' UNIVERSITY of STRATHCLYDE
A ‘ POWER NETWORKS
g DEMONSTRATION CENTRE

N

PHIL CAPABILITIES AND EXPERIENCE AT THE POWER NETWORKS
DEMONSTRATION CENTRE

“d SP ENERGY Scottish and Southern UK 2 ‘ IR ) gﬁ @ Z : sl
NETWORKS Energy Power "—_':..)-)) J I I ﬁmﬂm{ OMICRON @Scottish Fuving Counc 2~ ScottishEnterprise
Fower Di Promating further and higher education

istribution Networks vodafone C I S C °




WZ  UNIVERSITY of STRATHCLYDE
A ‘ POWER NETWORKS
" DEMONSTRATION CENTRE

Presentation Overview

1. Triphase Platform Development Project

2. PV Inverter Response During Transients and Disturbances Project

3. Q&A
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PNDC — Unique Testing Capabilities

Power Supplies HV Network (11kV) Power Hardware In the Loop

On Grid : 11kV_ 2 x IMVA 3 x underground feeders for a 11kV/400V transformers from 1.2 gardwsre :cnR‘EtheSLlsozslmulatlon with
connections total equivalent length of 6km. MVA to 25kVA GRIEERS O SrehuElng

n ‘ Optical interface provides 2 way
gy \solatian 1 x overhead feeder for a total Pole mounted auto reclosers interaction with both Gen Set and

Transformer equivalent length of 60km N S Convertors.
TriPhase Convertor: -
500KVA +0-1300V DC —— . ' " -— 3-50us simulation time-step ... up to
b= . 360 x 3 phase busses

Off Grid : 1IMVA Gen Set
. S Accurate frequency response up 3kHz

LV Network ‘
“wEault Throwing

LV Fed from HV Network ' -

High Voltage Fault Throwing
Phase to Phase, Phase to Ground,

Industry Standard DMS / SCADA / Historian Multiple Injection Points

Load banks total ~ 600 kVA : e o
PowerOn Fusion monitoring control and switching management _
Low Voltage Fault Throwing
Indoor and outdoor test

connection points OSISoft Pl Historian connected to SCADA and Fast Data Acquisition System Unit, Flexible Connection

Mock impedances ~ 0.6 km
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Overview Triphase: Programmable Power Converter

* 6xPM90 modules = 540kVA installed capacity TORMIEW
* Open Simulink model control of power converters 74 7
* Fibre optic link to RTDS T 0k 0N _
* Modular expansion capability IRENCH | 2 TRENCH
- —5 ' K AHAAIAR225 s AP
B EF1 EF2 |
1_!.- i B
F30 F30 F30 EM F30 F30 F30
3 8
A30 | A30 | A30 A30 | A30 | A30
i S S  S—" she = " " a2l
) "EA1  EA2 |
. 600 | EA
1 e _d
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Overview Triphase: Key Components

) Target PC 1
Power Electronics 5
Target PC 2
Inductors
Circuit Breakers
Capacitors
Anti-condensation heater
thermostat control
Measurement

Triphase output: Powersafe panel
mounted source type connectors

Fuse Protection Triphase output: Link

between right and left

Busbars
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Overview Network upgrade

1 MVA three phase
2 secondary winding transformer
il | i LV Earth 2

Triphase

2x120mm
4 core 433 supply 1

New Genie Evo Triplex cable
Switchgear

433 supply 2

2x120mm
4 core

HV Earth ——

LV Earth 1
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Overview Triphase: Operation Modes

F30
Ive

~

DC current and voltage source operation
+650V, £390A, +270kW

DC voltage source operation (1)
+650V, £780A, +540kW

DC voltage source operation (2)
50-1300V, £+600A, +540kW

Y

Tr g o1
Trafo Winding #2
AFE
3 1 i
F30 Fao\rsol ]Fao F30 | F30
resistive
load

J

&
-

3-wire AC current and voltage source
operation (1)

0-480V s, 0-390A ., +270kW

3-wire AC voltage source operation (2)
0-480V s 0-780A; s, £540kW

2x 3-wire AC voltage source operation
2x 0-480Vpy,, 0-390A;,,s, £270kW




WZ,  UNIVERSITY of STRATHCLYDE
A ‘ POWER NETWORKS
/" DEMONSTRATION CENTRE

Overview Triphase Interface: RTDS, Simulink & GUI

. duc 1001 :08® e & G U I
PM90A180_afAC3x2/ActiveFront 05:27:11 O

Active front-end left

#2nwTnh i voen |

Uuut, L v]
4000 40

LC multi-mode
communication fibre

-200)
B e X
e . tm Duar O o 00 00
0.000 0013 0025 0037 0050 0.063 0075 0.088 0.100 0113
coausin v | commos amsoos. | | seorseacs | mec e a0 i sooeo0e
.
-
o Ugepue [V] 720.64 A30 Connected () A30 Enabled ()
= I
T Ugepue [V] 720.64 A30 Connected () A30 Enabled @)
= <
- y & ] Error OK (@ STATE P02 1.00 MODE P02 1.00
= — <
temperatures
Trax et [C] 27.83 Trax right [C] 29.53

el - ®

P02 Configuration

MODE P02 Off - SERIE
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Grid Simulator Testing: Triphase Platform

PNDC Network Development

PNDC Power Supply

RTDS control and Digital link
measurement logging  palelablly Triphase
Modelled power system
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Demonstration Project

RTDS control and
measurement logging Triphase
Modelled Shipboard (Voltage Source)
power system

Device under test
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Overview Triphase: Applications

e Shipboard power system PHIL platform

e Grid-integration of renewables for industrial scale PV

* Energy storage based interface

 Smart Programmable load and source to validate aircraft equipment
* Battery test emulation system

* Testing of battery system for grid stabilizing

e Testing of multiple PV inverters connected to common DC bus (PNDC planned project)
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Dynamic Power Systems Laboratory

Campus Supply
e = == 433V
r—— T .I- =—
X X ~ \X
~
+— [ < > / N
( \
RTS (Real «  Triphase 40 kW (256 steps) “Cell 1
Time Station) S o 30 KVAR (256 steps) Y
~ o Sta:cl_oad bank __ - |
- _L_:'?- — XX |
- - X
I ~ I
X x x X x
Microgrid \ |
management
algorithm 10 kW (64 steps) \ Spare for 10 kW
(example of 15 VA 7.5 kVA'} (5:bsteas) l il visiting S7t'5t.k\{AR 4
/ ; Static load ban : atic loa
graph;cq/ display \ Triphase 2.2 kW & 5.5kw 7 2 kVA projects 2% 7.5kW bank
n real time) \ Induction machines/ Synchronous Induction machines
N (motors or genﬁators) 10 KVA (motors or generators)
S~ ~ - IS 3-ohase inverter
~N e e = Cell 2 Cell 3
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Project Overview and Objectives

 Empirical characterisation of LV connected PV inverters.

* DNOs need to understand the impact on switchgear ratings due to
inverter fault contribution.

* Low voltage ride-through implications when considering large inverter
penetration.

* Challenge current modelling and fault calculation assumptions.
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Inverters under Test

-

e
—
e
 —
_
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 E——
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e  Off the shelf inverters.

 Vendors most commonly found in the UK
G59 or G83 compliant.

Inverter model

Rating
ABB PVI-5000-TL-OUTD |5.56 kVA (single-phase)
SMA Sunny Boy 5000TL |5 kVA (single-phase)
KACO Powador 6002 5 kVA (single-phase)
SMA Tripower 10000TL

10 kVA (three-phase)
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Test Network Configuration

Synchronised

Measurements * Fault test configuration
Inverter . . . ..
11kV/0.433kV l Jéundertest * LV short circuit (solid or resistive).
@—@ | S | S g « Aims to control retained voltage at the
= mulator
| _l g inverter output.
RLload L faul e 0°and 90° point on wave (PoW) fault
inception.
RTDS I\7ynchronise?
Excitation control inverter * Voltage depression test configuration:
under test
| 77 soov [ pv * MG set controls the network voltage
o o | o — = following an RTDS generated profile.
RL load * Rate and depth of voltage depression is

limited by the exciter controls.
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Applied Tests

Fault type Fault resistance (Q)
1.5, 0.75, 0.375, Faults Voltage depression
P-E (A phase to earth)
0.1875, 0
1.5, 0.75, 0.375,
P-P (A-B phase)
0.1875,0 | . Pre-t Event duration (based
loading
Inverter Pre-fault loading Fault approximate PoW
(percentage of inverter kW inception ABB 100% 0.3s, 5s
rating) KACO | 80% 0.3s, 55
o) o (e]
ABB 50, 100% 0°, 90 SMA
KACO 50, 80% 0°, 90° (1ph) 100% 0.3s, 5s
0, o (o]
SMA (1ph) 50, 100% 0°, 90 SMA . g e
SMA (3ph) 30% 0°, 90° (3ph) ° 99,98
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Example Single Phase Inverter Fault

Response

AAAAA

\
AAAAAA

I
|
0.4

0

0
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Inverter Powe

Time (s)

ABB 5kW single phase inverter.

0.5pu pre-fault loading, 0Q
earth fault, 0° PoW.

Current output stops after a
few cycles.




Example Three Phase Inverter Fault O S

Response
| * SMA 10kW three phase
"‘ ANRYAVAVAVAVAVANAVA A ~A-A-A-A-A-A-A-A"-A-A-A-A-A-A-A AN AN AN AN AA AN AN AN AN inverter.
A AR
‘  0.3pu pre-fault loading, 1.5Q
< N o A S e A A T Ao AR 'I NNUNONENS earth fault, 0° PoW.
A p g g g * Inverter increases current
Wﬂ(/ ANANANANANANANANAWAWAWAWA Y — . tout i healthv oh t
M ‘ TUUTTV VTV ‘ ou .pu .ma ealthy phase to
: maintain pre-fault power
L - ] output.
: ol
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Changes in Reactive Power Output

10 | | | | | * KACO 5kW single phase
R inverter.

Voltage Frequency

|
0 0.1 0.2 0.3 0.4 0.5 0.6

2 . . . . .  0.5pu pre-fault loading, 0.75Q

Frequency
(Hz)
S (€] D
o o o
—L/ T
I

Inverter Current

iz AN AAAANNNAAN T T earth fault, 0° PoW.
© -50 | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6
500

. . . . . * Current phase angle jumps

Inverter Voltage

§ = VYUY Uk correspond to changes in
5:(())2 0 o 02 03 04 05 06 reactive power output.

Reactive Power ==

Power
(W, VAr)

e Sudden reduction in reactive
° o 02 03 04 05 06 power may be indicative of
reaching internal device limits.
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Example Fast Voltage Depression Inverter < st
Response

 ABB 5kW single phase inverter.

eeeeeeeeeeeeee

111111111111111111111111111111111111111111111111111111111111111111111111111

AR s st ot

| |
0.5 1 15

In

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

AR e =

retained voltage.

rt
ertel

— -+ Inverter current dropped by
29%

Time (s)
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Example Slow Voltage Depression Inverter = st
Response

 ABB 5kW single phase inverter.

¢ 1pu pre-fault loading

e 5scommanded voltage
depression duration, 87%
retained voltage.

e Maximum inverter current drop
of 85%
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Common Inverter Behaviour

 Variations based on manufacturer implementation, however:

 The inverters are more likely to provide a sustained current contribution during fault
conditions with a higher retained voltage.

 The inverters tend to increase their current output in order to maintain the pre-fault active
power output level. A more noticeable increase in current output is observed if the inverter
is not fully loaded prior to the fault.

* |n most cases, where current output is sustained, the inverters attempt to maintain a level
of reactive power output that can reach pre-fault levels if the inverter is not fully loaded.

 Thereis no evidence that the point on wave at which the fault is introduced has an impact
on the sustained inverter current output during a fault.
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Comparison with Inverter Behaviour P i o
Reported in the Literature

 There are many discrepancies between obtained test results and literature

results based on modelling — difficult to compare due to limited information
about the models.

* Close agreement of test results with reported model behaviour based on
manufacturer input (e.g. modelling work by Quanta Technology).

* Most literature reports a fault current contribution of 1.2-2pu of rated current.

This is in contrast to the test results, where in the majority of cases the
inverters did not exceed rated current output.
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24" Intamational Conference on Elecincity Distrizuson

Glasgow, 12-15 June 2017
Paper 0330

HARDWARE BASED CHARACTERISATION OF LY INVERTER FAULT RESPONSE

[hrrahim Federica

ABDULHAIM  COFFELE Adam DYSEO

Power MNetworks Demonstration University of
Cenire - UK Strathchyde - UK

ibrahim_ £ abdubhadijr strath.ac. uk
fedenco. coffele i strath_ac.uk

ABSTRACT

Tiis paper presents e experimerinl  fesfing of
commercin LV -commected PV fmverters o characierise
their bohaviowr during fanlt conditions. Understanding
thix behrviour = crtion! for U proper devige end
operafion of diviritufion mehsorks with o large emour! af
imverter-connected generaiion. florawaere fest resnlis fora
mamber of differemd imverters are discursed and companed.
Tire challenges for modefieg, particwlory with respect o
Janlf comdiffons.  are  disowesved wile oo exampie
simrlmiian.

ady=koaisiraih ac uk

Calin Chri her .

FOOTE KLNGL Martin LEE

Scoittish & Southern

Electricity Metworks
- LK

EP Emergy MNetworks - UK

clooteimspenergymetworks ook martin leeiisse.com

clkumgum spenergymetworks coouk
puidelines for conmecting inverier interfaced generating
plant connected o the Medivom Yoltage (M) network in
Giermany assume 10025 mved current during, fault. Where
this is expecied to be exceeded and would have an impact
on the network, an agreement musi be reached between the
penerator and  metwork operator [4] The Western
Electrictty Coordimating Council (WECC) provides
gusdelimes amwl a specification for developing generic
dymamic simulation models for transmission comected Py
inveriers or aggregated disinbution conmected PV
inveriers [ 5. §).

June 12-15%, summarising the main
results.

SPEN co-authors conducted simple
simulation to compare the three phase
inverter behaviour using PowerFactory.

When running an EMT simulation, the
faulty phase current increased as
opposed to the healthy one as tested.

When running an unbalanced RMS
simulation, all three phase currents
increase in tandem.



WZ,  UNIVERSITY of STRATHCLYDE
A ‘ POWER NETWORKS
" DEMONSTRATION CENTRE

Next Steps

 Characterise the response of multiple inverters connected simultaneously to
the grid.

* Testing of larger three phase units with focus on asymmetrical conditions.
* Testing different X/R ratio faults.
 Development and validation of a “parametrisable” inverter model.

e P-HilL testing using Triphase with focus on grid level voltage and frequency
disturbances.

 Ultimately feed into UK distribution codes and engineering recommendations.
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ELECTRA IRP: Resea rc(%eEg( )Exchange programmnie™ e

GlOba| *Global organisation

eto/from -
excha nge *ELECTRA partner )
European eEuropean organisation =éE“‘E“‘RA @decna
-to/from European Liaison on Electricity
exchange *ELECTRA partner N

term Research Activity Integrated
search Programme

Intra-ELECTRA *ELECTRA partner
eto/from
exchange *ELECTRA partner

ELECTRA REX

20 potential hosts within the consortium
Exchange durations 2 — 12 weeks
Expenses are covered

Fifth call open to EU and Global
organizations

A Researcher
Exchange
Programme for
Smart Grids

YV V VYV

Fifth Call for Applications fer industry
and research organisations including
Global & European partners

For more details go to www.electrairp.eu mobility tab
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ERIGrid, Transnational Access

> Free access to 21 first-class Smart Grid labs

> Call Open now (deadline 15 June) Ef'lgrld .

Connecting European

» Call every 6 months, until December 2019 B
Free Access to Best
Ey oot parines Smart Grid and DER
No. o prodes Laboratories
» Chance to conduct your own
experiments free of charge Apply till 15
Be > Reimbursements of your June 2017
2o expenses
2 (1) » Access to  concentrated
Be know-how and best practices
He . ¥ .
(3 [2) in the field of smart grids.
(2 [2 Ho
(2 [4]
E e E 2 ) www.erigrid.eu

erigrid-mgt@list.ait.ac.at

For more details go to www.erigrid.eu/transnational-access



http://www.erigrid.eu/transnational-access
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