =3E<Rr) Ve (2.10)
€ 2 \swg/ (Re + R;/5)% + (X + X,)? '

where p is the number of poles, VX., Re are the equivalent stator voltage,

reactance and resistance respectively apérid X are the rotor resistance and
reactance referred to the stator side.

Removing the constants, ps, and \4 equation 2.10 shows a relationship between
torque and slip as below:
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T ! !
e X (E) (Re + Ry /9)% + (X + X;)2

Expanding the left hand side of the denominator

1

2
s (Rez + @ + E—rz) + s(Xe + Xp)?

Te x

1
2

Te x R
sRe% + 2R.R, + ——+5(X +X;)?

As s approaches zero it can be seen that 1/(R/2/s) will become the dominant
term and hence for small values of slip torque is proportional to slip as below

Phasor representation of dq quantities

Components of flux linkage, voltage and currenthea dq reference frame can be
represented as phasors similar to as is convefiga@ne for current and voltage in
the stationary reference frame (Kundur 1994). Thdge quantities and their
orientation are illustrated in Figure B1.2 wherg E the internal voltage of the
machine, E the terminal voltage;icurrent and Xthe impedance. Flux linkages are
located 90 degrees behind their corresponding gedtaand out of phase with their
respective currents; field flux linkadey, stator flux linkagé\s = Aqq, and armature
reaction flux linkageé\,. The component of armature reaction flux linkage do
current in the d-axis is indicated g Note as speed, increases the magnitudes of

Eiq and & will increase proportionally according to Eq(3.3.,2) & (3.4).
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¢ - p.fangle
3. - load angle
37 - torque angle

Figure B1.2 — Phasor representation of voltagesents and flux linkages for the
synchronous machine (winding resistances ignoredigraxis inductancesLq

assumed equal).

Load angles, is the angle by which internal voltage leads teahvoltage, power
factor anglep is the angle by which current lags terminal vodtaod torquengle
ot is the angle by which terminal current leads thaxid (or the angle of the
armature reaction field to the rotor field). FiguBd.2 shows operation of the
synchronous machine as a generatey léads k) and supplying reactive powerE

coso. > Ey)
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B2 - Wind turbine

Model equation and C;, curve

The ‘wind turbine’ block supplied in MATLAB Simulk? is utilised for both the
modelling and experimental work in the thesiss lises the function below:

—Cg

C, =, (2 A +cd (B2.1
p=C Z—cgﬁ—c4e1+c6 (B2.1)

where G is the coefficient of performancg,is the tip-speed ratid is the blade

pitch angle and; is calculated from tip speed ratio and pitch argidelow

1 1 0.035

N A+0088 PBE+1

The coefficients used; ¢o G, were 0.5176, 116, 0.4, 5, 21 and 0.0068 respaygtiv

Further information about this function is given keier (2006) and also the

MATLAB ® on-line help Kttp://www.mathworks.co.ul/ The resulting plot of »
verses tip speed ratio is shown in Figure B2.1.

Cp

Figure B2.1 — Coefficient of performance versesspped ratio for the turbine used
in the thesis (pitch anglg= 0)
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Cy curve for GE 3.6MW DFIG turbine

The coefficient of performance verses tip speeib far the GE3.6MW turbine is
shown in Figure B2.2 (right) for comparison withathof the turbine used in the

thesis (left). The GE turbine is seen to be lessisee to the tip speed and hence

will be expected to have greater extractable reseof K.E.

O ‘
—analytical
o measured

L
I

’
¢

1
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Figure B2.2 — Coefficient of performance curve frpravious Figure (left)
compared with that of the GE 3.6MW DFIG (right) i@ 2008).




B3 - Steam turbine schematic
Schematic for the simplified steam turbine as mledein 5.2.2 is shown in Figure
B3.1.

Rcheater Crossover
From boiler I_ {

To condenser

{a) Turbine configuration

F
Main steam il
pressure My
RH pressure
1 1 1 T Puar |T,
: —_— L F (2 L
VosTen|\ o L 5T T '{‘ MVA,,,.
Flow area Inlet flow Reheater [P | Crossover
steam chest flow
Valve position —s |/~ K —
P \( Flow area ®
Intercept
valve

(b) Block diagram representation

Parameters

Tey = time constant of main inlet volumes and steam chest
Tpy = time constant of reheater
Teo time constant of crossover piping and LP inlet volumes
L total turbine torque in per unit of maximum turbine power
Tye = total turbine mechanical torque in per unit of common MVA base
Px = maximum turbine power in MW
Fyp, Fip, Fyp = fraction of total turbine power generated by HP, IP,
LP sections, respectively
MVA,,... = common MVA base

Figure B3.1 — Single reheat tandem-compound staanme (Kundur 1994).
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