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PV System Proliferation
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PV Module Efficiencies

B The record lab cell efficiency is 26.7% for mono-crystalline and 22.3% for multi-crystalline silicon

wafer-based technology. The highest lab efficiency in thin film technology is 23.4% for CIGS and
21.0% for CdTe solar cells.

B In the last 10 years, the efficiency of average commercial wafer-based silicon modules increased from

about 12% to 17% (Super-mono 21%). At the same time, CdTe module efficiency increased from 9%
to 18%.

B In the laboratory, best performing modules are based on mono-crystalline silicon with 24.4%

efficiency. Record efficiencies demonstrate the potential for further efficiency increases at the
production level.

B In the laboratory, high concentration multi-junction solar cells achieve an efficiency of up to 47.1%
today. With concentrator technology, module efficiencies of up to 38.9% have been reached.

Source: Fraunhofer Institute SREDS19 - CONFIDENTIAL - BEGOVIC 3



PV Inverters

B Inverter efficiency for state-of-the art brand products 98% and higher.

B The market share of string inverters is estimated to be 52%. These inverters are mostly used in
residential, small and medium commercial applications in PV systems up to 150 kWp. The market
share of central inverters, with applications mostly in large commercial and utility-scale systems, is
about 44%.

A small proportion of the market (about 1%) belongs to micro-inverters (used on the module level). It
is estimated that 3 GWp of DC/ DC converters, also called “power optimizers”, have been installed in

2017.

B The specific net retail price of all inverters in Germany is about 12 €-cents /Wp. Central inverters tend
to be cheaper than string inverters.

B Trends: Digitalisation, Repowering, new features for grid stabilization and optimization of self-
consumption; storage; utilization of innovative semiconductors (SiC or GaN) which allow very high
efficiencies and compact designs, 1500 V maximum DC string voltage.

Source: Fraunhofer Institute SREDS19 - CONFIDENTIAL - BEGOVIC 4



Energy Payback Time

Material usage for silicon cells has been reduced significantly during the last 13 years from around 16
g/Wp to about 4 g/Wp due to increased efficiencies, thinner wafers and wires as well as larger ingots.

The Energy Payback Time of PV systems is dependent on the geographical location: PV systems in
Northern Europe need around 2.5 years to balance the input energy, while PV systems in the South
equal their energy input after 1.5 years and less, depending on the technology installed.

A PV system located in Sicily with multi-Si modules has an Energy Payback Time of around one year.
Assuming 20 years lifespan, this kind of system can produce twenty times the energy needed to

produce it.
The Energy Payback Time for CPV-Systems in Southern Europe is less than 1 year.

Source: Fraunhofer Institute SREDS19 - CONFIDENTIAL - BEGOVIC 5
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Total Global Solar PV Additions 2008-2018
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Total PV Additions by Country - 2018
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Regional Dependency of LCOE for Solar PV
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Global PV inverter revenues ($M)
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Predictions on Solar PV

LEVELISED COST OF ELECTRICITY (LCOE)
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Sixfold Growth of Solar PV by 2030
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Barriers for Further Massive Deployment
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Materials in IMW Solar PV Plant
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(Energy Required for Top 7 Materials: 1.5 TW - 10% of Global Energy)
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...but the resources (and energy) are finite!

Source: http://toostep.com/debate/how-to-solve-the-energy-crisis---conservation-or-innovation
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Energy Related Issues
 Smart Cities —
e 80% of EUs GDP,
 68% of population, 85% by 2050
e 70% of energy consumption,
* 75% OF GHG emissions
 Microgrid Deployment, Virtual Power Plants
* Multiple Interacting Infrastructures (electricity,
fuels, heat, cooling, transport, water, waste, etc.)
 Regulation and Policy Interventions

Source: www.worldcoal.org SREDS19 - CONFIDENTIAL - BEGOVIC 1/



- Could PV electricity be cheapter than new nuclear ? -
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Why Solar Energy and Solar Cells?

 Model of LCOE [cents/kWh] VS Module cost and efficiency
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		14		4.87514		5.69525		6.51537		7.33549		8.1556		8.97572		9.79583		10.616		11.4361		12.2562		13.0763		13.8964		14.7165

		16		4.58224		5.40236		6.22247		7.04259		7.8627		8.68282		9.50294		10.3231		11.1432		11.9633		12.7834		13.6035		14.4236

		18		4.35443		5.17455		5.99466		6.81478		7.63489		8.45501		9.27513		10.0952		10.9154		11.7355		12.5556		13.3757		14.1958

		20		4.17218		4.9923		5.81241		6.63253		7.45265		8.27276		9.09288		9.91299		10.7331		11.5532		12.3733		13.1935		14.0136

		22		4.02307		4.84318		5.6633		6.48342		7.30353		8.12365		8.94377		9.76388		10.584		11.4041		12.2242		13.0443		13.8645

		24		3.89881		4.71892		5.53904		6.35916		7.17927		7.99939		8.81951		9.63962		10.4597		11.2799		12.1		12.9201		13.7402

		BOS: 1$/W
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LCOE and Grid Parity Lines

Parts of California, US —

|
parity Nikkei Denmark
§ Holland e
x 30
§ Norway  Germany L
‘; -
© Sweden Japan
> Australia
Z 20 UK YSse/n
% France Spain »
@ Finland New York, US  California, US
; Texas, US
? 10 L. Kma USSZ:”W
g Greece -
S China India Grid parity line
for system price
0 ’ ’
500 1000 1500 2000

Annual generation per panel kW (kVWh)
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- Projected LCOEs of PV and STE -

Mini 119 96 56 45 42

Utility-scale PV Avg 177 133 81 68 54
Maxi 318 250 139 109 97

Mini 135 108 63 51 45

Rooftop PV Avg 201 157 102 91 78

Maxi 539 422 231 180 159

Mini 146 116 86 69 64

STE Avg 168 130 98 77 71

Maxi 213 169 112 101 94

CO:2 price (USD/tCO2) 46 115 152 160

Note: all costs are calculated with 8% weighted average capital costs for new-built plants/systems

& OECIVIEA 2014
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Hidden Costs of Renewables
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DER Integration In
Distribution Systems



Integrated Grid

Cyber-physical
Security

Operational
Excellence

System e o A Accommodate Threat Detection &
Performance ER Sk Tech Innovation Mitigation
| Contingency Accommodate Access Control &
OpEx Management
P i New Busn Models Data Protection
| Device/System
Asset Optimization Minimal Recovery Scalable System / ‘&"
Integrity
2 = Nexusw/Gas, Open & : >
missions Mgm Physical
Emissions Mgmt Water & Transp. Interoperable

Resilience Adaptability

PublicSafety

Workforce Safety

Operational Risk
Management

Fail Safe Modes

INSTITUTE
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Issues with High Level Renewable

Supply exceeds

Demand at

minimum load

Excess Energy —

Local DG
changing load
shape

Integration of DSM need
to be coupled to system

Supply does not
meet demand at
maximum load

curtailed or \ / T —
dumped Utility \ / Costly Energy —
z ~ . DUCK CURVE PAYS FOR
_- THIS
Output of
/ intermittent units
‘ Min & Max output of
base (firm) \
generating units
Source: D. Nakafuji, HECO
Midnight 12 noon Midnight
Curtailment Masked Loads Reliability

SREDS19 - CONFIDENTIAL - BEGOVIC
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Impact of Solar PV

System Load Profile

Evening
peak
remains

System critical time
periods when PV

variability can impact %
ability to meet demand

Solar PV driving
down daytime
peak load

Solar Potential Period —

S S - S S S — S = S S _ = e e — =

1 2 3 §8 § & 7 & 9 10 11 12 13 14 15 16 17 1B 19 20 21 22 23 24

—Peak Load ——Net Load 5% PV —Net Load 10% PV Net Load 15% PV
Penetration Penetration Penetration
Time of Day

Source: BEW Engineering: Managing Risk SREDS19 . CONFlDENTlAL . BEGOV'C
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e The Springs communlty, Iocated in Chandler AZ, was first selected and used
as a test b gl = W
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SIMULATION: I\/Ilc:roturbme & PV Arrays

Microtur bine C&5 Out) }ut
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Conservative Volta
Reduction

Jge



PERINCIREE OF VO] AGE REDUIC O

"+ ADDITIONAL REACTIVE RESOURCES NEEDED FOR MAXIMUM BENEFIT
* LOW COST OF NEEDED RESOURCES

S
/ \\\¢:~~
/ \ ~ ~
/ AR
\ S S
Y 4 ~ NS
DISTRIBUTION ! s
SUBSTATION 4 = ]
V4 \ \\\ ~~‘~
¥ w T s
VOLTAGE
Vn _
S = A
_________________ VOLTAGE REDUCTION
Vmin ‘

LOCATION
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POTENTIAL PROBLEMS

VOLTAGE

VOLTAGE REDUCTION

TIME
POWER

LOAD NOT SENSITIVE TO VOLTAGE

TIME

32 SREDS19 - CONFIDENTIAL - BEGOVIC 32



POTENTIAL PROBLEMS (CONT.)

VOLTAGE VOLTAGE REDUCTION

5 FINAL BENEFIT e
POWER ! b

TIME

INITIAL BENEFIT
33 SREDS19 - CONFIDENTIAL - BEGOVIC 33




BENEBIEASSES SIMENTRECUIRES SEECTA
RO S

FFFFFFFFFFFF
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ANAL SIS BENE [ 6

TRIGGER:
AEI?SI;IS:]&LSR;?:JQ{)E HIGH PEAK DEMAND OR
LARGE POWER DISTURBANCE
1 BENEFITS:
TARGET CONSERVATIVE TRANSIENT ENERGY
FEEDER VOLTAGE SAVINGS
ALLOCATION REDUCTION OR
EAS t SOFT LOAD SHEDDING
ADDITIONAL CONTROL SPOT MARKET
HARDWARE & SOFTWARE ENERGY PRICES HIGH

e ASSESSMENT OF NEEDED RESOURCES

e ALLOCATION OF THE BEST TARGET FEEDERS

e ASSESSMENT OF TRANSIENT AND FINAL BENEFITS

e COST BENEFIT ANALYSIS

35 SREDS19 - CONFIDENTIAL - BEGOVIC 35



Demand Reducing Measures Demand-Side
Management

]
Vehicle for DSM implementatinnﬁ) — -
I |

Dispatchability Dispatchable Non-Dispatchable
! | ! ' '
Decision Reliability Economic Time-Sensitive Pricing
[ I . ] ] I_I

SREDS19 - CONFIDENTIAL - BEGOVIC 36



Volt/VAR Control with
DER



Introduction to the problem

AC distribution system |

Utility Grid

Century ago, the electrical power system
envisioned by Tesla and developed by
Westinghouse in the last century was based on
unidirectional power flow from the central
generation to the distributed load. Classical loads
included resistive lights and motor and behaved

linearly.

Source voltage and current

400

300

200

100 -

Voltage
<

-100

-200

-300

_400 1 1 1 1 1 ]
0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time

12/1/2019
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AC distribution system

Utility Grid

1 0123456789 L)
N LRI U AT

Smart Meter

Introduction to the problem

Power
< Electronic €
Interface

Power

== Electronic ===p
Interface

Power
<= Electronic
Interface

Power
< Electronic €

Interface

/il

Today, distributed generation such as roof-top PV
can cause the voltage to change rapidly and hence
put excessive stress on the voltage control devices.

Modern loads also present non-linear impedances
to the electrical system and hence draw harmonic
and reactive power.

Source voltage and current

Voltage

BIPV

— =

Hybria energy
Storage

0.15 0.16 0.17 0.18

Time

0.13 0.14

12/1/2019
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Introduction to the problem

AC distribution system |

Utility Grid

Smart Meter
D-STATCOM
e

Power
<@ Electronic Qﬂ

Interface EV
Power
==p Electronic ===
Interface
LED
Power @
<= Electronic €= f' T
Interface "
BIPV
Power fi—’w f.ﬁ
€ Electronic € 1~
Interface Hyoria energy
Storage

Tomorrow, distributed generation and non-linear
loads become dominant. Power Quality is corrected
(compensated) near the source in the low-voltage
distribution network.

\oltage and current seen by the utility at the substation

Source voltage and current

0.24 0.25 0.26 0.27 0.28
Time

12/1/2019
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Introdction to the roble

-~

600 1450
1400
_ 500
i 350
£ 400 ’;‘
3 Ja £
§ 300 §
g 250 ,GE:
E 200 b
1200
100 150
O | | | | | | | [ " N NN N N 100
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (H)
» Corresponding bus voltage plot fora24 =
hour period. E
» \Woltage rise due to PV power injection  ~
at noon.
e Smooth variation in voltage.

112

11 L

Time (H)

121112019 41
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Introduction to the problem

L T S S T T S S S S T S S S R 500

600 |

500 |

~

400 |

ance (W/m

300 |
g
©

£ 90 |\

100 |

110

0

OO RO TR R A
1 2 3 4 5 6 7 8

Time (H) ™

« Corresponding bus voltage plot fora24 _ |

hour period. gw ;

» \oltage rise due to PV power injection Sim |

at noon. h

 Dip in voltage due to sudden cloud- 0 |
transient. N

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (H)
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Introduction to the problem

106 [

» Corresponding bus voltage plot for a 24
hour period.

» \oltage rise due to PV power injection
at noon.

» Fast voltage fluctuations due to highly
variable PV power injection

—
[=3
=

Voltage (p.u)

=
o
~
—
T

o
©
o

0.96

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (H)
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Voltage (p.u)

Challenges-\oltage and Aging of Devices

Tap Position

Time (Minutes) Time (Minutes)

One Day Bus \Voltage Profile Changes in Tap Position of OLTC

The stochastic nature of PV generation disrupts the voltage profile.

Rapid variations in system voltages increases the operational cycles of the OLTC
Number of operations with no PV= 15

Number of operations with PV = 205

12/1/2019
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Introduction to the problem-Challenges

= Rapid changes in voltage and power factor due to unscheduled generation of
DERs.

= Accelerated aging of electro-mechanical devices.

= |[ncrease in nonlinear loads and harmonic distortion.

= Increased need for LVRT (Low Voltage Ride Through Capability).
= Mitigation of Short Term Instability Problems.

* Device operation in harsh environments.

12/1/2019 45 SREDS19 - CONFIDENTIAL - BEGOVIC 45



Introduction to the problem-Challenges

Our World

Solar PV energy consumption, terawatt-hours per year, 2000

Total solar photovoltaic (PV) energy consumption by country or region, measured in terawatt-hours (TWh) per year.

e — e

0.06 TWh

China I 0.02 TWh
Canada I 0.02 TWh

Brazil 0 Twh

in Data

Germany

South Africa 0 TWh

0 TWh 0.1 TWh 0.2 TWh 0.3 TWh 0.4 TWh 0.5 TWh
Source: BP Statistical Review of Global Energy CC BY
U.S. Solar PV Price Declines and Deployment Growth
16,000
500
5
12,000 £
S4.00 s
s
s2.00 g
4,000 E
had
L 010 2011 amz 13 014 015 016 m7 018 201901 e

W actisl | Expected

Solar PV energy consumption, terawatt-hours per year, 2016

Total solar photovoltaic (PV) energy consumption by country or region, measured in terawatt-hours (TWh) per year.

QOur World

in Data

Germany 38.2 TWh
South Africa I 3.27 TWh
Canada I 3.08 TWh
Brazil | 0.09 TWh
0 TWh 10 TWh 20 TWh 30 TWh 40 TWh 50 TWh 60 TWh

Source: BP Statistical Review of Global Energy CCBY

Solar Industry £
SEIA @sElA | 88,068 followers ’

According SEIA & @WNM_PowerRenew, total U.S. #solar capacity will more than double
over the next 5 years, with annual installations reaching 17.6 G\W in 20211 More at
seia.orgfsmi | #TheSolarDecade #SolarlsMow

Projected Installed Capacity in 2021=69.1 GW

Enough to power 13.1 million American
Homes!!

12/1/2019
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Distribution System Testbed

HEE 34 Node Test Feeder

Most Remote Bus:
35.9 miles from the

substation
; 848 3 Ph, 450 kVAr
Substation Capacitor Bank
Transformer 9822 ® 346
[69/24.9 kV]
Singe Phase @820 o84 3 Ph, 300 kVAr
Lateral ——» Capacitor Bank
Singe Phase 64
~ #3818 Lateral ~ [ ] @4l
| 850 824 l 826 = 860 236
802 806 808 812 814 834
= o £ o—/ei 2. 2 5 # (8 @ @ & » 840
| 816
Singe Phase 832 862
810 ‘
Voltage ,4? B8
- 852
Regulator 1 Voltage
gu Regulator 2
2 B & & 1
828 830 854 1 856 In-line
Transformer
Singe Phase [24.9/ 4.61 kV] .
Lateral
3 Ph, 2 Wdg.

12/1/2019
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Distribution System Testbed-Voltage Caog

= OLTC at the substation transformer
= VRS In the downstream laterals.
= Capacitor banks.

Optimization of Voltage Control Devices

Optimal Allocation

Optimal Size and Control

12/1/2019
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Distribution System Testbed- OLTC

LTC at the Substation Transformer
e Use of Line Drop Compensation.
* R'+jX' = (Zine). CTp/Npt v

* Ziine = (Vreg_Vlc)/Iline

e Bus 802 is the control load center

lline = Xline
Ed . CTP:CTS o a 4
Rline

CENTER
Q
;

Voltage
Relay

Npt:1 F S

voltage.
Line Drop Compensator Circuit
Device Vreg Band Npt CTp R’ X Rline Xline ET)ienI;ey
() ()
LTC 126V 1V 120 600 3V 1V 0.588 0.072 15 sec
12/1/2019 49 SREDS19 - CONFIDENTIAL - BEGOVIC 49



Distribution System Testbed-Voltage Regulators

LTC at Substation Transformer LTC +VR1
0.015 ‘ ‘ ‘ 0.015 ‘ ‘ ‘ 104
& Substation % Substation
. Loads | . Loads ° 102
0.01 | |y MV Transformer . | i 1 0.01 || v MV Transformer
o End of Feeder (3-phase) + LTC/VREG 1
1 o End of Feeder (3-phase)
0005 | i ‘aoos L ] 0.98
o o ° 095 o o
. " 0.96
% 0L % o ! | o o o i é 0L * ° L. | | o o o i 0.94
S 09 g
Q v — ] 0 v . ! 0.92
> 0005 | ] > 0005 | ]
09
° 085 °
001 | i 001 | i 0.88
0.86
08
-0.015 I I I I -0.015 I I I I
1155 -115.49 -115.48 -115.47 -115.46 -115.45 -115.44 -115.43 1155 -115.49 -115.48 -115.47 -115.46 -115.45 -115.44 -115.43
X-Coordinate X-Coordinate
_ LTC +VR1+VR2 l
Optimal Procedure of VRs Placement ouss _ ‘ ‘
% Substation 104
] H . Loads
Locate the first bus nearest to the wor L| v ractoms a |
. . o LTC/VREG 1.02
substation with V' < 0.95 p.u " Endot estr (3t
0005 |

= Set the appropriate voltage, bandwidth ‘ ] 1

and delay settings. i *T ’ l } 1 Hoss

Y-Coordinate

= Run asnap shot power flow.
= Repeat, if any bus reports V < 0.95 '

-0.01 |

0.94

-0.015 I I I I I I
-1155 -115.49 -115.48 -115.47 -115.46 -115.45 -115.44 -115.43

X-Coordinate
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Distribution System Testbed- Capacitor Banks

= Objective: Loss minimization.

= Constraints: Nodal Voltages and Substation power factor.

" " " 2
minimize Z pij(t) = |Iij(T)| Tij
(i, )ET
subject to Viyin < Vi < Viax
pfss = pfmin

&

ber of Capacitor Banks Number of Capacitor Banks
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Distribution System Testbed-Capacitor Banks

saom-{—Jn = 8¢
9822 8460 9822 I 846 ¢ =
0820 g4 $ 820 -E—Wr’ I
S%quce 9318 iy 8429 S‘;lur:e ® 818 8 8420 J
‘ 802 8(.)6 8f8 8%2 8%41@@?‘0 8‘16 854 8%6858 8%4 8§O 836 o340 802 806 808 812 814 T 824 826858 8’3435360890 836 840
s 832 s o 9862 sIm 832 &@_ 862
838 850 I 838
Original Capacitor Allocation New Capacitor Allocation —
828 830 854 856 828 830 854 856
Source Power 0.9906 Source Power 0.9969
Factor Factor
KW Loss 270 KW Loss 259
KVAR Loss 63 KVAR Loss 53
KVAR source 281 KVAR source 163
Optimal Placement of Capacitor Banks
12/1/2019 52 SREDS19 - CONFIDENTIAL - BEGOVIC 52



Distribution System Testbed-Voltage Control

e Control of Tap Changing Transforme *

e Voltage Set point

e Bandwidth
e Time Delay

Time Delay
Device Vreg Band
VREG1 1235V 2V 30 sec
VREG2 124V 2V 45 sec

Volta

0
Time (Mins)

12/1/2019
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Distribution System Testbed-\Voltage Cog

e Control of Capacitor Banks

e Voltage control of Cap 890
e Timer control of Cap 844 and 860 o oeeefommol
Cap. Bank ON Setting OFF Setting V<10 pu V> 1.05pu
C890 V <1.0p.u V > 1.05p.u él \ /
C844 1700 Hours 1130 Hours :
C860 1700 Hours 1130 Hours

— 'y
822 ‘ 846 ®

620 _me—"]_
864
860 836 840
4
890 862
8
838

Source
818 ®
3
w1
Timer Control

Bus
[
828 830 854 856 T2 3 4 5 5 7 8 3 L0 U B
Time (H)

SREDS19 - CONFIDENTIAL - BEGOVIC 54

802 806 808 812 8l4 82
p——o 358

Cap Status

850 816

810
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Three operational scenarios:

Light load condition and
small to zero PV injection

[1].

Peak PV injection and
average load injection [2].

Peak load condition and
small to zero PV injection
[3].

2
)

Irradiance (W/m

arios

500

400
500 |

o

o

o
w
(2]
o

(%]
o
o

w

o

o
~—
[HEN
.

NS
[Sa)
o

Active Load (kW)

")
o
o
I
o
o
o

—_
o
o

—

(2]

o

0 [ S N N B Lo L N I N N 100
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Light load Time ()
and zero PV }<_Peak Load —>‘
Peak PV and and zero PV
“Avg. Load ’

12/1/2019
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Distribution System Testbed-Light Load

1.1 |

* Snapshot Simulation at
Light Feeder Load [20% 105 gg-a.u -,

of Peak Load]. V

1L

e Peak Load=2.04 MW

g 09 || | L L L
Device Vsp (PoU) |3 49|
OLTC 1.04 - - -ANSI Lower Limit
0.85 = _ANSI Upper Limit
VR-1 1.025 _Q_No Voltage Control
0.8 ,_Q_Voltage Control
VR-2 1.03 BN O o E Rt REE o NN BRI NN OO
wwwwwwwwwwwwwww B?SIQIJDCONWCOGJCOOOCOGJCOWGJGJCOCOWGD
Substation PF kW Loss [%] kVAr Source
No Voltage Control 0.99 3% 52 kVAr
Voltage Control 0.9888 2.8% 56 kVAr
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Distribution System Testbed-Peak PV + Moderate Load

e Snap Shot Simulation

e Peak PV =1.59 MW 105 ¢ 00000 _____ AN RAAAAAAAAI
e Load=1MW [50 % of 000" 9-0-0-0-0-0-0900 9 990009 90000000090
Peak] .
e Back Feeding. Toos L L L L |
Device Vep (p.u) § o
OLTC 1025 085 _ - _ANSI Lower Limit
|| _ANSI Upper Limit
VR-]. 1025 _Q_No Voltage Control
0.8 _Q_Voltage Control N
VR-2 1.025 B RGN G e R GET R e T RN NN R e T T e oo
AR L EEEEEREEEL EEEC AR L AR R R R R 22
Substation PF kW Loss [%] kVAr Source
No Voltage Control -0.8626 7.2 % 435 kVAr
Voltage Control -0.9 7.3 % 413 kVAr
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Distribution System Testbed-Peak Load

1.1 |
e Snap Shot Simulation at

Peak Feeder Load=2.04 105

MW V: f,::f::: A "*;fﬂ 5-0-0-0—-0—-0—-0—C€
10
g 09 | __________¥YVYV_
Device Vsp (p.U) |3 0o
OLTC 1.04 wwTw ] e [
0.85 _ - ~ANSI Upper Limit
VR-1 1.025 ~¢- Voltage Control
0.8 ,_Q_NoVoItage Control
VR-2 1.03 O
B REEEEsoBesNE B BHEREERE38338883333
Substation PF kW Loss [%] kVAr Source
No Voltage Control 0.8857 15.1% 924 kVAr
Voltage Control 0.9968 12.7 % 56 kVAr
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Distribution System
Impact:

Use Cases



Quasi-Static Time Series (QSTS)-Simulations

" Sequential steady state power flow simulations.

= Converged state of each time step is used as the beginning of next step.

" Time-dependent aspects of distribution systems.

" [nteraction of load injections and PV injections with the voltage control

devices.

MATLAB

OpenDSS

12/1/2019

60

SREDS19 - CONFIDENTIAL - BEGOVIC 60



QSTS Simulations- Load Data

kw.,, Load Type Number
<3 Residential, Low Load 13
(Apartment, Studio etc.)
3<kw <10 Residential, High Load (House 24
with more than 3 bedrooms)
10< kW<25 Commercial, Small (Small 20
Store)
25<kW<100 Commercial, Medium (Small 8

Office, Retail Store etc.)

100<kW<500 Commercial, Large( Super 2
Market, Hotel etc.)

Hourly Residential and Commercial Load Profiles from DOE.

Residential Data based on Residential Energy Consumption Survey.
Commercial Data based on DOE commercial reference building models.
37 Residential Profiles and 30 Commercial Profiles

12/1/2019

61 SREDS19 - CONFIDENTIAL - BEGOVIC 61



QSTS Simulations- Load Data

Location Annual Average Electric Usage per
Household (kWh/y)
IEEE 34 Test Model 12898
State of Arizona 13550
United States 10399

 Normalization is done based on individual kWp values.

kW' (t)
kW,

NF;(t) =

¢ NFl(t) € (0,1]
e Uncorrelated load behavior.
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QSTS Simulation-Solar Data and PV Model

= 1 minute NREL Solar Irradiance data.

= 1 minute temperature data.

)
GHI
4 ) 4 )
DNI Transposition Model 1 minute Tilted
DH] > [Tilt Angle] *| Irradiance Load shape
[Azimuth Angle]
Az. \_ J \_ ) kV PF Conn.kVAr
1T
f PV System Object \
Temperature > " v
Efficiency Curve > P ac |Peff
Brpp Vs T ;K /
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QSTS Simulation-Solar Data and PV Model

MATLAB

— e
*
[ ]

Voltage (pu)
T

0.015 ‘
* Substation
% PVPCC 1.025
Initiate Solver Retrieve data 001 | . Loads * .
- v MV Transformer
Loop and Push from DSS o LTCIVREG 1.02
B . 0.005 | A Switching Capacitor —
Solve Command Object Handles o End of Feeder (3-phase) T
@ 1.015
£
% 0 L ‘ l A % e : A Y -
§ l 1.01
: .
> 0,005 B
b . 1.005
-0.01 | il
St S e
1
-0.015 I I I | I I
-1155 -115.49 -115.48 -115.47 -115.46 -115.45 -115.44 -115.43
X-Coordinate
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o)
%Q available

PV Inverter Voltage Support

Volt-VAR Curve

! (052 (0.95,2)
¢
0L
-1 |
(1.05-1) (15,1)
|
0.5 1 15
Voltage at PCC (p.u)

KW, kVAr

500

400 |

300 |

200 |

100 |

0

-100

-200

-300

—PVKW
—PVKVAr, VFI=Yes
PV kvAr, VFI=No

| | | | | | | |
1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (H)

PV kW and kVAR

With VFI [VarFollowlnverter]=Yes, the PV inverter does not regulate the voltage when PV

kW=0.

With VFI=No, the PV inverters regulate PCC voltage even when PV kW=0
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Power System Impact: Use Cases

Use Case | Impact Type | Peak Load Peak PV % PV Penetration PV Control
Name Level Level Type
Case 1 Load 2.04 MW 0 MW 0% -

Change
Only
Case 2A Load+PV 2.04 MW 0.6 MW 30 % Unity PFx,
Injection Non-unity”
PF and Volt-
Var
Case 2B Load+PV 2.04 MW 1.63 MW 80 % Unity PF,
Injection Non-unity
PF and Volt-
Var

*PF= Power Factor

ARefers to constant non-unity power factor operation
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Cumulative OLTC Operations

Use Case 1 iimpd

I I
800 | ) o
Nonlinear R
700 L A t‘ 't =,, ,
600 | cuvity / ,/
’/
500 | -
400 | %
ol
300 | ’
U ,/
200 | £~
100 |
O | | | | | | | | | | |
Jan  Feb Mar Apr May June July Aug Sep Oct Nov Dec

OLTC Cumulative Operations

Cumulative Operations

7000

6000

5000

4000

3000

2000

1000

ct of Load Variabilit

Jan

_VF‘Qeg 1A |
- |=—VReg 2A 8
i - ]
s 77
U R

i - i

-y .
- . Nonlinear -

(d »7 ¢ ..
- - Activity -

Feb Mar Apr May June July Aug Sep Oct Nov Dec

VReg Cumulative

Operations
Device Annual Operations Daily Operations
OLTC 730 2
VReg 1A 7290 = 20
VReg 1B 4795 =~ 13
VReg 1C 5140 =~ 14
VReg 2A 5143 =~ 14
VReg 2B 4750 =~ 13
VReg 2C 5055 = 14
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Use Case 1: Impact of Load Variability

“ N« Activity

/

Device Status

1l

g
-~

Number of VVoltage Violations

Less Actiwt

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

1 1 1 1 1 1 1
Jan  Feb Mar Apr May June July Aug Sep Oct Nov Dec

Capacitor Bank 890
Swithcing Profile

Voltage Violations

e Annual number of Capacitor Operations = 604
* No more than 6 voltage violations on a given day.
 Non-uniform Capacitor Operation.
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Cumulative Operations

Use Case 2a.1: Low Penetratio

T T
— Substation OLTC

Jan

Cumulative Operations

N

9000

8000

7000

6000

5000

4000

3000

2000

1000

0

__VRIA
| _VR2A

Apr May Nov Jan Feb  Mar  Apr  May

Device Annual Operations Daily Operations
OLTC 726 = 2
VReg 1A 8448 = 23
VReg 1B 4893 =~ 13
VReg 1C 5136 =~ 14
VReg 2A 8455 =~ 23
VReg 2B 6508 ~ 18
VReg 2C 6831 = 19

12/1/2019
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Use Case Za 1 Low Penetration PV @ PF—

[e)]

/ Less Act|V|ty
7 7 7

1] e \ e - \
/ . ‘| . O
5 I,
=R | =
- =)
8 t; 3
g\ -z
. E 2
0 ! ‘ LE
\ L 4 \ L 4 L 4 1
M M -’
| | | | | 1 1 1 1 1 0
Jan  Feb Mar Apr May June July Aug Sep Oct Nov Dec Jan F b Mar Apr

Capacitor Bank 890
Switching Profile

e Annual number of Capacitor Operations = 352
* No more than 6 voltage violations on a given day.
 Non-uniform Capacitor Operation.

May Jun July  Aug Sp Oct  Nov

Voltage Violations
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Use Case 2a.2: Low Penetration PV @ CPF=0.95

©
S
S

10000

T T
‘
__VRIA
700 | o 9000 | |—VR2A
8000 | _
600 | |
7000 | _
500 | _ §
[%2] —
g 2 6000 | i
= (7]
© o
g 400 4 O s000
o 5 B 7
> =
> 7]
E 300 | | g 4000 | _
=1 =3
g 4
3 2 3000 | il
200 | 4 =
=
€ 2000 | _
=
(s}
100 L _
1000 | i
0 I | | | | | | | | | | 0 I I | | | | | | I I |
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

OLTC Voltage Regulators
Device Annual Operations Daily Operations
OLTC 722 ~ 2
VReg 1A 9380 ~ 25
VReg 1B 5401 =~ 14
VReg 1C 5566 =~ 15
VReg 2A 9073 ~ 25
VReg 2B 7340 = 20
VReg 2C 7689 = 21
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Use Case 2a.2: Low Penetration PV @ CPF=0.95

4

w
c
2

(%2}

= ©

2

o]

<

w

[«

L

>

[

a

S5
S
2 2 [l
°F *5
|
Jan F(;b Mz;r A;;r M:le .]un‘e Jul‘y Al;g Se;p Oét N(;v D(;c ar Apr May  Jun Ju Iy Aug Sep Oct Nov
Capacitor Bank 890 Switching Profile Voltage Violations

e Annual number of Capacitor Operations = 450
* Frequent voltage violations.
 Non-uniform Capacitor Operation.
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Use Case 2a.3: Low Penetration PV-Volt VAR

9000

1200 :
e VFI=Y €S
e VFI=NO
1000 | g
800 | _
o 2
S S
2 ®
s 600 | 4 &
5 )
g g
5 K]
(—; 400 | 4 =5
£ £
=1 >
o O
200 | _
0 I I I I I I I I I I I
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

OLTC Cumulative Operations

8000

7000

6000

5000

4000

3000

2000

1000

—\/Reg 1A, VFI=Yes

—\/Reg 2A, VFI=Yes
VReg 1A, VFI=No

=== VReg 2A, VFI=No

0

l"‘
0
o
i"
.
“““
o

''''

»
ans®
st
X
o

»
s
----
.
Py

1

Jan

| |
Feb Mar Apr May June July Aug Sep Oct Nov Dec

VReg Cumulative
Operations

Device Annual Operations [VFI=True] Annual Operations [VFI=False]
OLTC 1046 730

VReg 1A 8432 6658

VReg 1B 5543 3914

VReg 1C 5436 4194

VReg 2A 8151 7356

VReg 2B 6560 5336

VReg 2C 6637 5612
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Device Status

Use Case 2a.3: Low Penetration PV-Volt VAR

Device Status

| |
Nov Dec

1 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May June July  Aug Sep Oct Nov Dec

Capacitor Bank 890
Switching Profile

* Annual number of Capacitor
Operations with VFI False = 718

Jan

1 1 1 1 1 1 1 1 1
Feb Mar Apr May  June July Aug Sep Oct

Capacitor Bank 890
Switching Profile

* Annual number of Capacitor
Operations with VFI False = 468
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UseCase I 1 Hiiel Penetrafion

25 X
700 L Linear activity in OLTC . Rapid changes in
2 L i
0o = Tap Changes ] Regulator Taps _--
2 500 2 /
IS - 12 15| 4 4 |
= S -’
T 400 | ] g -
5 & -
L 300 | g 1t b .
£ : e 4
2 200 | 1 E , s
5 O 05 s
© 100 | / - ” |
I i - — VR 1A
-—
0 I | | | | | | | | | | 0 I I I I I I I I I I VR 26
Jan  Feb Mar Apr May June July Au Sep  Oct Nov Dec Jan  Feb Mar Apr May June July Aug Sep Oct Nov Dec
OLTC Voltage Regulators
Device Annual Operations Daily Operations
OLTC 744 = 2
VReg 1A 22054 = 61
VReg 1B 10129 =~ 28
VReg 1C 11378 =~ 32
VReg 2A 21321 ~ 59
VReg 2B 16450 ~ 45
VReg 2C 17193 = 47
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Use Case 2b.1: ngh Penetratlon PV @ P

8
/Less Act|V|ty , Frequent voItage violations
/
1 ] \ 6
l w
n 2 5
g N
g 1 K
: 2o H\
s 5 3
ik il iy Ll
0L g 2
v : \H M\
1 1 1 1 1 1 1 1 1 1 1 0 ‘ H ‘H ‘ H ‘ ‘ HH
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Capacitor Bank 890 Switching Profile Voltage Violations

e Annual number of Capacitor Operations = 1798
* Increase in the frequency of voltage violations.
e Non-uniform Capacitor Operation.
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Cumulative Operations

2500

2000

1500

1000

500

Jan

Use Case 2b.2: High Penetration PV,CPF

10

3 X ‘
25 |
2
g5
9:
£
IS
3
i 05 |
—VR 1A
1 1 1 1 1 1 1 1 1 1 1 R 2
0 I I I I I I I I I I I
Feb Mar Apr May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
OLTC Voltage Regulators
Device Annual Operations Daily Operations
OoLTC 2080 =~ 6
VReg 1A 27422 ~ 75
VReg 1B 13765 ~ 38
VReg 1C 14670 ~ 41
VReg 2A 23237 =~ 64
VReg 2B 20048 ~ 59
VReg 2C 20629 ~ 57
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Use Case 2b.2: High Penetration PV,CPF=0.95

12

10 |

ce Status

Number of Violations

1 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May  June July Aug Sep Oct Nov Dec an

Capacitor Bank 890
Switching Profile

* Annual number of Capacitor Operations = 2556
e Increase in the frequency of voltage violations.
 Non-uniform Capacitor Operation.

«

ar une July Aug Sp Ot N

Voltage Violations
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Use Case 2b.3: High Penetration PV-Volt VAR

4

10
— 22 X
3000 e VFI=NO I I I
7_VF|=Y€S 7 2 —VReg 1A, VFI=No
| |——VReg 2A, VFI=No e
2500 | | 18 ||.... VReg 1A, VFI=Yes i
16 |[=*= VReg 2A, VFI=Yes .‘-“_“.-' |
n 2000 | 1, 14l .
_5 S "‘n
B = 12 | s o |
g 1500 | 18 . g
-L% % 08 | |
S 1000 | | =
g g 06 | i
500 | | 04 | |
02 | i
0 T I I I I I I I I I I 0 \‘ I I I I I I I I I I
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
OLTC Voltage Regulators
Device Annual Operations [VFI=True] Annual Operations [VFI=False]
OLTC 812 736
VReg 1A 19341 11516
VReg 1B 11273 4957
VReg 1C 10559 6784
VReg 2A 18142 14987
VReg 2B 15936 10175
VReg 2C 15698 10465
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Device Status

0

1 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May  June July  Aug Sep Oct Nov Dec

Capacitor Bank 890 Switching
Profile, VFI=No

* Annual number of Capacitor
Operations with VFI False = 736

Device Status

Use Case 2b.3: High Penetration PV-Volt VAR

Jan

1 1 1 1 1 1 1 1 1 1 1
Feb Mar Apr May  June July Aug Sep Oct Nov Dec

Capacitor Bank 890 Switching
Profile, VFI=Yes

Annual number of Capacitor
Operations with VFI True = 812
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Use Case 2b.3: High Penetration PV-Volt VAR

w 17
2
2
ks
> 3
©
>
S
H“ °
>
H“ 5
)
o
S
S
B
Y Dec

Voltage Violations, VFI= Voltage Violations, VFI=
No Yes
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Impact on

Ing Devices

Load Variability Only

Tap Position

Tap Chang

T T T T
‘_ Use Case 1: Load Only

Low PV Penetration

I I
__PF=1
—PF=0.95 [lagging]

Tap Position

Volt-VAR, VFI=Yes
—VoIt-VAR VFI=No

b

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

24

Tap Position

High PV Penetration

-

—PF=0.95 [Lagging]
Volt-VAR, VFI=Yes

— VoIt-VAR,VFI=No

12/1/2019
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9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (H)

High PV Penetration causes rapid voltage
fluctuations and hence increases the
stress on the Tap Changing Devices.

Difficult to control voltage variations.

Increase in the number of Operations.
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Impact on Tap Changing Devices

Device Load Only Low PV, Low PV, Low PV, Low PV, High PV, High PV, High PV, High PV,
PF=1 PF=0.95 Volt-VAR Volt-VAR PF=1 PF=0.95 Volt-VAR Volt-VAR
[VFI=Yes] [VFI=No] [VFI=Yes] [VFI=No]
OoLTC 730 726 722 1046 730 744 2080 812 736
VReg 1A 7290 8448 9380 8432 6658 22054 27422 19341 11516
VReg 1B 4795 4893 5401 5543 3914 10129 13765 11273 4957
VReg 1C 5140 5136 5566 5436 4194 11378 14670 10559 6784
VReg 2A 5143 8455 9073 8151 7356 21321 23237 18142 14987
VReg 2B 4750 6508 7340 6560 5336 16450 20048 15936 10175
VReg 2C 5055 6831 7689 6637 5612 17193 20629 15698 10465
Cap. 890 604 352 450 718 468 1798 2556 736 812
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Solution to the problem:

A Continuous VAR Support
System



Distribution level RPC- Challenges

= Economics!

= While justifiable at transmission levels, RPC becomes cost-
prohibitive at distribution voltage level.

= Exponential rise in the capital cost.

» Reliability!
= Electrolytic capacitors have well-known failure modes.
= \Weakest link in the chain of reliability.
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Distribution level RPC- Solutions

= Economics!
= |_owering the cost of the Power Quality Compensator.
= Capable of executing multiple functions simultaneously, e.g. VAR compensation and
harmonic filtering.
» Reliability!
= Getting rid of electrolytic capacitors.
= New technology for energy storage.
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D- STATCOI\/I System: Theoretical Assessment

Voltage (p.u)

0.85 = = = ANSI Lower Limit
= = == ANSI Upper Limit
—— OLTC+Cap Compensation
08 L —¢— OLTC+Cap+PFC with D-STATCOM
1111111111111111111111111111111111
oooooooooooooooooooooooooooooooooooo
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
Bus ID

Power Factor Correction @ Bus 890
(VAR Compensation)

Modes of Operation

1) Power Factor Correction (PFC):

 D-STATCOM regulates the power factor at
the bus.

* In these examples, the power factor of Bus
890 was corrected to 1.0 from a previous
value of 0.89.

Qci=—QLi; i €{ab,c}

* *
VL,i VL,i
B Balanced Delta Load
u
<1 Ica S
8
2> Icb 9 |
O
4> e
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D-STATCOM System: Theoretical Assessment

rr—r—r T rrrTrrrT1rr1Trr 11T 1T 1T 1T 1T 17T T 1T T T T T T T T T T T MOdes Of Operation

2) Voltage Regulation (VR): Upstream Voltage

Drop Compensation:

 D-STATCOM attempts to compensate the
drop in voltage from the nearest upstream
neighbor.

1.05

El - » This entails solving a set of strongly coupled
o non-linear equations. It can be simplified by
‘—é" ignoring the effects of mutual impedance.
09 L _
0.85 |
D

i — — — ANSI Lower Limit

— — _ ANSI Upper Limit ) AVa Xa S e
~—4— OLTC+Cap Compensation 000 | la—
0.8 L +OLTC+Cap+VRWith D-STATCOM M Ea b Va
| A N NSNS SN N S S U A A A A U N A U N N N N N N N N N NN TN N N | ZbRa
B R MR R R RS R R R R R R R T Eb B001b | |\
00 0O 0O CO 0O 0O 00 «1 00 0O 0O 0O CO CO 0O OO CO 0O 00O 00O €N 0O 0O CO CO 0O CO CO 0O 00O 00 00O 00O OO O XC an
Bus ID Rb
% A [T
EC% Ve
\Voltage Reqgulation @ Bus 890 Rc Ic— LoAD
Upstream Voltage Drop Compensation —AVec >
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D-STATCOM System: Theoretical Assessment

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T MOdeSOfOperatlon

11

3) Voltage Regulation (VR): Voltage Set Point:

105  D-STATCOM regulates the bus voltage at a
specified value.

» Value can be given by system operator

Vset point = 10 p.U [BUS 890]

E)
S 095
S
(oo}
S

P - Vpcc Vconv

Zt
085 | — _ _ ANSI Lower Limit | RAAe
= = = ANSI Upper Limit

—¢— OLTC+Cap Compensation '
08 | —4— OLTC+Cap+VR with D-STATCOM Cono
| I I | | I S [ S I IS S S S (N U S (N (N N |

ONOOOANSSOOQOOVWHNTOWOWOSOOoWN
OO0 00O ddd O A ANANANML NN
00 00O 0O 00 00O 00O 00 «— 00O 00 0O 00O 00 0O C0O 00O O O 00

Bus ID

852
200
832
888
858
864
890
834
842
844
860
836
862
846
840
848
838

\Voltage Regulation @ Bus 890
\oltage Set Point Compensation
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Cumulative Operations

12/1/2019
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D-STATCOM System: Theoretical Assessment

700

T
e PV 8t PF=1

| | PV at PF=1+D-STATCOM

600

500

400

300

200

100

Jan

2500

2000

1500

1000

Cumulative Operations

500

Jan Feb Mar Apr May

Feb Mar Apr May

1
June July Aug Sep Oct Nov Dec

T T
e PV @t CPF=0.95
e PV @t CPF=0.95+D-STATCOM

|
June July Aug Sep Oct Nov Dec

90

Cumulative Operations

Cumulative Operations

4
10
25 X T T T
—\/Reg 1A, PV at PF=1
—\/Reg 2A, PV at PF=1
2| VReg 1A, PV at PF=1+D-STATCOM P
«xx VReg 2A, PV at PF=1+D-STATCOM
15 | et
-.-“‘-‘"
1 ettt
- oL —
= e
05 | o |
0 '\‘ | | | | | | | | | |
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
4
3 10
T T T
=—\/Reg 1A, CPF=0.95
= \/Reg 2A, CPF=0.95
25 | VReg 1A, CPF=0.95+D-STATCOM 4
==x= VReg 2A, CPF=0.95+D-STATCOM
2
15 |
1L
05 |
0 I I I I I I I I I I I
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
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D-STATCOM

System: Harmonic Control

11 07 o
—Cap Bank ON; PV OFF
0.6 ||—Cap Bank ON; PV ON i
1.05 | | — Cap Bank OFF during Peak PV
05 ||—DSTATCOM in VR Mode i
T —DSTATCOM in HC Mode
2 S 04 |
S 1l | X
E ' HS’ 03
S [ -
Z Bus B9O Voltage Dm Bus 890 Voltage THD
© 095 |[—CapON;PV OFF | Z o2]
—Cap ON, PV ON
—Cap OFF during Peak PV 01 [ .
—Cap ON; PV ON; DSTATCOM ON M«\,——PJJIM‘LIWM
2 s 456 T8 S NUUBUB BT BB 22225 7 5 456 7 s o NN LBUBIL U BB 222N

Time (Hours)

Time (Hours)

600
400 |
< 20 | D-STATCOM |
< .
e Capacity Usage
o)
g0
<
[
2]
(o4
-200 | il
—\oltage Regulation Mode
—Harmonic Control Mode
-400 R I A R |

848 ¢

822 I 846 @ =

Source
Bus

D-STATCOM

Time (Hours)
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D-STATCOM system

GOAL.: Fix power quality problems at their source within the distribution network with a power quality
compensator (PQC) that lasts 30+ years in austere environment.

* Shunt-connected active filter
* No electrolytic capacitors
* Flexible controls

T b abi N ey -
2 S,
3 aflc e n Lz
I &
-
-1 a2 ‘
7,

’ L' 'h
Linear inductive
load

a_ @ @
I
C 15
: stributed P
% % system

Lm

@\

e
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festibea: Reactive Power

Upstream
Three phase supply

T = e

............

Controller
= ASPACE-Scalexio

- D-STATCOM

O "W
...........

~ Matrix Converter

B~

Downstream
Inductive load

...............

,r-,-.. ]
E i
‘------------------—

]
L1

L N
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D-STATCOM System: Experimental Results

;E T ‘
5 No Voltage T :zzz i | | | | | |
;% Regulation S ] ML
3 Voltage £ 1000t Q-Load !
-;:2.2.5 Regulation I or
-1000
L e
05 1 152 25 % 3 4 45 s “QNetwork T @-psTaTcon
. \ 3000
e £ o
10 T I | T T % 1000 | | P-Network
=
= 0

—l THD<5% - wool 1L
05 1 15 2 25 3 35 4 45§ ool b

Time

THID |20 of fund]
[=p%

e
Power factor

[=]

[rs]

Voltage Regulation and Harmonic Control Power Factor Correction

12/1/2019 94 SREDS19 - CONFIDENTIAL - BEGOVIC 94



D-STATCOM System: Experimental Results

wE
“yyl  No Voltage | | PARAMETER VALUE
g Regulation T
;;2_2_5 Voltage | Voltage, V| y rms 240V
. || Reaulation | Frequency 50Hz
IR B ; 3-5(8 | R4 e Reactive Power Q (3-ph) 1,850 VAR
ime (Sec)
10— S Active power P (3-ph) 1,700 W
: Power Factor p.f 0.71
2 |THD<5% THD<5% |
‘s l =1 | Output chokes inductance Ly, | 36mH
: ! l Sampling time Ts 251Us
a MW‘ | | | | |
05 1 15 2 25335 4 453
Time (Sec)
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Distribution Asset Management:
Preventive Cable Replacement



Mechanism of Failures in Cagle

FAILURES SINGLE POPULATION, NO REPLACEMENTS
AFTER INITIAL “NO FAILURE"” PERIOD,
FAILURES STEADILY GROW OVER TIME

INSTALLATION TIME

TIME
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FAILURES )
/" i FAILURE

,/ | REDUCTION

INSTALLATION TIME

PARTIAL REPLACEMENT

1
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Estimation and Control of Failures in Composite Populations of Cab

ESTIMATED FAILURES

INSTALLATION EVENTS

il o= TIME

TTTTTTTTT

PARTIAL REPLACEMENT EVENTS

PROPOSE TO DEVELOP

REPLACEMENT
EVENTS

N
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Using Procedure established in Remaining Life Il Project, determine the
optimization scenarios to relate the number of estimated failures in the
future with the replacement/investment strategies.

Work with members and appropriate statistician(s) to develop the
optimization procedure, then test it on a number of appropriately chosen
test cases.

Incorporate the optimization procedure into the previously developed
software for estimation of number of failures.

Select a system component other than cable to determine how well the
established approach works for discrete system components (as opposed
to cable which is not discrete)

100
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Progress: Formulation of the Failure {dadle

e Original Formulation (Forrest):

f(t)=X-a-(t-g)’
e Linear Dependence of the Number of Failures on the Length of Installed
Cables

e For Multiple Populations:

F(6a,0.6) =Y 0= X, -a-t—g-i)
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Revised Failure Model

e Time to 15 failure is a random variable as per previous slide

e Time to N failure is a sequence of random variables (renewal
process)

» Revised failure model is not linearly dependent on the length of
the installed cable:

F(t,a,g,b,K)z_Zk: fi(t):Zk:Xil""‘-K-(t—g—i)b
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Algorithm Checking with Test Data

Table 1. Results with optimal coefficients

a opt | b opt | c opt | norm

00136 || 1.1362 | 1.6823 || 35.79

00183 | 11367 | 1.8369 | 5563

00133 [ 11411 | 1.6738 || 53,

0.0124 ) 1.1551 | 1.6579 | 35,

| o L2 [ P2 —

00116 ) 1.1421 | 1.6104 )| 33,

[y

00109 [ 11475 1.2921 | 33

Mumber of Failures
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Figure 1. Optimization curve
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Accounting for Replacement Cglale

/
/

FAILURES /" FAILURE
n 'REDUCTION

INSTALLATION TIME

PARTIAL REPLACEMENT

l

TIME
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Procedure for Planning Purpe
4 . I

EXPERIMENTAL D FAILURE ESTIMATES ]

FAILURE DATA ) CONFIDENCE RANGES
i 4 o
STATISTICAL e
DISTRIBUTION

i 5
PROBABILISTIC
SIMULATION

——
|

FAILURE

FORECASTING T e =
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EV Integration Impact on
Dsitribution System Resilience
and Operation



1 :
User inputs 54 Detailed N Batter},e:
(fleet usage Battery Models Degradation
statistics, 35 1\ r) Models
Le. NHTS) :
7 Automated Vehicle ob
2 drive-cycle | Powertrain
Automated Generation Models
Travel 3B ¢ 4b
F’atterr_'i : Response
Generation Charging d
for each PEV Models 3 to manage
charging/\V2G
6 -
Aggregate Grid-scale
bi-directional impacts &
charging of opportunities
each vehicle from PEVs

SREDS19 - CONFIDENTIAL - BEGOVIC 107



Distribution Load Impact of
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Adaptive EV Load

T1 EVs without Adaptive Charging

TED o o — — — — — — — — — — o — — — — — m— — m— — — =

800
Tirme (minutes)

150 ~
T1 EWs with Adaptive Charging

44% less power capacity required

100 -

Time (minutes)

https://chargedevs.com/features/powerflex-says-its-adaptive-load-management-is-the-best-
technology-to-balance-ev-charging/
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Peak Loads and Distribution Transformer

7 35
Water heater
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EV Fast Charging

Demand (kW)
2 a3 B

L]
T

{0 ]
o
I

Demand (kW)

gﬂ

2 4

8

10 12 14
Time (hour)

16

18

20

22

24

—
n
T

—
=
| |

0

on
T

2

4

e 8 10 12 14 16 18 20 22
Time (hour)

SREDS19 - CONFIDENTIAL - BEGOVIC 111

24



* Overload Management of Distribution Transformer (DT)
* BESS interconnection Downstream from DT
e Optimizing the Life of Distribution Transformer

e Define Variable Shave Level Based on Overload Duration
and Temperature

e Real-Time Measurement of Loss of Life of DT and BESS
* BESS Sizing Needed to Optimally Meet the Peak Demand
e Cost Benefit Analysis
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Thank You 4
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