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ABSTRACT

As distributed generation penetrates the electric power grid at higher
power levels, grid interface issues with distributed generation must be
addressedThe curent power system consists of central power generators,
while the future power system will include mampredistributed resources.
The centralized power generation system is controlled by utility operators,
but many distributed resource&sll not be contolled by utility operators.
Distributed generation must use smart control techniqudsidarreliability
and ideal grid interface.

This thesis discusses the grid interface issue ofislanding.An electric
island occurs when a circuit breaker in #lectric power system trips. The
distributed resource should disconnect from the electric grid for safety

reasons.This thesiswill give an overview of the possible method&ach



method will be analyzed using the ability to d#tender the noiwletection
zone and the economic feasibility of the method.

This thesis proposes two addition cases for analysis that exist in the
electricpower system:he effect of multiplemethods in parallel in the nen
detection zone anthe possibility of a false trip caused layload step.
Multiple methods in parallel are possible because the islanding detection
method is patentable, so each grid if@ee inverter company is likely to
implement a different islanding detectiorethod The load step represents a

load change when a load is switched on.
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1 Introduction

Distributed generatiorior renewable energyosircesis penetrating the
electric power systemue to the rising cost of traditional energy sources and
the environmentally friendly features of renewable enerQyer 60
countries around the world have set targetsdoewable energy supply [1].
The types of renewable energy include solar, wind, hydrogen, biomass,
geothermal, hydropower, aralodiesel. Many of these renewable energy
sources are designed to supply energy into the electric power system.

For renewable energyhe interface between the eggrsource and the
electric grid is power electronicH.the sources are DC sources, fhmver
electronics may be a configuration of a DC/DC conveated a DC/AC
inverter (Fig. 1) or a single DC/AC inverte(Fig. 2). If the source is an AC
source, the powr electronics can be a combination of an AC/DC rectifier, a

DC/DC converter, and a DC/AC inverigtig. 3).
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DC Source + ACGrid
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Fig.1 DC/DC converter with DC/AC inverter cascaded
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Fig.2 DC/AC inverter
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Fig.3 AC/DC rectifier with DC/DC converter and a DC/AC inverter
cascaded
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Each power electronics interface should provide quality power to the
electric grid for the loads. This means the harmonics should be low, the
inverter shouldoe turned off if the voltage or frequency goes out of range,
and the inverter should be able to detect when the centralized generator is no
longer connected; this case is called unintentional islandingsland may
occur for many reasons; such as, a discotmore for servicing, human error,
an act of nature, or one of the circuit breakers in the power system trips as
shown in Fig.4 with distributed generation (DG). Under the island
condition, thedistributed resourceDR) is required to disconnect within 2
seconds according to IEEE 1%2J[3]. A distributed resource should
disconnect from the electric grid for many reasons: to prevent the electric
power grid from reconnecting with the distributed resource out of phase
causing a large spike in voltage danmagihe loads, &ne worker could get
hurt, andthe utility is liable for power lines even when distributed resources
use them to transmit powem the future, the distributed resource may
switch operation to a properly controlled island mode or micragp&tation

when an island s detected 4119].



Loads

DG
Circuit DG
Breaker

DG

Fig.4 Example power system with circuit breakers and DGs

As the distributed generatiopenetration gets higher, many problems
have been identified on how to effectively tralmit from thecentrally
controlled electric power systemEPS to a distributed system with many
electric sources controlled separately. The problem this paper discusses is
the scenario where the EPS is lost anelantric power island is formed.

There aremany methods initerature to detect an island Qi[32)].
Change in frequency, change in voltage, change of impedance, harmonic
injection, reactive power injection, phase shift, frequency jump, voltage
shift, power line carrier communication, and supemyjscontrol and data

acquisition area short list of possible methods. Passive methods detect a



change in the outpub detect the connection of the grilctive methods
inject a disturbanct detect the connection of the gridybrid methods are

a combingéion of both. SCADA methods use communication to detect the
loss of the grid.

Each method has its strengths and weaknesses. Typically methods are
evaluated by three considerations: the-detection zone, cost, ammbwer
quality [33]-[35]. This paper propses two additional considerations: the
antrislanding method should not cause false trips causedrhing on or
off local loads and the method should be able to detect even with multiple
methods in parallel within the nadetection zoneAny method coud
possibly have issues with false trips and not detecting an island when there
are multiple methods in parallel. This thesis suggests these conditions be
considered in the islanding detection design.

Three methods are simulated and tested on a prototype power conditioner
with a DGDC converte36] connected to an invir [37] shownin Fig. 5.

The 120 Vsoutlet is used as the grid.



Fig.5 Prototype circuits used for the experiments

One method is executed on a commercial unit. The method is simulated
and tested using the infortien available on the pant [33. The first case
that can cause a method to be undetectable is thdetention zone. Under
this condition, the load within the island matches the power generated which
means the current from the EPS goes to zero. This condition is found to be
probable in B8]-[39]. The next condition is the parallel inverter cagthin

the nondetection zonghere multiple methods are used in the same island.
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This is possible since there are many different DRs in the mér&ehave
patented their anislanding method Lastly, the antislanding method
should not cause a false triph@nthere is a load step from local loads.
When local loads turn on and off, there is a change in vodagee point of
common couplingAlso, there will be a phase shift in tleeirrent due to the
inductance and capacitance of the ldaching on or off and the control
loops of the distributed resource will have a step response. These factors

should not cause an undesired turn off of the distributed resources.

2 Phase Lock Loop

Each islanding detection method in this thesis uses the phase lock loop as
the foundation for detectin§40]-[45]. Each active method perturbs the
phase lock loop in order to detect an island. While the perturbation is non
ideal, it is necessary to detecetisland.The phase lock loop is used to
synchronize an oscillating waveform with a measured wavefdrie
measured waveform is from thp®int of common coupling of the inverter.
The oscillating waveform is generated by the phase lock [bbe. phase
lock loop is comprised of a voltage controlled oscillator, an integrator, and a
phase detectoA simplified phase lock loop structure is shown in FigE6r
the simplified phase lock loop to operate, the grid measurement must have a
magnitude of one. The matrequation shown in1) is used to get the

7



magnitude of the grid voltage and multiply sin and cosine values for the
phase lock loop to force the phase difference between the measured and
oscillating waveforms.The signal at VY is equivalent to the measudre
waveform (Vig) multiplied by the phase lock loop output(¢hown in (3.

Wh e r;és thd angle of {iq a n dis tifie angle of ¥ The purpose of the

loop is to make the measured waveform equivalent to the reference

waveformo r,eduaj t o d

N sing) K sinlg)
grid m 1 | LPF K +
(fc=20Hz P 3

0 By— Vi
[ H sine,)

<

syn

-Cos(8,)

|

o, =21

Fig.6 Phase Lock Loop

[— cosg, _ sin 9% Vo =V COSK: [ V, =V

Z 0, -S : L~ asd, =6, (1
_Sin 92 / Cowz wl—wvgrid :Vm Smel Vq = 2\/m sin el powzj ' i ( )
1

V, =V, /V, =2cos€, 5inQ, = fnQ +6, ¥sin€Q -0, . (2
If g, =0,+¢ then @) can be rewritten as).

V, =sin@d, + (i sin@ P, = 2760 (3)



The low pass filter (LPF) needs to be designed to significantly ateenua
the 120 hertz signal so only sim) is left which at small values ofn is
equivalent tojust n . After the low pass filter, th&20 hertzterm will be
filtered. The phi term, which is the difference between the two theta terms,
will have a gain (K) and added totheegpc t ed angul g Mhef r eque
gain of K, is chosenfor the maximum bandwidth and a sufficient step
responseT he i ntegr al of t hegiseqaltoPh.dlgeul ar f
integral constant is not necessary for this application.

Ja)odt =ot=0, (4)

A simplified control loop of the phase lock loop is shownHg. 7.
Sisotool in MATLAB is used to design the filter and compensator of the
phase lockdop. The open loopBode plot of the phse lock loop with the

designed filter and compensator is giverrig. 8. The cross over frequency

is 27.8 hertz.
PLL Model for Control Design
LPF 1 pole
(fc=20Hz)
+ Ve 1_
C=Kp

Fig. 7 Simplified Phase Lock Loop



Cipen-Loop Bode Editor for Open Loop 1 (0L 1)

40

20

0F

20k

A0k

Maagnitude (dB)

= M Inf
-G0F Freq: Inf
Stable loop

-50

-90

-135

Prase (deq)

Fr: 356 deg
Freq 27 8 Hz

ek — X e

e ———

P U U N S S S —"

10° 10" 10°
Frequency (Hz)

Fig.8 Phase Lock Loop Bode Plot

The phase lock loop is important to meet the requirement to synchronize

with the grid voltage and it allows smooth transitions between frequency,

phase, and magnitude transients. The fact that the phase lock loop does not

set thefrequency, phase, or magnitude but follows the measured waveform

Is necessary for electric grid connection

The inverter measures the grid voltage for the phase lock loop before an

output filter inductor (k) in the LCL output filteras shown irFig. 9. The

grid line inductance is represented asThe grid will naturally have noise

due to electromagnetic interference, but an additional noise component will

10



be added becaudkere is a difference between the actual grid voltage and

the sensed grid voltageud to the output inductor filteThe experiments

throughout this thesis will have noise in the grid current.

DC -AC
Inverter

Current
Li Sensor Lg L §
/Y YY) o FYY Y [YYY
+ 0
Voltage _ | (. A
© G Grid "\ |

Sensor — T - &-\«},;-J

Fig. 9 LCL filter and sensor locations

3 Passive Method

The passive method uses the over/under voltage and over/under

frequency requirements of the IEEE 1547 (Hif) as the way to detect the

island. The operating voltage range of the inverter is between 88% and

110% of the nominal voltage at the point of common coupling. The

operating frequency range is 59.3 to 60.5 hditzs expected that in the

future a low voltage ride through requirement will be added so the

distributed generation will stay on to during a fault condition. Voltage ride

through is used to prevent a blackout. The conditions outside the voltage and

frequency range must disconnect within the clearing times shown. The

reason for this requirement is that a low voltage conditmund causehe

11



current draw on the loads to increase. A high current could damage the load.

Clearing Time Response to Clearing Time for Distributed
Voltage Resource Less than 30 kW
0 :
0 s
= 5
3 @
“ =
- 3
3 1 o
° 0
O
016 0.16
% 59.3 4%, 605
50 88 "%,110 120 : '?%@»% :
% 6p 59 9
‘))b'%o )6 23
Percent of Nominal Frequency (Hz)
Voltage(V)

Fig.10 IEEE 1547 voltage and frequency requirements

The non detection zone of this islanding detection method is té3ted.
non detection zone is the condition where the current from the grid to the
local loads goess small and the generation fraitme distributed generators
match the local loadS he test setup is shown in Fiifl. The current, 4;q,
will go to zerowhich means the real power from the inverter is equal to the

real power of the resistive load.
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A%

ate

_ 9

Ig'id IoutZ

@
+ +
- I rt
A nverter

Fig. 11 Test setup for islanding tests

This method is t&ed in the notetection zone ifrig. 12. Notice that the
voltage current,and frequency do natoticeablychange when the island is

formed.

LeCroy

.............. 5]t age

50V

100V

i

\“ i v k'lslr;mi:i Condition

Measure P1:rms{C1) PZrms(C4) P3mean(C2) Pd:mean(C3 P5:mean{Math) PE---
value 81.8v 4394 20309V 329 mA /4w
status

100 Vidiv

0.0V offset

Fig. 12. Passive method in éhnonrdetection zone
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This method canndie used becaustewill not meet thaslanding

detection requirements of tiheEE 1547 standard.

4  Anti-Islanding Standard Test Method

The test setup of the islanding detection test used to verify the islanding
detecton method for IEEE 1547 standard compliance is showfign13.
The purpose of this test is to have the current from the grid go to zero. Both
the real power current and the reactive power current must go to zero. The
resistor is chosen to match thelrpawer from the inverter. The inductor
and capacitor is chosen so that the inductive or capacitive output filter of the
inverter will combine with the additional inductor and capaditoresonate
at a 60 hertz frequenc®)(

1

f = =60z (5)
Igr‘id
280uF
[A) . * * — I
Veia = > : 360
l |

1725 . 13mH
(V)

Fig. 13 IEEE 1547 Islandingletectiontest
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Since the uncharged capacitor and inductor act as shorts before the grid is
connected, the current will spike at turn on. This is showrrigy 14.
Precautions shodlbe made to prevent an excessive spike at turn on such as
adding an addition resistor as showririg. 13.

Ig

400
200

-200
-400

Fig. 14 Anti-Islandingtestturn on with L=25.13m, C=280u, R=360 with
9/6 ohm resistor

The test setup uses captars and inductors whiclill have a variation
between the actual value in the experiment and the nominal \2ligeto
this difference there will be an effect on the actual resonanidrexy of the
test. A comparison is done where the capacitance is varied by 1 microfarad

in Fig. 15 to Fig. 16. When the capacitance is increased by 1 microfarad, the

15



reactive current is increased 50 times. To properly set the capacitance, a

variabke capacitor should be used while measuring the grid current.

Ig

0.002

-0.002

400
200

-200
-400

Fig. 15 Anti-Islanding Test Turn on with L=25.13m, C=280u, R=360
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0.1 [
0.05 |-

005 |-
0.1 |

400 [
200 |

200 |
400 |

Fig. 16 Anti-Islanding Test Turn on with L=25.13m, C=281u, R=360

5 Active Frequency Jump Method

The frequency jump method adds an additional frequency to the phase

lock loop (Fig.17). The additional frequency used in this paper is 10 Hz.

v LPF " K Su(¢ Yo" J
rid i
(X0 fe=20Hz| L J ISNGO)

-Cos(8,) —

m@ﬂ‘”f 27(10H2)

Fig. 17 Frequency jump method diagram
This metlod is simulated in PSim to verify detection ability. Fif

17



shows the output voltage and grid current before and after an island is
formed. The grid currens much smaller than the inverter curreat the

simulation is in the nowletection nne.

20 AN N N N NI AN N AN
0 N0 WO /0 WY A WY A WA 20 WA WA A0 WY 2 WY AL VAR A0 VN A0 WO A VAW 0 WO 20 WY A
LA N O A W A A W A W AN N A O AL W A Y A A O L A WY A
o0 VIV N N N N (VAR V)
Vgate
0.8
0.4
0
Vo
200 NN A D A
0 (AN AN AWAWAW AN AWAN L WANAWANAWAYWAR
200 (WY Y RV ERYERAVAYAYREVIAYRAYRYATRYRAYRY
VOV VN Y YV TN Y W A"
Igrid
4 N, N s N A U s U 2 |
o MAINCNCINN
NSNS NN
s VOV OV NV
0.4 0.45 05 0.55 06 0.65

Time (s)

Fig. 18 Grid current and output voltage before island forms

After the island forms (Fig2l), the frequency jumps to 67 Hz. Over time
the frequency will go up to 70 Hz. This method is detectable in the non

detection zone

18



The experimental results in Fig®-21 match the simulation results.

Inverter Current
|;Hlllls;l| ’ “]“llll”“ l]ill‘“l”“n,'l ‘ll I LeCroy

".MMM.M i
il """vwv Il P ” Wu il M “"f F

Yy H\ ) U \H \
!v!!l Y!\l”” ‘ ””]”“”H” ,|]H, ‘ llJl \Hli! Y

100 ms

100V

A1 i I MH

~—

"‘Mw""‘""‘

::

r—

Grid Voltage .
Grid Current

LS Island Condition

i
Measwre P1:rms(C1) P2:rms(C3) P3:rms(C4) P4:freq(C1) P6:freq(C3)
oo 11

Fig. 19 Before and after islanding condition
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verter Current LeCroy

TT | :.A. |

Currentto | / \ / \
Resistor
4
T Grid Voltage 10 ms
Grid Current _>
4
c i

A
P2rms(C3) P3rms(C4) P4:freq(C1) P5:freq(C4)
454mA 1182A 59.99808 Hz 60,04936 Hz
v v

2.00 Afdiy
4.000 Aoffset

LeCroy

Inverter ﬂCurrent

Grid Voltage
20 ms
—_—
Grid Current
[y

Measure P1rms(C1) P2rms(C3) P3rms(C4) P4:freq(C1) PS:freq(C4) PB:freq(C3)
value 107V 184 mA 1081 A 677149 Hz 67 8563 Hz 342479 Hz
status v v A

Fig. 21 After islanding condition
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6 Harmonic Injection Method

The harmonic injection method perturbs the phase lock loop with a sine
wave in addition to theriginal theta value [31 The new phase lock loop
output () is now €) when V0 s ma giswnity. u d e

~

V, =sin@, + Ksin@, _= (6)
sin@, ¢osK sin@, ¥ cos@, Sin€ sing, _

If K is small, the cosine term will go to 1 and the sine term will go to K
making this method similar to a second harmonic injection. The new phase

lock loop is shown in Fig22.

v, 0,=6,+Ksin(6))
B PR U J
grid LPF /M + in(6..
_®— (fc=20Hz % }r I Sin(Ea)
.
0. =2 | ksin@,) | 128l [~

SetK so
Islanding can
be detected

Fig. 22 Harmonic injection phase lock loop

The simulation result is shown in Fig23. The inverter current

continuously injects a harmonic which is poor power qualitge grid

currentis a 120 hertz sine wave becatise load currentnu s t foll ow Ohr

21



law. When the inverter current and the grid current are added together, the

loadcurreni s si xty hertz following Ohmbés |

iout2
2 - ! ! 1 E !
0 B e I T N L L D N L A N T A A A A
20 M M MV NV VOV VNV VNV

08 |-
04 |-

400 — : : ; : ;
200 FEEE b TECEUE B TECPOE 5 TRRPEY 5 PREEERY £ FEEPERY 5 TERUEEY 5 "CRPRRY o 'EEEPRY St SERRPRY b 'REFERCYS CEPERDY 4 FECSCEY 4 (FPRPRLY A PEFRRRY A CUFERDY 5 [EPPPRNY & SPRRS

-200

Fig. 23 Harmonic injection simulation

The experimental resgltverify the harmonic isioticeable in the output
voltagefor the single inverter case (Fig&-26). The inverter antislanding
disconnect time can be adjusfed anytime less than 2 seconds. In this case,

the inverter stays connected ¢mr than the plot shows.

22



R R R RSy
R A

i Inverter Current
Grid Voltage

" ' \ f I 'Grid Current
2A v
= _

N

2A

——>

Island Condition;

50 ms
A
Measure P1:rms(C1) P2rms(C3) P3:rms(C4) P4:freq(C1) P5:freq(C4) PB:freg(C3)
value 1066V 323 ma 10424 54.3808 Hz 54.0573 Hz 119.559 Hz
status v v v v

[
100 Viciv | 2.00 Addiv 2.00 Afdiv
200.0 V offset}| -4.000 A ofst 4.000 A offset

Fig. 24 Harmonic injection before and after islanding condition

250 kS

Grid Voltage 10 ms;
' Grid Current

Measure P1rms(C1) P2rms(C3) P3rms(C4) P4:treq(C1) PS:freq(C4) PB:freq(C3)
value 12217V 811 mA 12684 60.06439 Hz 6031218 Hz 1361779 Hz
status v v v v
100 Vidiy | D 2,00 Aldy 2,00 Aldiv
2000 Voffset 4.000 Aoffset

250 kS

Fig. 25 Before islanding condition
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ARy \ o VR R
GridVoItaﬂge —>
Tm Grid Current

Measure P1:rms(C1) P2:rms(C3) P3:rms(C4) P4:freg(C1) PS:freq(C4) P6:freg(C3)
value 2mA 11854 54.4307 Hz 1546554 Hz
v v v

status

Fig. 26 After islanding condition
7 EnphaseMethod

A commercial inverter anislanding methods studied using its patent
[32]. The Enphase micrmverter uses a phase shift islanding detection
method. The Enphase will phase shift every 0.5 seconds for a full cycle (Fig.
27). Instead of relying o a voltage change to detect an island, this method
uses the fact that the phase lock loop error will be different when there is an
island compared to when there is not an island. The signsint) is
considered the error signal since it should be equal to O if the measured

signal and the phase lock loop output are the same.
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Fig. 27 Enphase method phase lock loop
The Enphase method is simulated floe grid comected caséFig. 28).

The Enphase error will increase an equal amount once the phase shift starts
as it decreases after the phase shift is over. Notice that,Dredt&W error is

in the range of 0.02.
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Fig. 28 Enphase method before islanding condition
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After the islanding condition (Fig.9), the error signal will decrease but
will not increase above the steady state value. Which means the average
value will not be 0 taken from the steady state offset value. The change the
error makes is about 1 which is a vergall value considering the gain Is

300.
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Fig. 29 Enphase method after islanding condition

Enphase will turn off at the zero crossing following the islanding
condition. This is verified by repeating the experiment mamesi in the
single inverter case Fig0. Switching at different times in the waveform
still causes the inverter to detect at the next zero crossing. The islanding
detection presented in the patent suggests that the islanding condition will
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only be detected after the phase shift injection. Tests show this is not the
case. It is noticed in Fig0 there is a phase shift after the island is formed
causing the frequency between peaks to be 57.8Hz. Which means the
Enphase method also detects a plss and switches off at the next zero
crossing.

The phase shift is caused by the output capacitor of the Enphase
Enphase is controlled after the capacitor tosjat® a power factor of 1 at the
output; but, the capacitive reactive power is noticeable in the EPS current
when the power output matches the local load. These tests were conducted
with an 80W load and the supply current is adjusted so the power out is
equal to 80W.

Another problem is that the EPS could come back within 2 seconds but
the Enphase unit has already disconnected. If the inverter stayed connected
for up to 2 seconds, the inverter could provide ride through support to the
EPS. DRs that are mosensitive in disconnecting maause problems to the

EPS This is a way this method could be improved.
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Fig. 30 Enphase different islanding point with frequency measurement

8 Multiple Methods In Parallel

As more DRs are used,is likely multiple methods Mlibe in parallel in
an island so it is necessary to study how multiple methods operate in parallel
[46]-[48]. It is possible to patent the islanding detection method which
means each company is likely to use a different owktfor islanding
detection. Two different methods are tested in parallel at the same power
level and different power level$he frequency jump method and harmonic
injection method are simulateshd testedn parallel using the configuration

shown in Fig.31.
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Fig. 31 Parallel inverters with different islanding detection methods

8.1 Frequency Jump and Harmonic Injection in Parallel at Different
Power Levels

This case considers the scenario where the frequency jump methed is at
much lower power level than the harmonic injection method. fidguéncy
jump method has an 11 amppak while the haronic injection method has a
34 amppeak (Fig.32). In this case, the frequency stays closé@daHz. The
frequency jump methodoes no affect the outpuvoltage enough to detect
an island. Under this condition, firshe harmonic injection methodill
discanect then the frequency jump method can defBwe effect of the
inverter current on the output voltage during the island comdit@n be
related by 7), where Z is the impedance of the local lolsdthe case where
there are multiple units in parallel in the rdetection zone, the current
from each inverter will be lower to get the same voltage as the single

inverter test that iscurrently considered in the IEEE 1547 standard.
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Islanding detection methods measure the effect on the voltage from a
perturbation from the current. When the current is less, the effect on the

voltage will be less in the nettetection zone with multiple its in parallel.

V=IZ (7)
lout2 Frequency Jump Method 11 amp peak
20 |
10
0
-10
iout3 Harmonic Injection Method 34 amp peak
40
2
0
20
40 |
Kpdua2 The KpAw term still behaves the same

-40
-80
420 & Island Condition

Vo Vo frequency still equals 60Hz

400

-400 |

02 022 0.24 0.26 028 03 032 0.34 0.36 0.38 04
Time (s)

Fig. 32 Frequency jump and harmonic injection method at different
power levels

Figs. 33-35 show the experimental results for multiple methods in
parallel. Notie that the frequency increases to only 63.5 hertz when the
single frequency jump inverter caused the frequency to jump to 67.8 hertz.

The frequency jump is 3.5 hertz as opposed to 7.8 hertz. The jump is
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approximatelyhalf which is expectedince thecurrert of the frequency

jump method is half.
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Fig. 33 Two methods in parallel at different power levels
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8.2 Frequency Jump and Harmonic Injection in Parallel at Equal
Power Levels

When the two metbds are in parallel at equal power levels, thtage
output will also have #ess noticeable variation when the island condition
occurs (Fig.36-39). When both inverters output equal power levels, one
islanding method is no longer dominaiihis meansachmethodshould
have a low enough threshold to disconnect in this conditiwmtice the
output voltage in the islanding condition jumps to 64.2 hertz. This is a
frequency jump of 4.2 hertz which is about half of the 7.8 hertz of the single
inverter test Each method should be sensitive enough to detect under this
likely electric grid condition but should not be sensitive enough to cause a

false detection.
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Fig. 36 Two methods in parallel at equal power

The experimental redslin Figs. 37-39 show before and after an island is
formed in the case with multiple methods in paralléle frequency only
increases to 63.6 hertz in this case. The islanding method is more difficult to

detect when there are multiple methods in parallel
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Fig. 37 Two methods in parallel at equal power
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Fig. 39 Two methods in parallefter islanding

8.3 Enphase Method in Parallel with Passive Method
The Enphase method is simulated in parallel with the passive method

(Fig. 40). Notice the KpDeltaW signal or error signal was oscillating until
0.49. From above, this method requires accuracybtmta0.02. Using the
error signal to detect an island, allows the power quality to be higher and the
voltage is hardly affected. This method must require extremely accurate

measurements.
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Fig. 40 Enphase in parallel with pags method

The Enphase will stay connected longer in the parallel condition (Fig.
41). The parallel condition is much more difficult to detect and represents a

likely grid condition.
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9 Load Step

The load stepsi setup where the Enphase output is in parallel with a 300
q (160 W) | oad and the EPS. The EPS ¢
outlet connected to a 208, to 240 Vs transformer. There is a switch
connected to a 6 d2).(e.bddsHHaw)he 2481 st or
waveform across theniThe load step represents an increase in the grid

current while the inverter output current stays the same.
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Fig. 42 Load step test setup

The load step will cause more current to eoltom the EPS which will
cause the voltage dragcross the line impedante be higherThis causes
the voltage at the inverter trop. The voltage drops from the nominal
voltageto 91%93% of nominal voltageThis is above the 88% lower nady
of the voltage which means the inverter should stay on according to the
IEEE 1547 standard. This test was repeated a few times and the result shown
in Figs. 4344 only happens if the switch occurs near the zero crossing.
Since this has the poteailtiof shutting off when the loads actually need more
power demonstrates this could cause a significant prolfethe voltage
continues to drop, circuit breakers on the electric grid may need to

disconnect causing a blackout in the grid.
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Fig. 44 Load step results

The load step effects the frequency measurernethe phase lock loop.

Fig. 45 shows a 14 ohm resistor has a load step where an additional 29 ohm
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resstor goes in parallel with it. The frequency obeas less than 0.1 rad/s.
Fig. 46 shows a 14 ohm load that goes in parallel with a 7 ohm load. This
load step has a large change in thage lock loop frequencirhis shows

that if the phase lock loop frequency is used to measure frequency for an
antrislanding method, the frequency measurement has the possibility of

going out of range even though there is not an island.

Fig. 45 Phase Lock Loop Load St&wmulation
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Fig.46 Phase Lock Loopligh Power_oad Step Simulation

A load step willcause a phase shift and magnitude jump in the grid
current The load step is fro50 ohm to 15 ohm in parallel wita500uF
capacitor(Fig. 47) The voltage source is a 208rms volt source and the
current sourcés a 15 amp source. The results showhig 48 illustrate the
transient response. This condition is likely to occur on the power grid and

should be considered in the design in islanding detection methods.
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Fig. 48 Current phase change at load step

10 Power Line Communications
Power line communications are often discussed for islanding detection

[49]. The problem with this method is that power lines aa &k inductor
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and capacitor to filter the communication signal. The transfer function of the

filter is shown in §) where Ris the load resistance.

T-__8 (8)
CLRs +Ls+R

The capacitance dnnductance of the line is usually characterized to be
1 mH/km and 8 nF/km but can vary by temperature, wire size, distance
between sending and receiving lines, and other variables. This transfer
function does not take into account the many step up a@ ddwn
transformers in the EPS. TiB®de plot of 1 km and 10 km lines are shown
in Fig. 49. This does not include transformeductances which aiéely to

attenuate any power line communication sigeaken more.
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Fig. 49 Transmission lindode plot

The transmission line is simulated at 56 kbits/sec to show that the
communication signal will be attenuated significantly; as shown inggg.
where Vout is the signal down the lifiRepeaters may be used to extend the

distance of the communication signal, but these are likely to be expensive.
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Fig. 50 Power line communications before 1 km and after 1 km
transmission line

11 SCADA

The future power system will include more monitoring and
communicabn to provide better reliability and monitor DR<She
communication requires proper security and a large investment to deploy.
The communications are still likely to fail sometimesheTislanding
detection methods discussed in this paper will still beesgary in the
condition where communication is lost between the DR and the EPS

operator.
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