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Overview

* Welcome, Introductions

* PQ Policy

* IBR Interconnection Study process

* VVoltage fluctuations (flicker, rapid
voltage changes)
»Background (causes/impacts)
»Industry standards
» Study tools
»Mitigation
»Real world case studies

« Harmonic distortion

 Miscellaneous information
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PQ Policy >)

« Southern Company PQ Policy
« Refers to various industry standards

Southern Company Power Quality Policy

Southern Company

> |EEE 519
> |EEE 1453 Power Quallw
« Key topics Policy

» Harmonics
» Voltage fluctuations
» Voltage imbalance
« Addresses both industrial loads and Inverter based

generation resources

A, Southern Company

Alabama Power
Georgia Power

Available for download at:; Missleaiupl Power
http://www.oatioasis.com/SOCO/SOCOdocs/SoCo-
Power-Quality-Policy.pdf



http://www.oatioasis.com/SOCO/SOCOdocs/SoCo-Power-Quality-Policy.pdf
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Typical Solar Interconnection Layout >>

Customer Project Utility .
Switching Substation Interconnecting
Substation
[—— — — — — — —
|\ - - - - = L | |
Solar PV Plant Xfmrs | | | |
& Inverter | | | |
$3 | <3 | | ) |
@ <> | 5 | o |
2> Q9 !
| o A |
Typical of 40
GSU
Energizing Point of
Device Interconnection v

Note the alternate terms for POI (Point of Interconnection) are PCC (Point of Common Coupling) and RPA (Reference Point
of Applicability)



IBR Interconnection Process

v

Generator Notice to Proceed with Initial
Interconnection Construction (Full NTP) and svnchronization
Agreement Executed Land Transfer Deadline ¥
Notice to Proceed with Interconnection .
. _ ] Commercial
Engineering & In-Service Operation
Procurement (Limited NTP) (Back feed power) P l

Interconnection Request Interconnection Consl::ﬁ;:tion Construction
& Studies Agreement Activities

Activities

Pre-Sync Pre-COD
Activities Activities

|

PQ Meter Installation

|

Feasibility Studies, System Impact Studies, Facilities Studies
(Harmonic Screen, RVC Screen, Negative Sequence Analysis)

Load Flow

Local Area and Interface Analysis

Bus Ampacity

Reactive Requirements and voltage Schedule

Short Circuit / Breaker Duty

Protection

Stability Review

FSAR

Grounding Analysis and OHGW Review

Power Quality Review

|
Actual RVC test

| \
EMT Model Harmonics/Flicker Adherence
Validation Evaluation



Voltage Fluctuations »’

Definition : Repetitive or random variations in supply voltage envelope

Causes: Sudden and rapid changes in load, equipment switching, variable generation
Impacts: may cause light flicker, trip sensitive loads
Key characteristics for flicker

» Frequency . Notage Fltatons > ool

» Waveshape (step, ramp, sinusoidal etc.)

Yoltage
Amplitude

/ Voltage envelope

‘\ a"d- - -~ ’I- -\.\
h ~ ~ - ‘ ~ ~ “ =
- - - bl NS
833msec  0.5sec Jsec 1 min 1hr
. D5cycles  30cycles 180 cycles 3600 cycles
» Time
Short Duration Variations Long Duration Variations
Event Duration

- ‘-h\\ a”-’ )

~, -

Source: UIE

Magnitude
S
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Voltage waveform



Causes of Voltage Fluctuations

¥

Vel =P+jQ
R X v %SZﬁR+T{R+jX)
ANy g PCC
— + Vs= Vi + (Is- jl) (R +jX)
Supply System impedance Fluctuating load =(Vg+RI[;+X Iq) + _](X I4—R lq}

W P+iQ

Comparing Real parts
VE;:V[{+R.L1+XL_]

Assuming strong system

o 0=AVg +R Aly+ X Al
AVg = - (R Al + X Al)

AV, = —(RAP + XAQ)

I=L-jL N

For high X/R systems, voltage fluctuation mainly function of change in Q

v



_ >
Example Sources of Voltage Fluctuations };

 Arc furnaces

* Welders

* Installations with excessive motor speed variation (Rock crushers, wood
chippers, tire shredders, car crushers)

« Motor drives with cyclic operation (Electric shovels, dragline excavators, rolling
mills)

* Installations with frequent motor starts

« Capacitor banks(switching operation)
« Power transformers (inrush)
* Variable generation (PV, Wind)



Lamp Flicker Background

v



| . ¢
Impact of Voltage Fluctuations - Lamp Flicker »

« Lamp flicker- A sudden fluctuation in system voltage, which could result in
observable changes in the output of lamps

¢ System Voltage

| - =
* Problems
> Perception
» Can effect equipment operation e.g. drives, UPS
L : Vi —V
« Characterization Percent Voltage Modulation = MY, 100%
» Modulation Vo

» Frequency (observable range — 0.5 to 30 Hz)
» Wave shape (e.g. square, sinusoidal etc.)

10


https://www.google.com/imgres?imgurl&imgrefurl=http://depositphotos.com/21688753/stock-illustration-Smiley-Vector-Illustration---Irritated-Face.html&h=0&w=0&sz=1&tbnid=sDcgyKqwAh05UM&tbnh=237&tbnw=213&zoom=1&docid=ClZQIJG9bTKn-M&ei=DX0GU_-pCIno2QWvqoDgDg&ved=0CAIQsCUoAA

Relevant Industry Standards »’

* IEEE 1453-2015 (IEEE Recommended Practice for the Analysis of Fluctuating
Installations on Power Systems)

« [IEC 61400-21 (Wind turbines — Part 21: Measurement and assessment of power
guality characteristics of grid connected wind turbines)

* IEEE 1547-2018 (IEEE Standard for Interconnection and Interoperability of
Distributed Energy Resources with Associated Electric Power Systems Interfaces)

« IEEE P2800 (Draft Standard for Interconnection and Interoperability of Inverter-
Based Resources Interconnecting with Associated Transmission Electric Power

Systems)

* IEC 61000-3-17 (Energy Producing Equipment Flicker Requirements) — Work in
Progress

11



IEEE 1453-2015 >:

« Recommended Practice for the Analysis of Fluctuating Installations on
Power Systems
» Adopts IEC 61000-4-15 (flickermeter) and IEC 61000-3-7 (applying limits
for customers)

* Indices
» Pst = A measure of short-term perception of flicker obtained for a ten-
minute interval
» Plt = A measure of long-term perception of flicker obtained for a two-
hour period

1 12 3
« Southern Company PQ policy is consistent with Fe =3 EZ Pstj
IEEE 1453 =

12



Flickermeter Overview (IEC 61000-4-15)

Input
transformer

Simulation of lamp-eye-brain response

Block 1 Block 2 Block 3 Block 4 Block &

Detector and RT”QE

gancontrol || | | —— | |lpl . |lid==== selector
: e AD
\ n 05 1% order converter

Demodulator || | \ SR & 0 Squaring || sliding | | ¢ || Sampling || 64 Level | | Output | |
with squaring ' I\ v 2‘0 multiplier || mean T rate classifier | | interfaces
multiplier l | \ 5.9 fier S0ty
Input voltage e : _:_' 1{]:9

adaptor I 0 68 Hz 200 -

5 1d{] Programming of short and long
Signal generator o observation periods
for calibration i :
checking 15200'_\;- 42 120 Weighting filters Squaring and Statistical evaluation
z smoothing of flicker level
_ |
RM.S. 1'r /
meter Square 1 minute
rooter integrator
1 1 T 1 1
Qutput 1* Qutput 2 * Output 3 Output 4 Output 5 Output
half cycle r.m.s. weighted range shorttime  recording data display
voltage indication voltage selection  integration and recording
fluctuation

v

13



Compatibility Levels of Flicker

* Levels above which customer complaints are likely

 Defined for LV system

» The compatibility levels are 1.0 for Pst and 0.8 for PIt.

 Evaluation should be on system basis — no assessment at specific location
« Use both time and space variations of disturbances

* It is recommended that Pst95% and PIt95% not exceed the compatibility levels.

v
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Planning Levels of Flicker for Network Operators

»y

» Assessed at PCC (Point of common coupling) and should consider aggregate effect of all the
fluctuating loads.
« Emission limits of individual users should be set so that combined effects do not exceed the

planning levels.
» Larger facilities gets bigger allocation
* It is recommended that Pst95% and PIt95% not exceed the planning levels.

Planning levels

System

System Voltage (U,)

HV-EHV

Pst

0.9

0.8

LV

Uy < 1kV

Plt

0.7

0.6

MV

1KV <U, <35 kV

HV

35 kV <U,, < 230 kV

EHV

Uy > 230 kV

15



IEEE 1547 (Distributed Energy Resources )

* Flicker (7.2.3)

» DER flicker contribution not to exceed the greater of the limits in the Table below or
the emission limits defined by IEEE 1453
> 95 percentile values over a week worth of measurements to be used for compliance

Table 25 —Minimum individual DER flicker emission limits?

Epst

Epit

0.35

0.25

#05% probability value should not exceed the emission
limit based on a one week measurement period.

»Similar limits are being proposed for IBRs that are connected to transmission systems

In P2800 draft

»y

16



>
Case Study : Flicker Analysis of Distributed PV [1]

[1] Impact of High-Penetration PV on Distribution System Performance: Example Cases and Analysis
Approach. EPRI, Palo Alto, CA: 2011. 1021982

17



Flicker Analysis of 1MW PV Plant

« High resolution meter (16 samples/cycle)
used to capture current and voltage
measurements at 480 V connection point

« Connection to distribution feeder through
480 V(Y)/13.2 kV(D) step-up transformer

* Plant located about 2 miles downstream of
the distribution substation

 Highly variable day selected

 Single 10 minute period with a wide period
of variability selected for detailed analysis

U U U
10min Period

(Dec 05, 2011)... 14:00

r r r r
15:00 16:00 17:00 18:00 19:00 20:00 21:00
Time

PV Plant Output Variability

22:00

v

18



Flicker at LV Bus Based on Measurements

* Time-domain voltage measurements at LV Bus of

Step-up transformer were fed to the Flickermeter
block in EMTP-RV

Pinst

ol Pst=0.35 .
06l C(Dmputed Instantaneaus Fllcker____

oaf b

Instantaneous Flicker at PV 480V Bus Based on Measurements
—Phase A [EMTP1]—FPhase B [EMTP1]— Phase C [EMTP1]
1

60 120 180 240 300 360 420 480 540 600
Time (s)

Current (A)

Voltage (pu)

Measured Voltage at PV Connection {480V Bus)
—Phase A [EMTP1]—Phase B [EMTP1]—Phase C [EMTP1]
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800 ................................................................................................................
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Estimating Flicker — System model

« Simplified model of the system created in EMTP-RV
»  System upstream of feeder head (thevenin equivalent)
» PV unit step-down transformer located 2 mile from feeder head

» PV unit as controlled current source that replicates the field
measurements

Xfmr LV Bus

Feeder Head

Xfmr HV Bus

Voltmeter_HV

& =
+

Rated kV =13.2 Voltmeter_Sub

13.2/0.48
s
Flickermeter_HV
ter_Sub |
| IEC
IEC Flickermeter
Flickermeter <

Flickermeters

Source
Equivalent

PV Source

v



Instantaneous Flicker at LV Bus

Measurements Simulations
Instantaneous Flicker at PV 480V Bus Based on Measurements Instantaneous Flicker at PV 480 V Bus based on Simulations
—Phase A [EMTP1]—Phase B [EMTP1]—Phase C [EMTP1] —Phasge A [EMTP1]—Fhase B [EMTP1]—FPhase C [EMTP1]
1 : : : : : 05 :
08 ............ AXLTTERERRS b ............ ............ ............ T T [0 R R R R A R R
| Pst =0.35 Pst =0.21 '

L R S SR SUSIEE SRR e P T L A
2 : : : : g : '

T : 5 5 5 ' ! a :

0-04 """"" """""" """""" N B R A A | [0 R R R R R R R A LR LR R LR R R AR LR LR TR
oof i e e o A
0 ; ; : ; ; ; ; 0 : : : : : : :

60 120 180 240 300 360 420 480 540 600 [5]0] 120 180 240 300 360 420 480 540
Time (s) Time (s)

Note: Measurements also include any background flicker

21

v



Estimating Flicker at HV Bus — Simulation Results

| Flicker(Pst)BasedOn___
Measurements Simulations
LV Bus of Xfmr 0.35 0.21
HV Bus of Xmfr 0.13

« Simulated flicker at LV bus is slightly below of that obtained using
measurements

» Measurements include flicker contribution from other background
sources

« Computed flicker contribution of PV unit at HV bus due to the mitigation
effect of step-up transformer is about half of that measured at LV bus

> Flicker contribution 1s below the limits in IEEE 1547

»

22



Impact of PV Distance from Sub on Resultant Flicker }:

_ Estimated Flicker Contribution (Pst)

2 mile from 8 miles from 16 miles

Sub Sub from Sub
LV Bus of Xfmr 0.21 0.26 0.33
HV Bus of Xmfr 0.13 0.15 0.19

Observation: Increased distance from sub contributes to higher upstream impedance
(weaker short circuit strength at HV Bus) resulting in higher flicker levels

23



Conclusions

* Flicker contribution of the 1MW PV plant at HV side of the transformer was not found to be
excessive in the study system

* Flicker contribution of the PV unit can be expected to increase if it were to be located further
away from the substation

»

24



Sample PV Flicker Measurements

v

» Measurements performed at various 12.47 KV PV sites
* PV plants not found to be significant sources of flicker

9% E;Tf:bilw 0.387 | 0.383 0.133 0.133 0.357 0.347 0.140 0.1463 0.083 0.080 0.150 0.133
Mean 0.215 0.219 0.091 0.093 0.160 0.157 0.088 0.090 0.050 0.055 0.100 0.105
Median 0.187 | 0.190 0.087 0.090 0.120 0.120 0.073 0.073 0.047 0.053 0.100 0.107
Sid. Deviation 0.111 0.107 0.026 0.025 0.090 0.089 0.049 0.048 0.028 0.057 0.030 0.021
Max 9860 | 4.157 1.760 0.633 1.433 0.633 1.250 0.550 7.373 3.373 0.6%97 0.347

[1] EPRI, Flicker Measurements at PV Plants, Report 000000003002011897

25



Case Study : Flicker Analysis of Transmission PV

v



IBR Facility Overview

« PV facility
* Interconnected at 46 kV
« Weaker part of the system

>y

« Significant flicker in the supply resulting in customer complaints during testing prior to commercial

operation

 Plant output had to be curtailed for testing to continue

* The fix was adjusting the tuning parameters in the PV controls

A ~ 1.12 miles—"

Main Xfmr

Solar PV
& Inverter

POI
46 kv

(.
-

[ |
—J

S22
<>

A Y

[]

éé@
O

Typical of 15

27



Pre-Fix Measurements (High Flicker)

Flicker P(st) Avg Reactive Power L1 1/2-Cycle Avg(MVAR) ===Real Power L2 1/2-Cycle Avg{MW) L1-N RMS 1/2 (1-cyc) Avg(kV)

0
2/6/2016 19:12 2/7/2016 0:00 2/7/2016 4:48 2/7/2016 9:36 2/7/2016 14:24 2/7/2016 19:12 2/8/2016 0:00




Pre-Fix Measurements (Even Higher Flicker)

Flicker P{st) Avg Reactive Power L1 1/2-Cycle Ave(MVAR) = Real Power L2 1/2-Cycle Ave(MW) L1-N RMS 1/2 (1-cyc) Avg(kV)

]
PAE TR H ! . K H [} 4 J M < b 192 |
2/8/2016 21:36 2/9/2016 0:00 2/9/2016 2:24 /92016 4:48 392016 7:12 2/9/2016 9:36 2/9/2016 12:00 {92016 14:24 /92016 16:48 2/9/2016 19:12 29201




A A

Post-Fix Measurements (October 2019)
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Observation: Excessive flicker is not expected due to normal operation of PV facility

30



Summary }:

» Excessive flicker contribution is not expected from normal operation of PV plants

« Reasonable limits are still necessary to guard against abnormal operation (e.g. improper tuning
of inverter or plant controller)

 Large scale displacement of conventional generation by IBRs is expected to cause background
flicker to increase slightly due to reduction in short circuit strength of the systems

31



Rapid Voltage Change (RVC)

v



RVC Overview >:

* RVC Definition[1]: A quick transition in r.m.s. voltage occurring between two steady-state
conditions, and during which the r.m.s. voltage does not exceed the dip/swell thresholds

» Key sources
» Starting of induction motors
» Switching of capacitor banks 102.0
» Switching of Loads
»Power transformer inrush
»Sudden variation in generation

= Motor Starting

AU

Voltage U (%)

* Impacts .
»Lamp flicker 000 050 1.00 150 200 250 3.00 350 4.00
»Issues with sensitive loads Time (s)

»Impairment of electronics equipment

[1] IEC 61000-4-30, Ed. 3, 2015
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RVC Detection (IEC 61000-4-30, Ed 3.0)

Voltage Urms

‘Voltage is-steady-state” logic signal

v

100/120 Uppnegse
*
I [
Changes in “voltage-is-steady-state” logic signal are disabled p— > |
| 11007120 Unmg) ;
A | |
RVC event duration re—s! |
RVC threshold G e RVC threshold |
g = mmmmm—mmmm————————————————————— with hysteresis applied:
[

---_5
-

- ————————— -~

"n.."i'a-.".'{...........................

-~ ¢ "-' FT- J%
------------------------------------------- .1 ¢
Arithmetic mean e b v ———
of me previous ..... ‘. ...............................................
Dip threshold

=

Time
IEC
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RVC Limits in IEEE 1453-2015

* Planning levels at a given PCC

(A Vinax/V)

Number of Changes %

N

< 35kV > 35kV

n < 4 per day 5-6 3-5
n < 2 per hour and > 4 per day 4 3
2<n =10 per hour 3 2.5

« Cumulative limits for all users served by a PCC

« Clarification will be inserted in future version of IEEE 1453 that limits above will not apply to
iInfrequent events such as transformer energization during commissioning (new limits proposed —
next slides)

35



RVC Limits in IEEE 1547

« 7.2.2 Rapid voltage changes (RVC)

(A Vinax/V)
%

LV

MV

v

 Limits above will not apply to infrequent events such as transformer energization during
commissioning, fault restoration or maintenance



Proposed RVC Limits in IEEE P2800

* The IBR shall not cause RVC at the POI to exceed 2.5% of nominal voltage.

 Limit above will not apply to infrequent events such as switching, unplanned tripping or transformer
energization during commissioning, fault restoration or maintenance

Transformer Energization RVC Limits

The Initial RMS Voltage, Vy, and Final RMS Voltage, Vi, must
be within the acceptable nominal voltage range. The

g- T characteristics of the measured voltage at the PCC during V. Final RMS Volts
s, o Initia “E%  the transformer energization event shall be equal to or ¥ Find cliage
2 above the per unit values represented by the line beginning

f.. at 10 and ending at t=2 seconds.

E

=

L]

~ 0.88 —I

& ! H

t0 dcycles 2 seconds
Time (not to scale)

Minimum Acceptable Voltage due to Infrequent Events

»
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RVC due to Transformer Energizations
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Transformer Energization

 Whenever a transformer is energized, a large transient current
(referred to as transformer inrush) is generated

Current (A)

° Key parameters A
> saturation characteristics (design) Customer Project Utility
: Switching Substation Interconnecting
» Residual flux Substation_ _ _ _
» Instant of energization - T T T T ) | :
olar Plant Xfmrs | |
&Slnvert\clar | | | _D |
<3 I <3 | L |
—IA—IB—IC @ §S> | 550 L | | T |
160 ; ‘ ‘ j | == | | |
- nﬁh\nu i i Rt S
1 ‘J | M ‘ Typical of 40
: ; \ 1 ‘ ; | ‘ :
’ : 3 ‘.“ ‘\ L bl el b Energizing Pointof
A Device Interconnection
i \J

v



Typical Power Transformer Saturation Curve

1> Slopes are B > —
. the air-core | 12
inductance | '1
1 B
1 — /
0.5 / : — 5 08
—_ / : 206 ( Slopeisthe |
3 0 . 35 g4 | S—— magnetizing
= / w 02 inductance
E -0.5 '0
1
1 / 0 0.001 0.002
v » Current (p.u.)
1.5

T T T T T T T T 1
-0.5 -04 -03 -02 -01 O 01 02 03 04 05

Current (p.u.)

 Plot of Transformer flux Vs excitation current
At flux below rated value — steep slope (low exciting current)
due to magnetizing reactance (very high number)
« Around rated flux — slight decrease in slope (localized saturation)

« Above normal flux — rapid increase in excitation current (heavy core saturation)

— low slope determined by air core inductance

»
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Decoding Transformer Inrush

ezNﬂ
dt

Flux-linkage, Voltage

e qu—IiTkage,la
-'F|ux-|inkage,@+1ﬂ
—— Saturaltion curve

Flux-linkage
Current

Flux-linkage, Current

Time

|

I
|
| ]
|

Time

——

.CLIITG;'I’[ (A 1:%0)
— r— Currelnt f(ﬁ,)|

Current

>

Source: CIGRE WG C4.307, “Transformer Energization in Power Systems: A Study Guide”, Feb 2014

)
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Inrush Current Characteristics

(A) A
600 | I

« High magnitude
« Lasts for several seconds with damping s00-
from series resistances in system
(transformer windings, lines etc.)
 Rich in harmonics and DC component
(magnitudes not constant but time
varying) -
* Poor power factor

400—

|, (Fundamental)

300—

100

0 5 10 15 20 25 30 35 40 Cycles
PFusB Figure 2-2 Harmonic components of inrush current [4]

0.7

0.6 —

05

04

03
Q.2
o1

0 <

1.0 11 12 13 14 15 156 17 18 1% 20
Magnetic flux densithes [T]

Power Factor

v



System Impacts of Inrush Current

« Voltage drop in supply system
» Caused by flow of inrush current (poor PF) through network impedance
» RVCs or sags(below 0.9 pu)
> If excessive, may cause tripping of sensitive equipment
»Light flicker dependent on magnitude of voltage drop and frequency of these drops

® H ar m 0 n i C reS O n an C e TOVS Duration of Voltage Sag in Seconds

» excitation of system resonances |

by harmonics in inrush current

Voltage

70

» May cause arrester failure

40

30

ercent of Equipment Nominal

20

* Protection Impact
»Unbalanced nature of inrush currents introduce temporary imbalance

v

SEMI F47 Voltage Sag
Ride Through Curve

»Resultant ground currents and negative sequence currents, if excessive may cause protection to

mis-operate

43



Inrush Mitigation - Core Defluxing »»

 Defluxing or demagnetizing the

transformer core ‘Mo
« Effective in mitigating inrush current by \ 1 | P
preventing transformer core from going q nnﬂﬂ
into deep saturation il UUnUnUnUn >
« Cons | U U U U
» Time intensive U / ¥
» Labor intensive yUl
» Needs to be done prior to every
energization RESULTS
Current for demagnetization 6 ADC
Maximum flux +/-T12.7 Vs 350 MVA 400/30 kV
Ilterations for demagnetization 18 Transformer
Initial remanenz 89.2 %
Remanenz after demagnetization 0.8 %
Time for demagnetization 5 min.

Source: Omicron, “Reliable Demagnetization of Transformer Cores” 44



. . . . >
Inrush Mitigation — Pre-Insertion Resistor P,

« Effective solution
» A voltage drop across the resistor prevents transformer from going into saturation
» Optimal choice of resistance value and bypass time (~12 ms [1]) needed

Pre-insertion

I Resistor i

! Contact |

’ NV

I @
i Main Contact i GSU

| |

L I

Energizing Breaker

[1] Jingxuan Hu et al, “Mitigation of Voltage Drop Using Pre-Insertion Resistor During Large Transformer
Energization in a Weak System: Simulation and Filed Verification”, International Conference on
Power Systems Transients (IPST2011) in Delfts, the Netherlands, June 14-17, 2011

45



Inrush Mitigation — POW (Point-On-Wave) Control >:

 Very effective especially if residual flux is known so optimal closing time for individual phases
can be determined
» Typical scheme (rapid closing)
» Close first phase at its voltage peak
» Close other two phases after quarter cycle delay
»Cons
»More suitable for frequent energization applications
»Need for sensors/controls/maintenance

ta
tb=tc=ta+4.167ms

] 1
=\folt_ PCCAfa@control ==\folt_PCCASb@contral —V-:-It_F'CC.!"Jc @conitrol

15
1

051"
al-f---

057

-1 Nt

15 ' ! ' e 1
0 0.01 0.0z 0.03 0.04 0.05 0.06

Time ()



Transformer Energization Tool (EMTP
Implementation)

Option = 1 - Transformer out

Option = 2 - Switched without control (voltage at zero)
Option = 3 - Switched with pre insertion Resistor
Option = 4 - Switched with Point-on-Wave Energization

SRC_BUS

PRIMARY_SWITCH

DY 1
|_PRIM
=201
46/34.5
Source kV = 46 R1
1e9

v

Mag

Volt_Meter_Phase Data Magnetization Data

Builder Rm = 187 kohms

Voi_PCC I(A) Flux(Wb)

0.0 0.0
0.16 89.66
0.28 99.63
0.63 109.59

122.44 119.55




Base Case (Worst Case)

1.1

1

YVoltage (pu)
o o o o
()] -l (a4} w

<
3

RMS Voltage at POI
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Pre-Insertion Switching Results

RMS Voltage at POI Inrush Current
==Phase A==Fhase B==FPhase C =Phase A==Phase B==Phase C
1.1 : ; : ; 120

8011,

T — ; 5
2% drop | ”

=
©

0

-40

Voltage (pu)
(=]
[s4]
Current (A)

o
-

20 HHHH

115 CRRRRCRLREREEEE Ei ................. Ei ................. E E E E
. . . . 1601 """"""""" """""""""

05 : i : i -200 : ' : '
0.2 04 06 08 1 02 04 06 0.8 1

Time (s) Time (s)

Pre-insertion parameters: 500 ohms, 12 ms delay
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POW Switching Results

RMS Voltage at POI Inrush Current
==Phase A==Phase B==Phase C ==Phase A==Phase B==Phase C

11 : : ; : 300
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s ol
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w
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=
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<
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: i : i 200 i : ; :
0.2 04 06 08 1 02 04 06 0.8 1

Time (s) Time (s)

Parameters: Rapid Closing, 1ms error
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Case Study : RVC due to energization of IBR

v



IBR Facility Overview »’

« Same 46 kV Interconnected Solar facility

* Weaker part of the system
» 3Ph Fault MVA - 160

« During commissioning tests, significant voltage drop (as high as 18%) in the supply contributing to
voltage fluctuations

* Energizations had to be restricted

* The fix was specifying a Main Switch with pre-insertion switching technology

\ J
|

Solar PV
& lnverter

M ain Xfmr

S~ 112 miles——" @
=2
<= i

=2
A ¥ <>

Typical of 15
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Impact of Pre-insertion Switching on Inrush Current }:

Inrush Current (Unmitigated) Inrush Current (With Pre-Insertion Switching)
==Phase A==Phase B==Phase C ==Phase A [COM1]==Phase B [COM1]==Phase C [COM1]

1000 : ; 1000 _ : ] : : . .
e — — —— S T
SO TR —— AR o SRS OO NSNS TSP RS S -
0 P e e e s S
GO0 F-remermmrmmmrmemneeennaees ; S| IO | D IS P ; ........................... 600 ."_".”é .......... §_”.”_";"_".”_% .......... én.n.n.é .......... ; ..........
0 LRSI 1 O T S — SR A N S —
4O0 s ?"'"'"'"" '"}""'f'""'""'"'"' 400 : : : : : : :
3007 %"‘" """ TR "'% o 300
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0 0
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-300 1 R -300

AQO e 4 /0 I e 400
500 : :
0

Current (A)

Current (A)

' _500 } N } 4 N } ;
0.2 0.3 0 004 008 012 016 02 024 028 032

Time (s) Time (s)

Actual Measurements

53



Impact of Pre-insertion Switching on RVC at POI
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Harmonics



. >
Introduction P,

« Utility Objective:
» Supply its customers with a sinusoidal voltage of fairly constant magnitude.

« Utility generators (used to) produce a very close approximation to a sinusoidal Voltage.
» Loads and some other devices on the system have nonlinear characteristics
» Results in harmonic distortion of both the voltage and current signals.

» Two factors are contributing to an increased concern for harmonics on power systems:
» The number and sizes of devices that create harmonic distortion on the system are
Increasing
» Power factor correction capacitor banks are being applied in increasing numbers.
= Capacitor banks do not generate harmonics but they affect the system response and
= Can cause resonant conditions which magnify the distortion problem.
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What are Harmonics?

WH

Fourier Series

60 Hz
(h=1)

180 Hz
(h=3)

300 Hz
(h =5)

420 Hz

540 Hz
(h=9)

660 Hz
(h=11)

780 Hz
(h=13)

S7

vy
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What are Interharmonics?

« Signals whose frequency is not an integeral

Start of Recording

Start of Arcing

multiple of fundamental frequency

» This example of measurements at an Electric

t 160 Hz

Arc Furnace shows s

ignifican

iInterharmonic current component

bu

_#

?‘

w

7
»»

End of Recording

* [EC 61000-4-7 recommends 5 Hz resolution

w ‘._1..,-..

Frequency (Hz)

n+1

n-1

»

harmonic

Py <

harmonic

1]

interharmonic

interharmonic

subgroup n+1

subgroup n subgroup n+%

subgroup n-Y2
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Why the Concern?

» Excessive harmonics
» Increased heating of equipment including conductors, transformers, motors etc.
» Capacitor failure or fuse blowing
» Adverse impacts on electronic controls
» Increased losses (I2R, eddy losses)

» Excessive interharmonics
» Flicker especially non-incandescent lamps
» Torsional concerns with synchronous machines

* Industry standards recommend limits on harmonics

» Both current and voltage harmonics
» Individual harmonics, interharmonics and overall distortion

59

»
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IEEE Std. 519-2014 }:

* The primary standard used in the U.S. to determine harmonic compliance is IEEE Std.
519-2014.
»Defines current limits for customer and voltage limits for utilities.

* PQ meters need to comply with IEC 61000 4-7
» FFT calculations are made using 12 cycle window (5 Hz resolution for interharmonics)
» Assessment is based on two new indices:
* Very Short Time Harmonic Measurements — Are assessed over a 3 second interval
based on an aggregation of 15 consecutive 12 cycle windows.
« Short Time Harmonic Measurements — Are assessed over a 10 minute interval based
on an aggregation of 200 consecutive very short time values for a specific frequency
component.
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IEEE 519: Voltage Distortion Limits

Bus voltage V at PCC

Individual
harmonic (%)

Total harmonic
distortion THD (%)

F=1.0kV

50

B.0

KV =F=69kV

3.0

50

O kV <1< 161 kV

1.5

25

161 kV <1

1.0

1.5"

 Dalily 99th percentile very short time (3 s) values should be less than 1.5

times the values given in Table

« Weekly 95th percentile short time (10 min) values should be less than the

values given in Table

v
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IEEE 519: Current Distortion Limits

Table 2—Current distortion limits for systems rated 120 V through 69 kV

Maximum harmonic current distortion
in percent of /|,

Individual harmonic order (odd harmonics)*"

Iso/1y 3<h<ll |11 h<17| 17<h<23 | 23<h<35|35<h<50| TDD
<20° 4.0 2.0 1.5 0.6 03 5.0
20< 50 7.0 35 25 1.0 0.5 8.0
50< 100 10.0 45 4.0 1.5 0.7 12.0
100<1000 | 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 25 1.4 20.0

"Even harmonics are limited to 25% of the odd harmonic limits above.

"Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

“All power generation equipment is limited to these values of current distortion, regardless

of'actual 1,./1,

where

I, = maximum short-circuit current at PCC
/i = maximum demand load current (fundamental frequency component)
at the PCC under normal load operating conditions

>
Daily 99th percentile very short time (3 s) values

should be less than 2.0 times the values in Table

Weekly 99th percentile short time (10 min) values
should be less than 1.5 times the values in Table

Weekly 95th percentile short time (10 min) values
should be less than the values in Table

Note: Similar Tables (more restrictive) are provided for 69 — 161 kV and > 161 kV system voltage levels
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IEEE 1547-2018: Limitation of Harmonics

 Applicable for Distributed Energy Resources

»

* Relaxed limits for even harmonics (higher relaxation for higher order harmonics)

« Aggregated interharmonic current distortion between h+5 Hz and (h+1)-5 Hz shall be
limited to the lesser magnitude limit of h and h+ 1 harmonic order.

Table 26 —Maximum odd harmonic current distortion in percent of rated current (frated)®

Individual 35 <h < Total rated current
odd harmonic h<l1l Hsh<17 | 17<h<23 | 23<h<35 .50"" distortion
order & N (TRD)
Percent (%) 4.0 2.0 1.5 0.6 0.3 5.0

*Jrmea = the DER unit rated current capacity (transformed to the RPA when a transformer exists between the DER unit

and the RPA).

Table 27 —Maximum even harmonic current distortion in percent of rated current (kated)*

Individual even
harmonic order h

h=2

h=4

h=6

8<h<50

Percent (%)

1.0

3.0

Associated range specified in Table 26

“Irued = the DER unit rated current capacity (transformed to the RPA when a transformer exists between the DER unit

and the RPA).

1.|' fjm - Jlr|1
%TRD = ' » 100%

ratted
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IEEE P2800

 This standard (Interconnection of IBRs to Bulk Power Systems) is still in the draft
stage

« Ongoing harmonics related discussions
» Current limits or incremental voltage limits or both?
» What the limits need to be?
» How to enforce the limits?

»

64



Evaluating Harmonics for IBRs

v



»

Evaluating IBR Provided Harmonic Data

* Facility is required to provide expected harmonic spectrum

» The data is compared against the limits (individual harmonic and overall distortion) in PQ

policy

W 1. Distortion Limit (%)

P 1, Provided — Within Limit (%)

. I, Provided — Exceeds Limit (%)

(¥ 2]
~
[=]
12 13 14 15 1% 17 18 19 0 21 2 13 M 15

3 4 5 & 7 8 9 10 1n

(%) uonuoysig Juaiind

2 27 28 29 30 31 32 33 34 3% 30 37 38 39 40 41 42 43 44 45 46 47 48 49 S0

Harmonic Order
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Can PV Plants Inject Significant Harmonics?

Harmonic Current Spectrum at POI

® Provided SIS (%) Measured (%)

Ref. SERC Issue Paper WhiteP-600-414, “Variable Energy Resources Generated Harmonic Distortion”

>

)
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Challenges with Estimating Harmonic Injections

Harmonic Current Spectrum at POI

® Provided During SIS (%) ™ Prowided During FACS (%) ™ Provided During TO (%) Measured (%)

Close-Up View

J 0121314159617 181920 2 15 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50

Al el phemmahaddaaddaad
20 MHSNE I 0 M M3
Harmomie Ordar (k)

Ref. SERC Issue Paper WhiteP-600-414, “Variable Energy Resources Generated Harmonic Distortion”

¢
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PV Facility Case Study
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Brief Background }:

* Harmonic Interaction with VER Owned Capacitor Banks
o PV4 (115kV)

* PV5 (230kV) :i' Pt @% Bvs

Main GSU

DDDDD

Fig. 15. Simplified single line diagram (interconnection configuration drawing).

« Excessive 5" harmonic injections at POI for both

Ref. SERC Issue Paper WhiteP-600-414, “Variable Energy Resources Generated Harmonic Distortion”
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PV4 Harmonic Assessment g
« Facility was not in adherence with PQ Policy (51" harmonic current).

Measured Harmonic Currents - PV4

Weekly 99" percentile short time (10 min)
individual harmonic current distortion

6.6%

| (h=5) phase a (Amps) ~—| (h=5) phase b (Amps) | (h=5) phase ¢ (Amps)

Off On Off On Off

Capacitor bank switched online —» ‘ \[\:, r\

M [

PQ Policy Limit
2%
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Culprit — Harmonic Distortion

* \What did PV4 and PV5 have in common?

Positive Sequence Driving Point Impedance (Ohms) vs. Frequency (Hz)

—— Capacitor Bank Online  ——Capacitor Bank Offline
700

CAP BANK

CAP BANK
10.8 MVAR o MVAR s
34 .5KV 34 5KV

UNGROUNDED WYE | UNGROUNDED WYE

| Zmag (Ohms) |
=
8

=
=

200

100

60 120 180 240 300 380 420 480 540 800 660 720 780 840 900 960 1020 1080 1140 1200 1260 1320 1380 1440 1500
Frequency (Hz)

J—MW

‘ ¥ capacitor bank

Solar PV Solar PV
and Inverter and Inverter

Fig. 15. Simplified single line diagram (interconnection configuration drawing).
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Harmonic Mitigation Strategy

 Harmonic mitigation solution was to convert each conventional
capacitor bank into a harmonic filter bank.

CAP BANK CAP BANK

9 MVAR
34 .5KV
UNGROUNDED WYE

10.8 MVAR
34.5KV
UNGROUNDED WYE

Fig. 15. Simplified single line diagram (interconnec

vy
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Impact of Mitigation Solution

« 34.5 kV capacitor banks implemented as C-filter banks
 Post-solution measurements

» Impact of switching of the cap bank is minimal

» Facilities are in compliance with the PQ policy

5th Harmonic Current

PQ Policy Limit

Ca
T 2%




Harmonics Summary »}

« EXcessive harmonic injections are not expected from normal operation of
properly designed IBR plants

» Reasonable limits are still necessary to guard against abnormal operation (e.g.
Improper tuning of inverter or plant controller) and improper facility design
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Negative Sequence Loading on Nearby Synchronous
Generation

concern

« Harmonic injection from PV plants have potential to increase negative sequence loading of nearby
synchronous generators

Study Procedure

 PSSE model of the system with IBR resource added is imported into SINCAL

Appropriate model types are selected[1]

Background negative sequence current for machine introduced in the study model

Incremental negative sequence contribution from PV operation is computed

» Normal and contingency cases

» Status of cap banks

Estimated negative sequence currents in stator windings are compared against the acceptable
values

Mitigation solutions are evaluated in case of an issue

[1] CIGRE C4/B4 TB: Network modeling for Harmonic Studies, Reference: 766, April 2019

»
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PQ Monitoring of IBR Facilities »’

» Continuous 24/7 PQ monitoring Is performed at POI of every IBR facility
» Advanced PQ Meters with sensors
 Logic implemented in the PQ meters for the following:

»Alarm for Excessive harmonics

»Record transformer inrush caused RVCs
=DeltaV>5% OR I, > 10%

»Alarm for excessive flicker

« System operators may require IBR facility to take an action (e.g. curtailment) in
response to the alarms above

7
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Time-Domain models of IBR Facilities

* IBR developers are required to provide accurate three-phase EMT Models of the entire facility

* The model above is plugged to utility system model with nearby IBR facilities modeled

« Such models are useful to evaluate PQ impacts and the potentially problematic control
interactions between neighboring facilities

* Inverter Model requirements (Electromagnetic Transient Modeling section of NERC Reliability
Guideline — Improvements to Interconnection Requirements for BPS-Connected Inverter
Based Resources)

. Interconnection Main Collector System Inverter
System Equivalent - Trangmission 4 Transformer(s) 4 Equivalent Transformer(s), PV Inverter
C} Line ? E_
System
Sl -
A B C D G H I
Point of
Interconnection .
(POI) Dynamic Mechanically Switched

Reactive Device

E Shunt Compensation

F

https://www.nerc.com/comm/PC Reliability Guidelines DL/Reliability Guideline IBR Interconnection
Requirements Improvements.pdf#search=inverter 78



https://www.nerc.com/comm/PC_Reliability_Guidelines_DL/Reliability_Guideline_IBR_Interconnection_Requirements_Improvements.pdf#search=inverter
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