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ABSTRACT

= Advanced inverters are not smart enough to determine which settings to use in a given set of
conditions. Additional analysis is needed to determine which settings are most appropriate given
local feeder conditions. Although rigorous, detailed analyses can provide the “best” settings for a
particular set of conditions, more efficient methods of analysis are needed to determine appropriate
settings that can be applied to a wide range of feeder and distributed energy resources (DER)
scenarios.

= |n addition to efficient methods for determining settings, it is also beneficial to establish sufficient
default settings for advanced inverters. As such, regardless of where the DER are located, these
functions can be leveraged by utilities without any additional analysis. Both efficient analysis
methods and default settings are essential to ease the adoption and use of advanced inverter
functions.

= This report presents three methods to determine appropriate advanced inverter power factor settings
that reduce voltage impact on the distribution system from inverter-based DER. The three methods
presented vary in computational complexity, data requirements, and effectiveness. The simulation
results show that although the three methods vary in effectiveness, they all help reduce the voltage
rise and therefore the potential overvoltage.

= This report also presents a proposed default volt/volt-ampere-reactive (VAR) setting that has
provided beneficial response based on detailed analyses. The benefit from this default setting will be
shown to further improve in combination with additional inverter functions.

Keywords
Distributed energy resources, Inverter, Performance, Photovoltaics, Power factor, VVoltage deviation
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Chapter 1: Introduction
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Chapter 1 — Introduction

This chapter provides background on advanced inverters. The
chapter discusses advanced inverters and their potential
benefits with use of reactive power, as well as importance of
sufficient inverter capacity and appropriate settings.

= Section 1 Advanced Inverters Can Have Significant
Advantages

= Section 2 Importance of Reactive Power Capacity
= Section 3 Inverter Settings are Critical
= Section 4 Summary
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Advanced Inverters Can Have Significant Advantages

Advanced inverters can improve
Integration of DER by reducing
some of the adverse impacts
from DER.

= \Voltage issue

— Voltage-related issues can be the
most limiting issues regarding
Integrating DER

= |_east-cost solution

— In many cases, use of advanced
Inverters can be the least cost
solution for mitigating voltage
related issues due to DER

* Increased hosting capacity

— EPRI has shown advanced
Inverters can increase the
amount of DER that can be
accommodated

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Importance of Reactive Power Capacity

Any reactive power (var) related inverter function used to
mitigate adverse voltage impacts from DER requires
sufficient inverter capacity.

Issue
— Inverters are rated smaller than the PV panel, or

— Inverters give precedence to watts, but do not have
capability to provide reactive power at full output

Result

— Inverters cannot provide reactive power at full output
when the reactive power is needed most

— May result in unacceptable voltage rise
Solution

— Simulation results indicate that DER providing a
minimum of +/- 0.9 power factor at full output allows
for sufficient inverter var control

&
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Inverter Settings are Critical

Appropriate settings are critical
to ensure advanced inverters
provide the response that is
desired.

= Reactive power controls, such
as volt-var, are capable of
significantly altering the
feeder voltage

* There are numerous possible
Inverter settings

= A DER system with wrong
settings can actually worsen
grid performance beyond that
seen if the DER is operating
at unity power factor

10
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Summary

Objective

» Easing use of advanced inverters for
distribution engineers

= Maximizing use of advanced inverters
to improve integration

Inverter Functions

= Power factor control

= Volt-var control

= Combinations of existing controls

Approach

= Utilize advanced inverter controls
modeled in OpenDSS to analyze range
of feeders and DER locations

= Evaluate methods for determining
appropriate settings

» Evaluate possible default settings
= Determine impact on voltage mitigation

11
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Specific Issues Being addressed

= Both simple and advanced methods for
determining most effective power factor
settings that provide the maximum
benefit based upon feeder
characteristics, DER deployments and
DER locations

= |dentifying locations where advanced
inverter control are most effective — and
when they’re not

= Evaluating default volt-var settings that
are applicable across a wide range of
potential conditions.
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Chapter 2 — Determining Power Factor Settings

This chapter discusses power factor control settings. The
chapter provides a “how to” for determining settings for both
single and multiple systems on a feeder.

= Section 1 Power Factor Control Background

= Section 2 DER Power Factor Voltage Impacts

= Section 3 Power Factor Settings for Single DER System
= Section 4 Location Does Matter

= Section 5 Methods to Determine Power Factor Settings for
Multi-DER Systems

= Section 6 Simulation Results
= Section 7 Summary



Power Factor Control Background

The most common approach used for mitigating voltage rise from
distributed DER is applying non-unity (inductive) power factor
control.

= Positive Characteristics
— Power factor control can mitigate many voltage rise issues
— Relatively easy to estimate “best” setting to use for a single DER system

= Negative Characteristics

— Always works to draw reactive power from grid, even when it doesn’t
need to

— Reactive power must be “sourced” from somewhere

— When multiple DER systems are on the same feeder, potentially large
amounts of reactive power can be drawn, thus resulting in adverse
voltage impacts along the feeder

= Requirements

— Sufficient inverter capacity is needed to provide reactive power at all
active power output levels

14 I: EEEEEEEEEEEEEE
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DER Power Factor Voltage Impacts

Power factor settings can be easily calculated to mitigate voltage rise when there is a single system
on the feeder. Multiple DER on a feeder using settings calculated without consideration for other
DER can often result in overcompensation of the voltage rise (multiple DER absorbing reactive
power). Settings need to be properly tuned for the multiple DER scenario.

Single DER Multiple DER
1.08 - . 1.1 . .
no PV
no PV all PV pf=1
f=1 ! N
1.06 } ™ P . Lo8r 189 [ e-e- all PV pf control
----- pf = -0.95 \
\ 1.06 .
g 1.041 . g
> |\/|aX > 104 \\ ”’--n-u\ /. 7]
deviation SN /
1.02F 0.3% i 102+ Max deviation N ]
' 2.5%
1 7 1t .
0 5 10 15 20 25 0 5 10 15 20 25
Hour Hour
Voltage at POI of a Single DER Voltage at the same POI with Multi-DER systems
Appropriate power factor settings can be easily Appropriate power factor settings can Not be easily
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calculated for one DER

e  The calculated power factor setting successfully
mitigates the voltage rise (red curve) and keeps

calculated for multiple DER

Power factor settings can overcompensate for

the voltage very close to the no-DER condition voltage rise (red curve) and actually cause voltage

(blue curve) reductions to

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Power Factor Settings for Single DER System
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Where AV, is the DER-induced voltage change; V is the base voltage; X,
R are the equivalent reactance and resistance at point of interconnection
(POI) primary side; P, Q are the DER active power and reactive power.
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Location Does Matter — Power Factor Settings

X/R ratio

Calculated DER Power Factor

min X'R = 0.6497
max X/R = 8.539

I
2 (R

°
8 '~

8 0.6
- -
_'jl‘. D 7 -0.65
: M‘E‘ ¢ - 407
- r 6 ] Ly‘:(
' . f L J0.75
Substation | | 1° iﬁ’ Substation
| L Jos8
L 4
4-0.85
3
0.9
2
-0.95

Range of power factors: [-0.57437 to -0.99694]

Using the previous equation, associated DER power
factor needed to prevent voltage rise can be calculated

» Power factor setting is close to unity power factor
near the substation and drops toward the feeder end

pf=0.9 + Low X/R ratio has low power factors and needs to
P absorb a large amount of reactive power to mitigate
voltage rise (alternative solutions are necessary)

17

A4

* ADER location associated w/ X/R of >= 1.833
pf= 0.9 requires a DER power factor of >= 0.90 to effectively
mitigate overvoltage.

*Assuming interconnection transformer x=5.67%, Rs=0.673%
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Location Does Matter — Reactive Power Control

Effectiveness

Substation

N

J\

End of feeder
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Single DER

System and

Location

_ High short-circuit strength may not
\ireg)'ﬁglﬁa e require any reactive power control
noeded due to minimal (inductive). Short-ckt strength high
EOE”SQG rise caused by enough DER induces <1% voltage
deviation.

Region B High X/R locations are most
Var control most effective effective, short-ckt strength low

due to high X/R enough DER moves voltage

: Low X/R locations, requiring < 0.9
Region C ¢ Hocti
Var control not as effective power factor, are not very effective.

due to low X/R

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Methods to Determine Settings for Multiple Utility-Scale DER
Systems

There are three methods identified  Goal is to determine efficient

to determine more appropriate :
power factor settings when multiple and effective methods for

systems exist on a feeder. determining settings
Additional description and detall
are provided on the next slides.

1. Median X/R ratio

— “Hand” calculation equating X/R to power
factor

2. DER Point of Interconnect
X/R

— “Spreadsheet” calculation using weighted
average size of DER and POI X/R

©
)
N
®
)
—
&)
-

Effectiveness and
Complexity

3. Sensitivity-based algorithm
— lIterative, load flow-based method

19 |= EEEEEEEEEEEEE
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Description of Methods

20

Method

Median
Feeder X/R
to
determine
power
factor

Weighted
Average
XIR @
DER
Location

Sensitivity
-Based
Algorithm

Calculation
Method

Hand
calculation

Spreadsheet
calculation

Algorithm
using
iterative load
flows

Data
Requirements

average
primary voltage
X/R on feeder

Requires

calculation at
DER point of
interconnect

Load flow
model

Grid Performance

Limited improvement
based on actual DER
location.

Effective for single
DER system.

Limited improvement
for the multi-DER
scenario.

Effective approach for
single or multiple
systems

© 2015 Electric Power Research Institute, Inc. All rights reserved.

Power Factor Setting

Single Setting on each
feeder

Single Setting on each
feeder that takes into
consideration the location
of single or multiple DER
systems on the feeder to
obtain one single setting
tailored to the location of
those systems.

Customized setting for
each site and deployment
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Method 1 — Median Feeder (X/R) Ratio

21

(X/R)median

[0+

Power factor =

Calculate median X/R.

Calculate power factor by applying the X/R ratio calculated in
step 1 in the power factor setting formula for single DER
system. If the calculated power factor setting is below 0.9, set
it to 0.9.

DER systems in Region A that induce minimal impact (less
than 1% voltage rise at its POl @unity power factor in single
DER scenario) is set to unity power factor. The other DER
systems are set to the power factor calculated in 2.

I= EEEEEEEEEEEEEE
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Method 2 — Weighted Average X/R Ratio

22

F2 - fr | s(c2*p2+ca*pa+ca*pascs*psce*D6)/sum(ca:ce) |
B C o E F G H
1 bus PV size  X/R V_rise_singel PV weighted Avg X/R | Calculated pf pf
2 |PV1 PWilbus 0.1 6.149 ‘ 0.002 1.53797777 -0.86 1
3 |Pv2 Pv2bus 0.5 2.385 0.011 -0.9
4 |PV3 PV3bus 0.2 1.905 0.015 ~ _ -0.9
5 Pv4 PV4bus 0.6 1.965 0.016 Minimal impact -0.9
& |PW5 PV5ubs 3 1.121 0.017 -0.9
1. Calculate the DER size weighted average X/R.
2. Calculate power factor by applying the X/R ratio calculated in
step 1 in the power factor setting formula for single DER system.
If the calculated power factor setting is below 0.9, set it to 0.9.
(Negative sign denotes inductive var)
3. DER systems in Region A that induce minimal impact (less than

1% voltage rise at its POl @unity power factor in single DER
scenario) is set to unity power factor. The other DER systems
are set to the power factor calculated in 2.

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Method 3 — Sensitivity Analysis Based Method

» Requires feeder model and DER locations and sizes

= Approximates the aggregate impacts from all the DER
systems on the voltage deviation of a particular node by
linearization

= Minimizes the voltage deviations of DER systems by
optimization procedure

23 I: EEEEEEEEEEEEEE
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Method 3 — Approximation of Aggregate Voltage Deviation

Aggregated voltage deviation based on voltage sensitivities

P
P:
DER1 : )
P
. | Aggregate
DERI - > | voltage deviation
i at node i

P

DERN

i«;

Chapter 2 Determining Power Factor Settings

AV; = (SP;1P1 + SQi1Q1) + (SPi2 Py + 50Q420Q3) + - (SPiyPy + SQinQn)

Where AV, is the voltage deviation at node i ; P, Qy are the

SP;iy

24 I: EEEEEEEEEEEEE
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Method 3 — Voltage Sensitivities

Voltage Sensitivity Matrix to P

[ SP11 SP12 SP13 SP14_ SP15 """ SP1N ] SP AVl «—

SP21 SPZZ SP23 SP24 SP gttt SPZ |__—> ij - —

SP31 SP3; SPs3 5P34‘”(5P/31‘i1l/ APj +—

SPy1 SPyy SPy3 SPyy SPys -+ -+ SPyn e :

SPs; SPs, SPs3 SPs, SPss - SPsy | VOltage sensitivity at node i
P w.r.t. P generation at node |

Only P at bus j changes and all
the other P and Q injections are
locked.

|SPy1 SPyy SPy3 SPys SPys -+ -+ SPyy

Voltage Sensitivity Matrix to Q [SQ] has similar definitions:

AVi —

5Qi; =A_Qj

25 I= ELECTRIC POWER
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Method 3 — Minimization of Voltage Deviations

AV =SPxP +SQ *Q

Where AV=[AV,, AV,,..., AV\]" Voltage deviations at DER systems nodes;
P=[P,, P,,..., Py]" and Q= [Q,, Q,,..., Q\]" Active and reactive power of DER systems

Objective: min YL, AV
) |

miTlZ(SPi1P1 +5Qi1Q1 + SPizPy + SQi2Q, + -+~ SPin Py + SQinQn)?
i=1
i

<04843,i=1--N e=sm PF; €[1,10.9]

Constraints: ‘
l

Power factor setting for each DER system can be easily calculated once the
reactive power variables are solved through the optimization.

26 I: EEEEEEEEEEEEE
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Feeders Selected for Analyzing Power Factor Setting Methods

Several feeders have been identified based on very different
characteristics and impacts from DER. The application of the
three power factor methods will be analyzed on each the feeders
described below. The variables in this analysis and the results
from the application of the three methods are described on the
following slides.

» 52
= =

>
1 High 4
2 High 12
3 Moderate 12
4 Low 21
5 Low 12
6 High 12
7 Moderate 12

go
S
-2
X

s <
[
o

Voltage
Regulators

O N O O O +» O

Capacitors
(kvar)
Feeder-End
Impedance

End of feeder Substation

2400 16
4800
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6000
1200

9

8

1200 3

9

g 0 1 2 3 4 5 6 7 8 9 10 11 12 13
X/R Ratio of Medium Voltage Nodes on the 7 Feeders
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Simulation Results for a High Impact Feeder — Feeder 1

Location Matters:

= As shown in the figures, from the substation
towards the feeder end the short-circuit
impedance increases while X/R ratio

decreases

= Voltage rise induced by the same sized DER
Is small near the substation and increases
toward the feeder end, illustrated in Table 1.

= Required power factor setting for a single
DER system is close to unity power factor
near the substation and drops toward the
feeder end, illustrated in Table 1.

Table 1. Potential PV Sites on 4 kV feeder

PV

PV1
PV2
PV3
PV4

28

X/IR

6.149
2.385
1.965
1.905

Z1
0.2
0.61
1.18
0.82

Size

1MW
1MW
1MW
1MW

POl voltage rise

Calculated due to single PV

PF
-0.992
-0.943
-0.921
-0.913

@unity pf
0.0014
0.0123
0.0274
0.0202

X/R ratio

“D Substation
6*‘;\

Y& PV location

N

min X'R = 0.9143
max X/R = 6.149

6
5.5
5

14.5
14
13.5

13

12.5

2

15

1

Short Circuit Z

Substation
Y PV location

x| AN
;'\\I /\\

\;f\\/\f kY

Q7 \

min short circuit Z = 0.20086 e
max short circuit Z = 1.3684

1.3
1.2
1.1

10.9
10.8
10.7

10.6

0.5

0.4

0.3
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Voltage Rise without Power Factor Control

i 70}
_ Case List Voltage Response for Each Case o)
(1: PVis connected ,0: PV is not connected) (Voltages Measured @ POI) E
(<)
Total PV Unity Power Factor n
Case# (MW) PV1 PV2  PV3 PV4 0.05 ¥ ¥ )
! ! 1 0 0 0 0.04 r & S
2 1 0 1 0 0 i L
0.03 i »* —
3 2 1 1 0 0 * i g
4 1 0 0 1 0 3 002 % S
Z % *
5 2 1 0 1 0 = o1 =
6 2 0 1 1 0 > L i 4 =
7 3 1 1 1 0 £ 0 * =
O =
8 1 0 0 0 1 L 001 o
9 2 1 0 0 1 2 [
S -0.02 Q
10 2 0 1 0 1 3
11 3 1 1 0 1 -0.03 =
12 2 0 0 1 1 0.04 *%
13 3 1 0 1 1 o
14 3 0 1 1 1 005 1 2 3 4 5 9
15 4 1 1 1 1 PV Penetration (MW)
The combinations of the four 1 MW PV The voltage rise due to the connected PV @ unity power
systems make fifteen PV deployments. factor increases with the increase of PV penetrations. The

highest voltage rise is approximately 5% when all the four PV
systems are connected.

29 I: ELECTRIC POWER
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Voltage Rise after Applying Method 1

Voltage Change (Vpu)

30

Median
Feeder X/R

0.05

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

-0.04

-0.05

No PF control for PV1
All other PV use pf of -

0.92

Feeder Wide Power Factor

2 3
PV Penetration (MW)

© 2015 Electric Power Research Institute, Inc. All rights reserved.

= This power factor is applied to all
PV systems, other than PV1
which does not require power
factor control due to minimal PV-
Induced voltage rise at that
location.

* |[n some higher penetration levels
this power factor setting over-
mitigates the voltage rises and
causes a 2% voltage drop.

Chapter 2 Determining Power Factor Settings
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Voltage Change (Vpu)

Voltage Rise after Applying Method 2

Power Factors list ( blank: no PV)

Method 2 Power Factor Case No. PV1 PF PV2 PF PV3 PF PV4 PF
1 1
No PF control for PV1 2 ~0.93988
3 1 -0.98302
X/IR @ DER Al other PV use the 4 0.90686
Location i > ! ~0.9806
weighted average X/R . 592578 0.92578
based pf 7 1 -0.97303 -0.97303
Weighted Average Power Factor 8 -0.91215
0.05 9 1 -0.98093
oo 10 0 -0.92777 -0.92777
' 11 1 -0.97337 -0.97337
0.03 12 -0.90956 -0.90956
13 1 -0.97047 -0.97047
0.02 7 14 -0.92157 -0.92157 -0.92157
0.01 * 3 ; 15 1 -0.96529 -0.96529 -0.96529
T * i . . :

0 3 * * » In single PV scenarios (1 MW penetration)
ool 1 % * Method 2 yields similar results to Method 1 .
0,02 ¥ i = Using the aggregate DER location can still

over-mitigate or under-mitigate the DER
0.03 impacts yet the impact straddles the x-axis
0.04 = Impact improved in highest penetration
-0.05 scenarios.
0 1 2 3 4 5

31

PV Penetration (MW)

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Voltage Rise after Applying Method 3

Voltage Change (Vpu)

32

Power Factor

Sensitivity-
Based
Algorithm

Location and deployment
dependent power factors

Sensitivity Analysis Based Power Factor

0.05

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

-0.04

-0.05
0 1 2 3 4

PV Penetration (MW)

70}

Power Factors list ( blank: no PV) =
Case No. PV1 PF PV2 PF PV3 PF PV4 PF o,
1 -0.99264 <

2 -0.95216 g

3 0.987535 -0.92363 &

4 -0.92692 5

5 1 -0.9 2

6 1 -0.9 g

7 1 -0.99806 -0.9 =

8 -0.93621 =

9 0.97898 -0.91751 £

10 0 -0.98991 -0.90604 <

11 0.91627 -0.94827 -0.90752 A

12 -0.93905 -0.94643 N

13 0.973449 -0.9 -0.93391 <

14 1 -0.9 -0.90872 =

15 0.987867 1 0.9 -0.9109 )

» The voltage deviations are well within 1%
band for all penetration levels.

= Most effective method although most
complex

‘= ELECTRIC POWER
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Summary Results for All Feeders

* Three methods were applied to all seven feeders and similar

responses were observed.

— Method 1
Limited improvement based on actual DER location

— Method 2
Effective for single DER system
Limited improvement for the multi-DER scenario

— Method 3
Effective approach for single or multiple systems
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Summary of Findings for Determining Power Factor

Settings

= A single setting for feeder with
multiple utility-scale DER does
not work

— Can mitigate some voltage rise, but
not very effective long term

— Must customize settings based upon
location

» Single DER systems are simple

— Site-specific setting based upon POI
X/R ratio is effective

= Multiple locations require more
care

— Simple techniques using aggregate
location of DER can be used to help
mitigate overvoltage

— Sensitivity based approaches are
most effective

34
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= | ocation does matter

— High short-circuit strength may not
require any reactive power control

— High X/R locations more effectively
use reactive power control

Single DER
System and
Location

Substation

e

End of feeder

Region C
Var control not as effective
[ due to low X/R
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Chapter 3 — Default Volt-Var Settings

Power factor control can help reduce the voltage rise from
distributed generation but may reduce voltage rise when it is
not necessary.

The advanced inverter with the volt-var function can also
reduce voltage rise but when set properly will only do so when
necessary. This chapter examines a proposed default volt-var
setting that provides effective compensation in a range of
feeder conditions.

= Section 1 Background

= Section 2 Volt-var Function with the Proposed 1547 Draft
Default settings

= Section 3 Sample Results
= Section 4 Summary
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Background

—

Capacitive |

V3

Percent Voltage

>
P3

% Available VARs

V2

Inductive

100%
v Q4 —

Volt-var Function

* Primary objective of a default volt-var setting is to help
mitigate unacceptable voltage conditions caused by the DER,
which include both minimizing overvoltage conditions and, in
the case of variable generation such as solar and wind,
minimizing the voltage variations

* Proposed default settings must be effective across a wide
range of distribution system conditions
— Should work in any given scenario without further engineering studies
— Should not cause any adverse impact to the grid

EEEEEEEEEEEEEE
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Default Volt-Var Setting

Proposed by IEEE 1547 Voltage Regulation Subgroup

= The IEEE 1547 VR Subgroup has
proposed a default volt-var curve as
shown.

» The maximum reactive capacity is
approximately 44% of the inverters
kVA rating, equivalent to operating at
+/- 0.9 power factor at full active power
output

» |[nside the deadband (0.98pu to
1.02pu) the inverter would effectively
provide no reactive power

= Qutside of the deadband however, the
inverter is importing/exporting reactive
power based upon the voltage

= Reactive power increases as voltages
move further from the deadband

= At ANSI range of 1.05 and 0.95 pu,
22% of kVA rating is used

= Maximum reactive power would only
occur with voltages at/below 0.92 Vpu
or at/above 1.08 Vpu

38

50
44%
40
30
20 22%
10
0

-10

% kVA Rating

-20 -22%

-30

-40
-50

Voltage (pu)

09 092 094 09 098 1 1.0281.04 1.06 1.08 1.1

-44%

IEEE Voltage Regulation Subgroup Proposed Volt-Var Settings
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Default Setting Analysis Procedure

Approach: The proposed default setting is
analyzed in a time-series simulation using
OpenDSS. The seven feeders used in the power
factor analysis are used once again here.

= Distribution Feeder Types chosen based upon

— Feeder characteristics
— DER feeder impact

— Range of regulation equipment

Feeder #
Impact

= |[nverter-Based Generation (Solar PV)

— Size (dependent on feeder)

= Low penetration
= High penetration
— Locations
= Near substation
= Near feeder-end
— Solar Profile
= Highly variable day
= Sunny day
= Feeder Load Conditions
— Light load
— Peak load

39

1 High
2 High
3 Moderate
4 Low
5 Low
6 High
7 Moderate
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0 1200
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High Impact Feeder Characteristics — Feeder 2

This is a more detailed
description of one of the high
impact feeders. The next few
slides illustrate the voltage
improvement using the
proposed volt-var settings.

= 12 kV circuit
= 72 primary ckt miles
= 11 miles to feeder end
= Load/Customers
— 1107 residential/ 132 commercial
— Peakload 6.2 MW
= Feeder regulation
— LTC atsub
— Line regulator
— Cap banks, voltage controlled

— Low voltage due to conservation
voltage reduction control

40

Simulated PV

PV1 5.34 1.97
3.69 1.84

PV2

Solar profiles

Clear day solar

-1 4 9 14 19 24

Variable day solar

0.8
0.6
0.4

0.2

-0.2
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X/R ratio

min X/R = 0.6568
max X/R = 8.794

r”r v'D ’
8 ¢

PV locations on feeder

Load profiles
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High Impact Feeder Voltage Response
— Offpeak Load, Clear Day

Voltage (pu)

Voltage Reactive Power
1.06 : . . 600, . i i
Offpeak load, clear day A
1.05 500 f .
No PV _— \
(o \
104+ PV with volt/var control § 400|
- o 300
1.03} | %
| & 200
1.02 _g
\ o 10 Inductive
1.01 o
o 0
1 1 1 1
aQ 5 .1 0 15 20 25 -1 Gﬂn 5 1.0 1 5 E-D 2-5
Time (hr) Time (Hr)

Volt-var control with the default setting reduce the capacitor banks switch.
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High Impact Feeder Voltage Response
— Peak Load, Clear Day

Voltage (pu)

42

Voltage Reactive Power
1.07 450 . : .
No PV o~
105 Feak load, clear day 400! VAN
PV with volt/var control
1.05! . 350
1.04 G 300
% 250
1.03} T —
™, il 200/
1,024 3
5 150
1.01 a )
= 100 Inductive
1 C 50 |
[1¥]
0.99} =2 0
*%% 5 T_1o ] 15 20 25 % 5 10 15 20 25
ime (hr) Time (Hr)
Volt-var control with the default setting mitigates overvoltage.
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High Impact Feeder Voltage Response

Voltage (pu)

— Peak Load, Variable Day o
5
0p)]

Voltage Reactive Power g
1.07 ' - ' 450 , S
0s. reak load, variable day a00l. .. ,1 i E
No PV ' e
1.05+ PV :v unity power factor 1 — 350 | 8
 oal PV with volt/var control E 300 g
103 s 20 s
200 £
1.02/ % O
a 150 |
1.01 ) | _ :
Z 100 : Inductive -
b @ 50 | ! \
ol
9% 5 10 15 20 25 % 5 10 15 20 25
Time (hr) Time (Hr)

Volt-var control with the default setting significantly reduces voltage fluctuations.
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High Impact Feeder Line Regulator and LTC Operations

44

Total daily LTC and line regulator tap operations

- Clear Day Variable Day
Load Unity power | Volt-var |  Unity power Volt-var
factor factor

Peak

Offpeak jo 67

Taps operations are reduced through use of the default volt-var control
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Voltage Response of Another Example Feeder — Feeder 3

(@)}
=
- 3
Voltage Reactive Power .
=
1,02 50 g
s >
101] b . 0 ) g
| = ‘ | 3
iR i ol | | '_U_,.dr 8
S T o
& 099 | . g 00 E
m +
B ose ) | _ o . =
— ; —]
= - . g . 9
T | O . Capacitive
| o
0.9% | No PV o 250l
PV with volt/var control
%% 5 10 15 20 25 300, . - - - -
Time (Hr)

Time (Hr)

Volt-var control with the default setting also helps support feeder voltage
by injecting capacitive reactive power during low voltage conditions.
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Voltage Response of Another Example Feeder — Feeder 4

Voltage (pu)

Voltage Reactive Power
1 i : : 2275 : ' :
No PV
1.00F -
W
PV with volt/var control — /” ™.
108k < 1820} y AN
> / N
4 / A
1.07 - — / \
(o] ¥ \
° / \
1.06 P> 13.65 / \
S = / \\
1,05 va — —= << — % {.‘" I\\
104 .\ ANSI limit £ o0 | [ \
() |
1.03 E ) \
Q / \
12} © 455 / \
o \
101+ \“
1 : 0 5 20 25 % 5 1'? 15 20 25
Time (hr) Time (hr)

In this case, the volt-var control provides some mitigation for
overvoltage, however the non-aggressive slope of the volt-var
curve limits the reactive power output.
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Summary

= All seven unique feeders simulated are found to have similar responses
In which voltage rise and voltage variability induced by the PV is reduced
with the proposed default volt-var curve.

= The comparison is made to the inverter operating at unity power factor.
Although voltage rise and variability is found to reduce in all scenarios,
that does not imply that all overvoltages can be eliminated with the
default setting

» More aggressive settings (requiring more than 20% reactive power at the
ANSI limits of 0.95 and 1.05 Vpu) may be needed to reach some
feeder/DER scenarios where voltage rise on the feeder may be more
significant requiring additional reactive compensation

I= EEEEEEEEEEEEEE
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Chapter 4 — Combined Functionality of
Common Functions



Chapter 4 — Combined Functionality of Common Functions*

The proposed default volt-var setting in the previous chapter
compensates for voltage rise based on the current point of
iInterconnect voltage. This chapter illustrates the additional
benefit that can be attained from advanced inverters if the
default volt-var function is combined with another common
function specifically designed to compensate for voltage
variability.

= Section 1 Combining Smart Inverter Functions

= Section 2 Feeder Response with volt-var Combined with
additional Function

= Section 3 Summary
*Common Functions for Smart

Inverters, Version 3. EPRI, Palo Alto,
CA: 2013. 3002002233.
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Combining Volt-Var with Adaptive Control

The Common Functions* document outlines a function called Dynamic Reactive
Power. The function adjusts reactive power output to compensate for the change in
measured voltage. To prevent confusion on how the function relates to dynamic
events, the function is renamed here as Adaptive Control.

= Volt-var Control

— Fixed voltage points

— Shown to be very effective at mitigating overvoltages
= Adaptive Control

— Adaptive control compensates for change in voltage, not absolute voltage magnitude. The
Adaptive Control’'s reactive output is a function of deviation in voltage

— Known as Dynamic Reactive Current in Common Functions Documentation*

= VVolt-var can help compensate for voltages at ANSI limits, while Adaptive Control can
adapt to daily changes in voltage and respond accordingly

= Combining these functions can effectively mitigate overvoltage and voltage
fluctuations

*Common Functions for Smart Inverters, Version 3. EPRI, Palo Alto, CA: 2013. 3002002233.

ELECTRIC POWER

50 I=
© 2015 Electric Power Research Institute, Inc. All rights reserved. C E' RESEARCH INSTITUTE

Chapter 4 Combined Functionality of Common Functions



Control Diagram of Combined Functionality

Delta
Vsystem_ + Voltage Adaptive
Control
- Vaverage + Qagaptcntl
44% kVA Rating
Average /
Voltage - o~tota|
»  QOver CZD—‘ Qout
Previous T
Interval 4/
-44% kVA Rating
+ QVoItvar
| Volt-var
Control

Control Diagram of Combined Functionality

Volt-var can help improve voltages near ANSI limits,
while the Adaptive Control function can adapt to daily
changes in voltage and respond accordingly.
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Volt-Var with Adaptive Control Settings

These control settings are applied
In the simulation results shown on
the following page.

= \/olt/var

— Proposed default 1547 volt-var
curve

= Adaptive Control

— Curve: same slope as volt-var
default setting

— Voltage averaging window: 5
minutes

52
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Feeder Response from Default Volt-var with Adaptive Control

1.08 - - - . 1.04
No PV PV with VV
PV @ unity power factor L.035} PV with VVAC
PV with VV )

1.06f PVwith VVAC

098 5 10 1 20 o 0 5 10 15 20 25
Time (Hr) Time (Hr)

Closer comparison of 1) volt-var and 2) volt-

Voltage Comparisons var with Adaptive Control

Chapter 4 Combined Functionality of Common Functions

= Combined volt-var and Adaptive Control further reduce the
voltage variations
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Summary

= Volt-Var with Adaptive Control is NOT a custom function

— Itis a combined response using common functions previously defined
through industry collaborative (Volt-Var and Dynamic Reactive Current)

» Default 1547 volt-var settings with Adaptive Control achieves improved
response over Volt-var alone

Chapter 4 Combined Functionality of Common Functions

Volt-var with adaptive control updated in
OpenDSS and available for download in
latest release
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Chapter 5 - Conclusion
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Chapter 5 — Conclusion

Main Points
= Power Factor Methods

— Determining a setting for feeder with single
DER is effective and simple to calculate

— Simple calculations are less effective for
feeders with multiple utility-scale DER

— Sensitivity based approaches are most effective
when multiple DER systems are present

» Default Volt-var Settings
— Results indicate improved integration of DER
— Results indicate no adverse impacts found
— Effective “out-of-the-box” setting

— “Non-aggressive” curve improves voltage in all
simulations but does not take advantage of full
reactive power capability of DER

= Volt-var with adaptive control

— Default 1547 volt-var settings with adaptive
control achieves improved response over
default volt-var alone

— Uses Common Functions — not custom
functions

56

Additional Considerations
= Custom settings are most effective

Custom settings can be “tuned” based upon
conditions

Can yield higher hosting capacities
More use of reactive power control

» Proper sizing of inverter is critical

110% above DC rating for PV is sufficient (+/-
0.9 power factor @ full output)

= [ ocation does matter

High short-circuit strength may not require any
var control (inductive)

High X/R locations are most responsive to
reactive power

Low X/R may require other methods to mitigate
voltage issues

I= ELECTRIC POWER
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