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Grid-Tied Solar PV in Singapore
- A PQ perspective
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Towards Better Power Quality & Reliability
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My Brief PQ Intro

* Have been doing PQ measurement/analysis for over 16 years now
(and still do).

* Got to know more PQ portables (beyond just Fluke & Hioki) when |
joined the Utility (SP PowerGrid) as a PQ engineer in 2009.
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e Solar PV in Singapore Today
* DC Injection
* Localized Overvoltage Issues

Min: 144 Wim?
® Max:1237 Wim*

* Harmonics from Inverters z

e Case Study — ‘Loud humming’ sound from Solar PV
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Solar PV in Singapore Today

SOLAR PV SNAPSHOT

TopSiories LatestNews Asia EstAsia  Singopore  Commentary Susicinabilty  CNAnsider Uifestls Waich Listen +AlSections & B Q

cna

OF SINGAPORE

Singapore

4Q 2023

Landed homes powered by sunshine: More

owners CGPI"‘OIISG on solar pcmels as prices d'P ' Installed capacity i 'Top Contributors based on Installed
A competitive market, coupled with falling prices of solar panels, mean homeowners are now 1,170 MWp (5.4% growth Capacity T :
spoilt for choice. 1200 e

ABC:s of pc

o from 3Q) in 4Q 2023

non

q‘ 760.7 MWp ﬁm 288.5 MWp
(65.0%) (24.7%)

rvices

e

j‘ Eugene Chow
ﬁ Nadirah Zaidi

'Top Contributors based on Number
of Solar Installatlons

Installed Capacity (MWp)

Town Cou
a Darrelle Ng hELT :
Commo VICES
. B 3653 = 3311
) installations installations
@00 0 DO (42.9%) (38.8%)
' Planned Installations ' Energy Storage Systems
of installed of installed ESS

Additional capacity capacity has been
- ~173.5 MWP expected by 205.4 MW turned on as of
Listen fo this article
® = 20Q 2024. 4Q 2023.

SINGAPORE: When homeowner Marcus Phuah made the switch to a BMW i5

Related Topics e~
electric vehicle recently, he was concerned he would have to fork out more to
power it. i Karpoter ENERGY

Sngapers Green Pian 2030 MARKET
So, he installed a full suite of solar panels on the roof of his landed property last AUTHORITY

th t 1 ;
month to harness the sun's energy. FasT ) Our Clean Energy Future

Source: Channel News Asia Source: Energy Market Authority Singapore
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Common |Inverter Brands in Singapore
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Then (1P 7kW LF inverter) Now (3P 115kW transformerless inverter)
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Common |Inverter Brands in Singapore

Inverter Brands

- Eltek Valere: 0.1% V| | Ny
T £0.7% f )SITO £
ungrow REFN RY “
.. Fronius: 1.3% '@ *INIC : i—.-‘
~_ v -~ ! : =

Map of Systems

" Power-One: 1.4 %

SMA: 31.3 % ot
. "Here you will find relevant info n about the solar photovoltaic scene in the country, including:
\SOI is: 2.4% systems description, metearological information, solar industry contacts and much more. == @
. il E
+0Other: 4.6 % Bea mmmmmm — TTT
f ABB: 9.6 %
LCOE Calculator
e SolarEdge: 20.4 % installed Solar PY Capaciy as at 03 2023 67.0% of 2025 PV target 1 006
I wip

Singapore's goal is to install 1.5 GWp (or 1.500 MWp)
by 2025 and at least 2 GWp (or 2.000 MWp) of solar PV’

capacity by 2030.

Huawei: 28.3 %

Source: National Solar Repository of Singapore
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Private Housing (Landed homes)

Source: Rezeca Renewables
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Solar Farms
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e Solar PV in Singapore Today
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* DC Injection

3
O

* Localized Overvoltage Issues

* Harmonics from Inverters
e Case Study — ‘Loud humming’ sound from Solar PV
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DC Injection

* Inverter converts DC output power from PV panels and converting
into AC power

* Possibility of a DC component will appear and flow into the Grid has
to be considered

MAIN TYPES OF INVERTER TOPOLOGIES SOME KNOWN EFFECTS

A low frequency transformer is implementad 2 ] Known Effects of DC
# \ & 3 of DC Injection
Low quuency Transformer between the DC-AC converer of the inverter :I':/‘\"\
2 o Lo H—% " * Cause offsetin AC voltage
and grid connection. [P 1\ J‘|;1 Fiat 18 megrate g carnd -
LY L P L. oS * Cause transformer saturation
= A high frequency transformer is implementec z,ﬂ};\f/ﬁ' * Saturation then results in the injection of
High Frequency Transformer othe DG cige of the actial FvGHEr DS | ‘\‘_,-" harmanic currents into the systam
_— | (transformer becomes a significant
voitage is firstly o rted into a high-freq ¥ ol Hivwinge Pegpwiong cummel harmanic source)

alternating voltage. This aitemating voltage o *Increase heating of magnetic components

;E‘

W) —-— *Audible naise
from the secondary side of the transfarmer is ¢f._._——-——

i

w

GRID-TIED PV IN SINGAPORE *Reactive power demand

- POWER QUALITY ASPECTS & ITS CHALLENGES then again rectified and converted by the DC-
AC converter into a 50/60Hz voltage.

T P | No transformer used. DC-AC converter is F- 3. Bifect of il B
ransiormeriess . 1§ &, Edlect of direct eurrent on Leanslormer satura
connectsd to the. grid without' any. galvanic tion and relation between flux and magnetizing

isolation: current,

powerquality.sg

From PQSynergy 2016 presentation
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DC Injection

In the early days, where transformerless
inverter(s) were used, the only way to meet
the connection requirement was to use an
isolation transformer

LOCATED AT THE ROOF LEVEL

FROM TRANSFORMER
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DC Injection

* Impact(s) on the distribution transformer is still largely unknown

* Allowable values increased over the years in view of larger
transformerless inverter(s) being introduced to the market

e Still technically challenging to measure DC in the presence of large AC

11 Power Quality

. Voltage at PCC [kV)
1] Power Quality
Voltage at PCC (V) 0.23/04 6.6/22 66 230 / 400
023/04 66 /22 66 230 / 400 Total harmonic voltage distortion, Vrxo <5% <4% <3% <15%
T <5% <4% <3% <15% Harmonics | Individual harmonic voltage (odd) <4% <3% < 2% <1%
Harmonics | <4% <3% <2% <1% = % < 2% <1% <0.5%

voltage [even] < 2% <1% <0.5%

Max DC injection per phase [normal] <20 mA
<0.5% of

Max DC injection per phase {abnormal] inverter rating

cap at 100mA

inverter rated
output curren

Max DC injection per phase DC injection is deprecated
DC injection is deprecated DC Injection

ion

= all submit technical justification in theR@eBmpliance report far consideration, if the PV system The LEW shall subricTe atrstification in the PQ compliance report for consideration, if the DER
DC injection at the PLC gevigies Trom this requirement. system DC injection at the PCC deviates from this requirement.
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Typical Inverter DC Injection Test Values (then)

e 12kW 3-phase e 25kW 3-phase

DC injection DC injection
P/Pn [%] P/Pn [%]
10 55 100 10 33 100
Limit 0,25%In | 0,25%In | 0,25% In Limnit 0,25%In | 0.25%In | 0,25%In
MV 0006 A | 0002 A | 0,008 A MV 0,00953 A| 002171 A |0,02431 A
%lnom 0,04% 0,05% 0,05% Yelnom 0,03% 0,06% 0,07%
Verification f e o Verification af of of
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Typical Inverter DC Injection Test Values (now

0
=
o
)
(
e 25kW 3-phase * 100kW 3-phase
Q
Q
e
A.7.1.4.4 DC injection P Q
wy
Table: Power Quality. DC injection P L1 phase 8
Test level power 10% 55% 100% “1:
Hace! Atis, Max, DG 170 170 57 '
Test power 10 S 4095 ,(Amﬁ/) f rated :]—J
s % of rate ; =
level L1 L2 L3 L1 L2 L3 L1 L2 L3 AC curtent B i i =
Abs, Ave, DC 79 66 11
Recorded (mA)
: 0.071 0.061 0.015 0.067 0.063 0.017 0.046 0.080 0.035 As % of rated N N o
value in Amps AC curent 0,055% 0,045% 0,008%
aseofrated | 197 | 0169 | 0.042 | 0186 | 0175 | 0047 | 0127 | 0222 | 0.097 Lirit 0.25% 0.25% 0.25% - )
AC current L2 phase
Limit 0.25% 0.25% 0.25% Test level power 10% 55% 100% >
5 . Abs, Max, DC
Supplementary information: N/A (mA) 200 210 65 —
ﬁgnﬁu‘r’: e’:‘lte‘j 0,138% 0,145% 0,045% pi—
f‘mbi)‘\“e‘ Be 109 106 13 O
e 0,075% 0,073% 0,009% D
Limit 0,25% 0,25% 0.25%
L3 phase
Test level power 10% 55% 100% U
'(“mbf\')Ma"' B 120 130 79 -
ﬁénﬁg e’s‘lted 0,083% 0,090% 0,055% GJ
’(L\mbi)’t“’e' oG 39 36 31
Paydmed 0,027% 0,025% 0,022%
Limit 0,25% 0,25% 0,25% O




Outline

e Solar PV in Singapore Today

* DC Injection

* Localized Overvoltage Issues

* Harmonics from Inverters

e Case Study — ‘Loud humming’ sound from Solar PV
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Localized Overvoltage Issues

* In recent times, there have been noticeable complaints of solar
inverters tripping due to ‘Overvoltage’.

* Typically, in private landed housing estates.
* Between 12pm and 2pm

2] Protection 253 <V <276
Abnormal Voltage Range (% of nominal voltage)
V<50 50<V<88 110<V<120
Minimum Holding ~06 ‘ 520 ‘ >10

Time [s] - requirement

" Maximum Tripping
Time [s] - requirement

Abnormal <16 <30 <20
Voltage
Response The DER generating unit shall be capable of disconnecting from the transmission system if under or over
voltage is detected at the connected person’s incoming switchboard or at the generating unit terminal.

Depending on the abnormal voltage range, the generating unit shall remain in operation for a minimum

holding time and disconnect before the maximum tripping time as specified above.
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Typical Public LV Network (Today)

22kV/433V D-Y 1 or 1.5MVA

Transformer at @ @

Tap Position 2
Substation LV Boards

Standard SG LV Voltage
+/- 6% of 230V (216.2V to 243.8V)
+/- 6% of 400V (376V to 424V)

Customers Service cable to
gate pillar

Service cable to

“gate pillar

\

Network Cut Overground Box

powerq UO “TY.SQ the ABCs of power quality in Singapore




Potential Overvoltage?

Potential Overvoltage Issues

250.0
2415 T

2450

2425

Vols

2400

2375

2350

H—el

2325

—— A Vs (maxEvpmn

2500

24915 4

2450

Volts

2425

2400

2315

2350

2450

2425

2400

Volts

2315

2350

2325

T T T T T T T
12:30 1240 12:50 13:00 1310 1220 13:30

2413 | 2472 | 2472

Avg | 95% 99%)

2420 | 2454 | 245.4,
2402 | 2432 r

T
13:40

T
13:50

Standard SG LV Voltage
+/- 6% of 230V (216.2V to 243.8V)
+/- 6% of 400V (376V to 424V)
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Q
* DC Injection G
- g
* Localized Overvoltage Issues <
) <
* Harmonics from Inverters O)
* Case Study — ‘Loud humming’ sound from Solar PV 1
ase Stu Y — LOU umming soun Fom >olar >
-
0 w—
A.7.1.4.1 Harmonic Current Emissions P A71.4:1 Hafmonic Curtent Exiissions P O
: Generating Unit tested to BS EN 61000-3-12 D
Teséireer\s;rl:t-ing Unit rating per phase (rpp) Harmonic % Generating Unit tested to BS EN 61000-3-12 U
At 100%% of rated output TESt result:
Harmonic Measured Value (MV) in Amps Measured Value (MV) in % Limitin BS EN61000- 47th 0,171 0,131 0,101 0,118 0,090 0,070 —
o 5 5 X 5 5 12 infl 48th 0,052 0.050 0.048 0,036 0,035 0.033 q)
st 144,96 | 144,812 | 145,143 | 100,022 | 99,921 | 100,148 = 49th 0,305 0,261 0,258 0.211 0.180 0,178
2nd 0063 | 0130 | 0412 | 0068 | 0080 | 0077 i 50th 0,059 0.057 0,055 0,041 0,039 0,038 -
. O i ; THD = = = | 0797 [ 0799 | 0768 130 3
5th 0,363 0,323 0,439 0,25 0,223 0,303 4 O
6th 0,053 0,043 0,042 0,036 0,029 0,029 1
7l 0,230 0,120 0,122 0,15 0,083 0,084 4
8th 0,030 0,032 0,035 0,02 0,022 0,024 1
9th 0,044 0,125 0,127 0.030 0.086 0,088 4 Q




Harmonics from Inverters

e 3 cases from Solar Farms

* Generally, these are meant for ‘temporary usage’ till the empty
land is marked for development

* Unmanned locations with minimal on-site loads
* Intake voltage from Grid = 22kV

* Inverters AC output at 400V or 800V
e D-Y transformers (LV to 22kV)

 PQ were done at 22kV as part of
Utility’s compliance requirements
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Location A

* 5.30MWp / 4.65MWac

e 2 x 22kV Intake from Utility

* Background voltage harmonics: Low <2%
* Measurements at Utility intake — 22kV

* 50kWac inverter (AC output at 400V)

e 2350kWac (47 nos) — Customer Service 1
e 2300kWac (46 nos) — Customer Service 2
* 2 nos of 22kV / LV 2.5MVA transformers
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Location A

22KV Customer Service 1 (47 x 50kWac inverters)
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— a8V — B VTnd (maxiavg) — s
20
15 r
[ J |
" | | f |
i " f M
0 0
h
—— ATha (maxiavg) — B s (mawiavg) — C Mo (maavg)
3 rl]S:'Zm 9 01 FDS‘/Z[N 9 021’06.4'201 9 UE/OG‘/ZDW 9 ﬂ4f06‘ﬂ2m‘i UE/DG‘/ZO‘W 064‘06‘#2019
Friday Saturday Sunday Monday Tuesday ‘Wednesday Thursday
HDPQ1 TE CS1 | Min Max | Avg 95% 99%
TOTP(kW) -2112 | 5547 | -2018 | 2759 | 4108
A-BVThd .6988 | 1.215 | 0.9142 | 1.085 | 1.141
B-CVThd .5862 | 1.150 | 0.8073 | 0.9638 | 1.028
C-AVThd 6266 | 1.197 | 0.8607 | 1067 | 1.142
AlThd 1257 12013 | 04573 | 1.693 | 1860 H
Brrnd o b e ooy ITHD% - scaled to aggregated rated inverter AC output
CiThd 1054 2,028 | 04466 | 1.701 | 1876




Volts

Amps

Amps

Location A

Snapshot Waveforms - CS1
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Location A
AV
i
|

22KV Customer Service 2 (46 x 50kWac inverters)
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\ | Ll Rl
“memﬁaﬂw WLJﬁﬁﬁ M

0.0
AT fmaieve) — B Thd (meiavs) — G ITrd {raiovg
T T T T T T T
31105/2019 01/06/2019 02/0612019 03/06/2018 04/06/2019 05/06/2019 06/06/2019
Friday Saturday Sunday Monday Tuesday Wednesday Thursday
Min Max | Avg 95% 99%
TOTP(kW) | -2136 7.220(-2925 | 3786 | 5561
A-BVThd | 06988 | 1.216)|0.9143 | 1.086 | 1.141
B-CVThd | 0.5852 | 1107 | 0.8065 | 09632 | 1028
C-AVThd | 0.6256 .196 | 0.8596 | 1.067 41
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AlThd 01114 101 )| 04675 | 1.671 | 1.924

1

i

BIThe [ 009347 2 126 [0 4467 | 1627 | 150 ITHD% - scaled to aggregated rated inverter AC output

CIThd 008946 | 2104 | 0.4488 | 1.606 | 1.925




Volts

Amps

Location A

Snapshot Waveforms - €S2
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Location B

* 1.48MWp / 1.20MWac

e 1 x 22kV Intake from Utility

* Measurements at Utility intake — 22kV

* 1 nos of 22kV / LV 1.5MVA transformer

e 100kWac inverter (AC output at 400V) — 12 nos
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Measurement period 24/2/2022 2:40:00 PM - 3/3/2022 3:09:00 PM
Display period 24/2/2022 2:39:00 PM - 3/3/2022 3:09:55 PM
Trend interval 1min

TDD% - IL= aggregated rated inverter AC output

Times Measured values frverage dsésp.a‘jt?;ﬁ i 95K q0K
2 307 (1/3/2022 1432000 |
U12 thd-f AVG [¥] IUHU. 1,95 (28/2/2022 0420003 238 ] 027 i 206 I 284 I 294
2 214 (17372022 14:3200.0)
° U238 thd-f AVG [#] IUHU. 000 (38249098 0REE00 1) 2.43. 0.26 2.12 248 a.00
. | 3.18 (1/3/2022 14:32000) |
O( :; ] | I O n US1 tha-F ALG [4] w10 S e 246 | 028 AEIE T 205
Times Measured valuss Average dsésradt?;g % 95K a0%
187 (2/3/2022 1257000
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Location C

* 16.19MWp / 13.32MWac

e 2 x 22kV Intake from Utility

* Measurements at Utility intake — 22kV

e 185kWac inverter (AC output at 800V)

» 8880kWac (48 nos) — Customer Service 1
e 4440kWac (24 nos) — Customer Service 2
* 3 nos of 22kV / LV 6MVA transformers
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L t . C
Customer Service 1 (48 x 185kWac inverters)
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AlThd 07659 | 1459 | 0.4456 | 09751
BIThd 005785 | 1462 | 04745 | 1012 | 1105
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L t . C
22KV Customer Service 2 (24 x 185kWac inverters)
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Snapshot Waveforms - CS2
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Singapt

Solar Farm Harmonics Summary (CP95)

Location | ITHD (%) Significant |h VTHD (%)
Limit = 4%
1.7

udlity in

erdg
1

0
)

A (CS1) 1.7 5,7,11

A(CS2)  1.63 5,7,11 1.6
B 0.88 5,7,11 2.9

c(cs1)  1.01 7,11,13 3.5

C(CS2)  1.04 7,11,13 3.5
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Outline

e Solar PV in Singapore Today

* DC Injection

* Localized Overvoltage Issues

* Harmonics from Inverters

e Case Study — ‘Loud humming’ sound from Solar PV
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The Problem

* Complaints from building occupants of significant humming noises
* Typically occurred between 11am and 2pm

* On-site personnel traced the noises to set of AC cables between the
electrical switchroom and the rooftop PV AC-DB

* It was suggested there could be harmonics issues
on hand, thus we were called in to

. : YV ™
monitor the harmonics level :
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3 sets of 4 x 500sqgmm XLPE/PVC
1C on cable ladder w cover — on

A

i i
Building Rooftop exterior walls of building

3 sets of 4 x 500sgmm
XLPE/PVC 1C on cable ladder
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The PV System

* 1.35MWp / 1.116kWac

e 18 nos of 60kWac + 1 no 36kWac inverters

* Connected downstream of a 3MVA 22kV/LV D-Y transformer
* PQ measurements done at LV MSB-Extension

AC COMBINER BOX 19 IN 01 OUT -WEATHER PROOF M{I GRID SUPPLY INDICATING LIGHT
LOCATED AT ROOF TOP- RC ROOF 1112 L
N gt sl S8 XS0 sy KLPEC
112 13
EFR Selting: 924 use:
75A at 0.3 Sec Y SEn G
OC Setting:
S04 a (NEW AC MSB AT SWITCH ROOM GROUND FLOOR)
U 12 1
GRID SUPPLY INDICATING LIGHT
4P 50004 COPPER BUS BAR

EFR Setting: —

90A at 0.8 Sec ey

OC Setting:

o,
EXISTING MSB AT IST STORY 100%. 021
LV CONSUMER ROOM
TF- TF. TF-3 TE- ™
TF-2- SMVA22KVA433V TF-4- VAIKV/43:
'Q‘ 2 OLL TYPE 'Q' MINERAL OIL TYPE
/N TRANSFORMER-2 - = TRANSFORMER-4

DYN IMPENDENCE = 6%
'LOCATED AT INSIDE NEW BUILDING
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Harmonics

VTHD vs ITHD
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ITHD —in % of Aggregated Inverter Output

VTHD vs ITHD
"
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Snapshot Trend on Phase L3

Snapshot Trend - Phase L3 Outgoing to Rooftop

390 —_—

e 3 cables per phase
S * Clamped on each of the
E L e = 3 cables of Phase L3 i.e
o e T e e Channel A—-L3 Cable 1

- — e N * Channel B—L3 Cable 2
e — * Channel C—L3 Cable 3

1150 = - SE— -

ST * Channel D — Overall L3
i il —
125 i —
1100 %ﬁ—ﬁ
e ! —_— [ 1 cable accounts for
630 S —

— —— about 62% of the total
si == load carried on Phase L3
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Findings

* AC current naturally generates a changing magnetic field.

* In turn, it produces varying electromagnetic forces, exerting on the
current-carrying component (e.g. cables), causing them to vibrate
with its supporting mechanical structure (e.g. cable tray, ladder,
cover), hence producing the humming sound / noise.

* Sound can get amplified if this magnitude was high (nearing cable’s
ampacity) or in the presence of harmonics.

* Harmonics (voltage & current) values were found to be typical and
acceptable.
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Findings

* Assuming this unequal distribution ratio remained constant, there is
a possibility that this 500sgqmm XLPE/PVC cable carried approximately
836A (1394*0.6) during the peak loads on Phase L3

* Thus, it is plausible that the | m — \
humming noises were D il \"r ,M‘\ ) il
largely due to some of the ‘L L DA || 1 O 8 B
cable(s) carrying high loads - H{W‘ T ) N
nearing its ampacity. e M AN
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IEC 60364-5-52

* The known problem of uneven current distribution among large
(>50sqmm) parallel copper conductors are mainly due to differences
in self and mutual inductances, caused by how the cables are laid and
arranged.

* |[EC 60364-5-52 provides guidance on such arrangement.

76 60364-5-52 © IEC:2009

Annex H
o o o (informative)
079@ @e@ ovea Examples of configurations of parallel cables

The special configurations referred to in 523.7 can be

a) for 4 three-core cables the connection scheme: L 4L 5L 3, L 4L oL 3, L4L oL 3, L 4L 5l3;
th bles may be touching;

Figure 9: Systems fed with clover shaped 9 singie core cables in a row

)
. . 2) above each other, see Figure H52 2,
SOU rce- Prysm Ia n 3) in trefoil, see Figure H.52.3;

c) for 9 single-core cables
1) in a flat plane, see Figure H.52.4,
AEOH OERH EEON IR
) in trefoil, see Figure H.52.6;

ables
see Figure H.52.7,

above each other, see Figure H.52.8,
3) in trefoil, see Figure H.52.9.

)
Figure 7: Systemns fed on flat ground with 9 single core cables The distances in these figures shall be maintained
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