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Unintentional Islanding Test (IEEE 1547.1)

Controllable
DC source

under test

DC
Source

PV Inverter

A

B

Adjustable
RLC load bank

AC source

~(Va)-

mCs

» Load bank gquality factor
Q; = 1+£0.05

» Residual current from grid:
Inverter output matches load active power

 Inverter has 2 seconds to detect island (tries to
destabilize system)

* Issues
 Costs, inflexible, time (test setup reconfiguration)
» What if advance control functions are active?
» Can PHIL approach be used?
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Test Setup and Facllities

Substation 6.3 MVA Variable Voltage Source (VVS} .
: e Solar PV inverters

» 20 kW,
transformerless
design,

480 V/277 V wye

* 60 kW, 480 V/277

PV Array Simulation V wye with

galvanic isolation
on DC side

B15 4.16kV
510

VVs 1

DC Bus: 0-1150VDC
I max = +/-2.5 kA

Real Tme Smulator RTDS |

up to
PV Inverter 1 5uw

AC Bus2: 0-048 kV
Imax = 1.8 kA

466/4160V
3.93MVA T10.1
Z=5.6%

Power Grid Simulation

4160/480V
1.5MVA

Z=5.86%  Linear amplifier,
AC Bus1: 0-4.16 kV limited to 350Vdc
I max = 0.433 kA and 10 kW

B14
4.16kV AC Bus
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Power Hardware-in-the-Loop
Simulation Principle

Coupling simulation and hardware

— e — — A PCC /\ Simulated
I PHIL Interface I U RoS
I I PTGy Vmag-sim
FrEmmm————— V4 \ .
I Interface I . !Rest of \ IS — Filter H’
I I Component 1 I I\ System / < \l/_
L = \\ ,’ o} —
$ . S I= - VVS Voltage
I Fommm=lmmn s I % Magnitude
1 PHIL Interface ! 3 _ Controller Reference
i Controls I o Filter
I e A - I Real Time = .
. Simulator RTS
Device Under I I gl T T T T [
Test Controls . g Hardware
I $ I = Currents Voltages
. O
Power L
Power Stage PV [\ Trans-
Stage :)
9 I I Inverter U former ACVVS
. Amplifier .
I I V¥ Device under Test
Controls " o m— o —
Hardware Device-System
Interface
| e 3 i
Software Signals
e I <
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Emulating Solar PV Arrays

100
80 ///\ PHIL-interface on DC-side
P \ » Instantaneous voltage and current
S 60 o
% / ig \\ \
) / // \
§_ 40 I/ \‘\
/ e \\
\ RDTS
20 s \
o T \ | i
L VVS-DC \ Voltage Reference
0o 100 200 300 400 500 Vo' T 1‘ T
250 woltage at inverter (V)
Voc,ws Ve |DcE
U e Rs I
TS ™ Amplifier E
§ 150 \\ DC Rp g
2 -—=-pv \ * PV array | —~
5 N \ . DSW1j=
° 10 vvs-be N characteristic
A - References
50 \ (blue) —> Current measurement(s)
\\ ° Ampllfler Control -3 Voltage measurement(s)
0 Vo: 496V, Is: 197A, Vn: ??50V, In: 1.71A v CharaCteriStiC (I’ed)
0 100 200 300 400 500

woltage at inverter (V)
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Test Setup with Load Bank

Simulation of
PHIL-Setup

Grid Emulation

Monitoring,

Voltage Voltage and current Trend Data Logging, Voltage
Reference Measurements Data capture References
lVDCref T T T 1‘ T T VA Brefl

VDC IDC Ia,b,c Va,b,c VSW’C Iga,b,c
PV Inverter - ~— -
— H-~T1== — ] _alé
= RS I . - A . Q > g_

- _ 8 Switch - I L
2 8 | s e 4 ~_|L_—> S @ |z Amplifier
£y s Mo ]

= g - o

DSWiH - N <
—— L
-3 References p—
= Current measurement(s)
—> Voltage measurement(s) Load bank PC RS-485 Load Bank
Communication configuration R-L-C
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Test Setup for PHIL

RDTS Protection Simulation of Monitoring,
PHIL-Setup Trend Data Logging,
Data capture
Voltage Voltage and current Voltage
Reference Measurements References
Load bank and
lVDCref T T T T T l Feeder Emulation
I 2 e
i Ia,b,c Va,b,c VSW’C Iga,bc
VDC IDC Iabc Vabc : —_—
— - -1 —>
> [ PV nverter ] BE | —~
Rs + e[z | ﬁ1 ~
Amplifier DC L2 : ’ N S I = < i A SW
pc |[RP String 5 < g : —> -~ —
L3 — & I A
- — 1
N < I
PEI=—™ =~ — "= — i
) = 1
I
—2> References 1 Load Bank
—> Current measurement(s) P : R-L-C
—> Voltage measurement(s) ower ! wye RT Model
Interface :
____________ | e
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PHIL Interface Algorithms

Several PHIL interface algorithms available and used:

Reference frame based approaches
 Positive and negative sequence tracking

Instantaneous Ideal Transformer Model (ITM)
e Simple from an implementation standpoint
* Region of stability smaller than compared to DIM

Instantaneous Damping Impedance Method (DIM)
e Current and voltage fed back into Rest-of-System model

Challenges
* Time delays
 Stability and accuracy

CAPS@FSU, May 2015 RTDS UGM




Example Results: Using Load Bank
(baseline)

Capture 331: 8 kW, Qf=1, 2/3 Capture 331: 8 kW, Qf=1, 2/3
500 | 30 L |
103%R¢Ms /‘/\* 103474ms
It .
N Wf Mo/
: i < WA IR A |
8 0 fv 9 0 ) \r\
> _@®
| NN NS
, POV W
a f a
b -20 v “ —b
500 0 2IO 40 60 80 1(I)0 1I20 30 0 20 40 60 80 100 1I20
time (ms) time (ms)
Capture 331: 8 kW, Qf=1, 2/3 Capture 331: 8 kW, Qf=1, 2/3
e i /‘H:W % IFOSRPS SN Wy e ey ,-v\ ¥ 103ims
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200 -JJ 25
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Example Results: Using Load Bank

Capture 331: 8 kW, Qf=1, 2/3

10 |nverter Capture 331: 8 kW, Qf=1, 2/3
1
~ 8 g 0.8
z 2
g 6 g 0.6
g :
g 4 g 0.4
o —
] O
2 S 0.2
0 , 0 LJJW sty fomg sl
0 5 10 15 20 25 0 5 10 15 20 25
harmonic harmonic
. Grid
o Capture 331: 8 kW, Qf=1, 2/3 Capture 331: 8 kW, Qf=1, 2/3
. 2.5
< 03 r 2
z S
5 <
@ = 1.5
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g 2
= | | s !
g 01 3 I
M/MMWAA]M M‘”M o
0 o i i 0 wwwwwmw
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Example Results: RLC with DQ-PHIL

Capture 403: 8 kW, Qf=1, 1/3 Capture 403: 8 kW, Qf=1, 1/3
500 Y il gl"“ﬂ 202 ms = ' i M‘ ' 15;; rznos2 ™
i i EM"M"WWW Ui PW | s WMWMWW i w o
b : ’ 7 l 5 | s
> 0 ’ """ g 0 | [ : m *’P—' """ '
] \fy | oA :
IR AT ; MR ;
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... time(ms) . _ _ , time (ms)
320 ” - - 1 1 65 L, -
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300 Tt 198 e 2 fﬁw
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0 o © 62
§>% 260 :I_ﬁ: 61 ff - 1—
240 60 fmmmmice -
22950 0 50 100 150 200 250 5?50 0 50 100 150 200 250
time (ms) time (ms)
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500

S
)
> 0
8
©
>

Capture 563: 8 kW, Qf=1, ITM, Rwye, 2/10

» |
30 ms 41 ms

\\ 32 ms
m AN oy

——

i

a
b
. c
-500 L T
-40 -20 0 20 40 60
time (ms)
Capture 563: 8 kW, Qf=1, ITM, Rwye, 2/10
500 | e Rttt
/\ 30 ms m@l ms
>c5 0 j P
ref
VVS
-500
-40 -20 0 20 40 60

time (ms)
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Example Results: RLC with ITM-PHIL

30
20 30-ra5-41-ms
OAARAAAAAND
e RN LIAAOLA
A LYY bl
(VAVAVAVAVAVAWA A wlﬁ a
-20 b
C
%0 20 0 20 40 50
time (ms)
0 Capture 563: 8 kW, Qf=1, ITM, Rwye, 2/10
Si) s m@l ms
20
10 LN N
< TN AN
" 0
\j U \ mea (C)
-10 7 \-f U W model
mea (M)
%0 20 0 20 20 60
time (ms)
12
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Timing for RLC Load Bank

Load bank vs. DQ-PHIL

240
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Example Traces:
ITM-PHIL Stability

/
- H
. ;
< ¢
7
6 @ unstable
B marginally
§ 5 ‘ stable
5 )
g 4
o
3 @ | ¢
\ =~
2 7
1 / N
0 B
0 05 1 1.5 2 2.5 3 35 4 45 5
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PHIL Experience and Summary

Power level RLC Load bank: DIM Power level RLC Load Bank: ITM

P (%) b %) » Conditions beyond RLC
o) + o |- Ioad_b_a_nk tested
| | | | |  Flexibility of PHIL a
0 |- 4 0 |-@--@-m———¢ clear benefit
10 _-ir ------ ET ------ % of 10 -0: ————— #----#Qf * Inverters ability to
1 15 2 3 1 15 2 3 detect islands when
using PHIL maintained
RLC-LB and Constant-PQ: ITM Induction motor e Need to get more robust
A e at lower quality factors
o Y /*‘/ o I S— (stability an issue)
| | | | | | | | » Testing will become
R e Il B e more challenging (in
SO O SN S it S . b R Lo number/costs) with new
BT R e——— — ' advanced functions:

PHIL may reduce costs
‘ stable ITM, island not detected (Sy=221kVA)

@ stable ITM (S,=60kVA)
‘ ... Stable . ... unstable [ ... marginally <>stable DIM before turn-off (Sy,=60kVA)
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New test facility at CAPS.

e Four Modular Multi-level
Converters

» Operating modes
« individual (6 kV, 210 A)
 series (24 kV)
» parallel (840 A)
» back-to-back
» Controllable from RTDS

» Application: DC microgrids

CAPS@FSU, May 2015

12.47 kV

A
[ A
MMC MMC
+ +
T T
6 kV, 0.84 kA
T
+ +
MMC MMC
)
MVDC Lab
o
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A Test Application Example

A\
Evaluate Interacting
£ HiL{interface 3 dynamic systems.
MG Hi— S : + Sensitivity of
! 5 § i converters to AC
= = § i supply deviations.
~5 kVac ; DC Load | ! :
eeemceaccaaad HIL|Interface 21 ; * Fast Cha_ng_es In
+ [ ; ; ; power within DC
MMC v ' ' '
i GTG-Rectifier ‘ S : - PCM 2 i SyStem .
'; ] 4 : :
33kv B
MVDC | ab
........ HIL Interface 1 I :
5 8 w7 |
| AC | : i
3..4.16[kV E VVS i ; i Rest of System Simulation
Feomoeooeooees o T9 Black — Physical Equipment
Ut 11 High Bay Green — RTDS Simulation
4'@ Red — HIL Interface Algorithm

4.16 kV
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MVDC Fault Testing

Power electronics provide
new means for fault

handling: N
Controll ntactor
e Controlled currents ontroller Contacto

e Interrupt in micro and (b MM Ié X

milliseconds

Issues
» Fault behavior Example test arrangement:
« Coordination Closing a contactor into a Resistor

CAPS@FSU, May 2015 RTDS UGM 18



MVDC Fault Testing

Logic implemented in RTDS to drop the DC voltage 300ms after closing the contactor.
Fault cleared

Fault applied time
pp (controlslturn—gff) R
03 ) 0.3 )
025 il Controls respond  °* ik
to limit current. POl kil |
0.2
MYidc (NI) MYide (NI)
z MYldc (PHIL) < 0.15 MYidc (PHIL)
< 015 ‘ ME2Y Inp(CHIL) < ME2Y Inp(CHIL)
g g o1
5 o1 g
a 8 005
0.05
0
-0.05 R |
-0.0 0.1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
Time (s) Time (s)
5 H 7 2 H H
MYVdcPU (NI) MYVdcPU (NI
[ | i | | \ MYVdcR(NI) MYVdcR(NI)
af-f -1 MYVdcPU (PHIL) - : MYVdcPU (PHIL) -
MYVdcR(PHIL) DC output ! L MYVdcR(PHIL)
ME2YVpn (CHIL) ME2YVpn(CHIL)
voltage set to 1
z 2.35 kV 2
(4] (]
g g o5
S S
8 6.7 ohm 3
. 0
resistor
0 " -0.5 | !
.03 -0.02 -0.01 0 0.01 0.02 0.03 .03 -0.02 -0.01 0 0.01 0.02 0.03
Time (s) Time (s)
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Arc Fault on DC Contacts with 2” Gap

1 mm gap between thin wire and negative DC Rail. 6
Controller .\ °

+ Thin < 4

"\ MMC L e =

Arc fault setup with 2 inch gap between DC Rails and

Logic implemented in RTDS to step DC voltage from 0 to 5.5kV and back to 0V after 200ms.

Voltage at beginning of fault
condition.

MYVdcPU (PHIL)
MYVdcR(PHIL)

Current during fault conditions.

Current at beginning of fault
conditions.

0.105
Time (s)

Current at end of fault
conditions.

o Mt e VA

MYIdc (PHIL) |7 1

DC current (kA)

DC current (kA)

y

| e

DC current (kA)

025 0.3
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