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Presentation Outline

* Need: Renewable Plants Q-V characteristic at
point of interconnection

e Solution: Introduction of Voltage Droop Control
(with deadband)

e PowerWorld Help Documentation Link

— https://www.powerworld.com/WebHelp/#MainDo
cumentation HTML/PowerFlow%20Voltage%20Dro

o0p%20Control%20with%20Deadband.htm
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https://www.powerworld.com/WebHelp/#MainDocumentation_HTML/PowerFlow%20Voltage%20Droop%20Control%20with%20Deadband.htm

Renewable Generator Questions
started in 2013

e Renewable generators regulate a point closer to
the point of interconnection

0.4kV ~ 345kV 115.0 kV

r §§ Jro 05+j0. osJY %

 They regulate the voltage at the POI
(the 115 kV bus) against a QV characteristic curve

e Starting to get questions about Solar PV plant
voltage control
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Typical Configuration may have
multiple Generators

Generators
are all
configured
to regulate
the
Controlled
Bus

Qbranch
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Traditional Generator Power Flow
Model

e PV and PQ bus

— Either meeting the voltage setpoint (PV)
— Or at a Qmax or Qmin limit (PQ)
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Qs |
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Slope Control

e Getting questions about solar farms that have
voltage control that is not a setpoint
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Slope Control with Deadband

e Getting questions about solar farms that have voltage
control that is not a setpoint

e A deadband is given

— 0.98 to 1.02 per unit voltage — provide zero Mvars (or a constant
value)

 Once outside these deadband, a negative slope
characteristic is followed

e Maximum and Minimum Mvar will be hit eventually

 The various transient stability models have features like this
(REPC_A) = power flow however does not

Vref

VcompFlag
Veeg . + Deadband
. il .
(from bus vbus) [Veeg = (Re + X praneal T
[ /5T dbd Qmae
branch 0 emax /_
(current through a 1 K 14T
define branch, e.g. ) i ft Q
RefFlag Ky+— F G2
K« efFla /_ P 9 14 sTf‘, Q

substation transformer)
Q
(reactive power through a 0 * emin

define branch. e.e. — Qumin
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QV Characteristic with Deadband
—

Qmax

Qab

V]ow de]aw de]u;glz

Qmin
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Conclusion: Voltage Droop
@ Control (with deadband) is

needed in the Power Flow
Solution
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Merge this with remote regulation:
What extra data is needed?

e What voltage is being controlled?
— Use the regulated bus specification with generators
e What reactive power is being used in compensation calculation?

— User does not need to provide this. Software will look at the topology of
the system to figure this out

Generators
are all
configured
to regulate
the
Controlled
Bus

' Controlled

Qbranch
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Extra Data for a Generator

* You might have two separate groups of generators
that regulate the same bus, but operate on
different Droop Curves

— Green and Blue generators in separate groups
— This is OK, because of the Droop! Not a voltage

setpoint
H l \F RegBus
Generators are —
all configured to H i
regulate the “Arriving
RegBus Branches”

o1
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New Object: VoltageDroopControl

Madel Explorer: Voltage Droop Controls

X Volage Droop Controls 3 Buses

P EA T Bk 48 % R M Y Records + Setv Columns+ [Bd- @R SR 9 OB QY fo- H options -
- | Find.. Remave Quick Fitter =

Explore

Explare | Fields

Recant Filter |Advanced - |Voltage Droop Corntrol -
ece .«
w Metwark Voitage Droop Controls Al Generators Al Regulated Buses
Eranches By Type Name |EmablealOab |Voit Qab | Omax | Omin | Wiow | Vdblew (Vaohigh| Vhign [Valldation| Equation|Droop Branch Mvar|Gen Myvar|Droop Curve| Vpu Reg|Reg Bus|Reg Bus
[l eranches Input ‘Omax|Deviation| Count  |Curve Mvar| RegBus RegBus |Mismatch Hum
[ &ranches State Cmin
B suses Auto
Bl oc Transmission Lines 1|Draog AYES NG NO 1 -27.96 786 10.00 0.00 1.028979 TBus T
B Generators 2|Droop B YES HQ  HO 1 -14.96 -10.97 “4.00 0,00 1.028979 1 Bus "1
Q mpedance Comrection Tables
M Line TS Device . .
:;ﬁ ne D-FACTS Devices Generators assigned to Selection  Reguisted Buses Control : Droop B
ne Shumts .
EY Loads Mumber| Mame |ID|Labels | Status | Voltage [RegBus|Remote|RegBus|Reg Bus| Gen MW Gen Myar Set Volt [AVR| Min bvar| Max hvar RegBus : One (1)
EH mismatches of Bus |of Bus an Droop |Mum  |Reg % |Num &o '
. - - Contral |ZER) [VTow, Omax)
Eul FMuli-Terminal D
1 1 One 1 ed pE 1 Bus 15 3.990 E
ed Shunts - - - — i - - i 40
2 99 1 -d 1 BusT1 3 555 i

wWinding Transformers

(vhigh Qmin)
0.98 1 1.06

Voltage Control Groups
Yoltage Droop Controls
V5C DC Transmission Lines
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PowerWorld Simulator: New Object:

VoltageDroopControl
Field  |Type |Descripion

Name String
Enabled Boolean
QAuto Boolean

VDeviation Boolean

Qdb Float
Qmax Float
Qmin Float
Viow Float
Vdblow Float
Vdbhigh Float
Vhigh Float

© 2020 PowerWorld Corporation

Unique Identifier for the Object
Indicates if the control is turned on or off for the control

NO means to use the Qdb, Qmax, and Qmin values directly. If set to YES, then
the values of Qdb, Qmax and Qmin are automatically calculated based on the
summation of generator Qmax and Qmin

NO means to use the values of Vlow, Vdblow, Vdbhigh, and Vhigh directly. If
set to YES, then the input values of Vlow, Vdblow, Vdbhigh, and Vhigh are
interpreted as deviations away from the voltage setpoints of the generators

The reactive power in Mvar between Vdblow and Vdbhigh

The maximum reactive power in Mvar for voltages below Viow
The minimum reactive power in Mvar for voltages above Vhigh
Voltage in per unit below which the reactive power is Qmax
Voltage in per unit above which the reactive power is Qdb
Voltage in per unit below which the reactive power is Qdb

Voltage in per unit above which the reactive power is Qmin

13



Voltage Droop Control Dialog

Voltage Droop Control

Mame |Droop A

Viow 0.240000 Qmax |  50.000
vdblow | 0.370000

Qdb 10,000
vdbhigh | 1.010000
Vhigh 1.040000 Qmin | -50.000

[] Treat Viow, Vdblow, Ydbhigh, and Vhigh as the
deviation from the voltage setpoint

Automatically calculate Qmax and Qmin from
[]
generators in Voltage Droop Control

2k Save

QV Characteristic  Generators  All Generators in Model

60

40

20

w

-60

— O
Enabled Rename Find
Control : Droop &
Viow Qmax)
Ydbhigh Qdb)

(Vdblow,Qdb)

(Vhigh,Qmin}

0.85

1

1.05

Cloze
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Droop Curve:

Reactive Power as Function of Voltage

Qmax

Qab M%\

Viow Vaviow de]u}ng:;gb V

Qmin !
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Droop Curve:
Reactive Power as Function of Voltage

e When Qauto=YES, this means

OmaxUsed = Summation of Generator MvarMax
OminUsed = Summation of Generator MvarMin
QdbUsed = 0

e When Vdeviation=YES, this means

Vset = Voltage setpoint from generators

ViowUsed = Vset + Vlow
VdblowUsed = Vset + Vdblow
VdbhighUsed = Vset + Vdbhigh
VhighUsed = Vset + Vhigh

 White paper spells out special cases as well

© 2020 PowerWorld Corporation 16



Comment about “Qmax” and “Qmin”

 For renewable energy plants, “Plant Qmax”
and “Plant Qmin” is not always equal the
summation of the individual generator
MvarMax and MvarMin

— Thus we enforce the curve as shown regardless

 When using the flag Qauto=YES however, we
follow the slope base the Vhigh and Vliow
points

© 2020 PowerWorld Corporation 17



Droop Curve:

Reactive Power as Function of Voltage

Qauto=YES

=NO \\\\A
, \

V]ow de]ow de]u;gb

Qmin !

’ \\ \\NO:Qauto
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New Field for a Generator:
VoltageDroopControl

* VoltageDroopControl is a string field for a
generator
— This references the name of the

VoltageDroopControl object to which the
generator belongs

— A blank string indicates it does not belong to such a
control (default is blank)

© 2020 PowerWorld Corporation 19



Things that are NOT extra inputs

 The following are automatically determined
by the software

— The regulated bus (RegBus) of the
VoltageDroopControl is determined by looking at the
RegBus of the generators that are assigned to the
VoltageDroopControl object

e Also any buses connected by very low impedance branches
are considered the same RegBus by the software

e This uses the “ZBR Threshold” which defaults to 0.0002 in
PowerWorld Simulator
— A list of “Arriving Branches” will be automatically
determined by looking at the network which connects
the generators in the VoltageDroopControl to the
RegBus

© 2020 PowerWorld Corporation 20



Example

e 2 VoltageDroopControls : “Droop A”, “Droop B”

X Voltage Droop Controls X Generators

Mame |[Enabled| Qdb | Omax | Omin | Viow ‘Udblﬂw Udbhigh‘vhigh Gen Mvar|Branch Mvar|Droop Curve
RegBus |RegBus Mvar
Droop A YES 10,0 500 -50.0 0540 0970 1.010 1.040 -10.00 -17.9557 -27.9577
:F Droop B YES 0.0 500 -50.0 0930 0930 1.020 1.050 -4,00 -10.9654 | -14,9647]
X Generators X voltage Droop Controls
® Seve ral Mumberof | ID Voltage || Gen Gen Remote
Bus Droop WY Mvar Reg %
enerators —onte
g 1 11 Droop B 1500 400 000
. 2 12 Droop A 5.00 -10,00 000
aSSsi g ne d to 3 1 3 0,00  10.00 00.000
4 9 1 Droop B 3500 -3.00 L00
t h ese 5 10 1 Droop A 10,00 -15.00 3.000
& 10 2 Droop A 20,00  -5.00 L00
7 10 3 0.00 -6.00 00,000
a 11 1 Droop A 1500 -5.00 000
9 11 2 0.00 2200 00,000
21
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Voltage Droop Control Dialog

O

Model Explorer: Voltage Droop Controls = = ER
Explore n ¥ Voltage Droop Controls 3 Buses
Explore | Fields D i % Al e 00 ?&n ** Records~ Geo~ Set~ Columns - * "ﬁ“ﬁ* "&E' b @' E%"EL fid - HH | Options ~
% EC Tran:mls[s;-_j::]n Lines ~ Filter Advanced| ~ Generator |" |" Find... Remove Quick Filter =
enerators
B Impedance Correction Tables Voltage Droop Controls Al Generators
B Line D-FACTS Devices X X , o
@ Line Shunts Mame |Enabled| CQdb | CQmax | Omin Viow | Vdblow |Vdbhigh| Vhigh |Walidation|Droop Curve|Branch Mvar|Gen Mvar|Droop Curve
Mvar RegBus RegBus |Mismatch
B Loads (6] 1| Droop A YES 1.01 27.96 1796 -10.00 0.00
B Mismatches (1) 2|Droop B VES ] 14,96 1097 400 0,00
R Multi-Terminal DC
B switched Shunts i
B Three-Winding Transformers Generators assigned to selected Voltage Droop Control Droop A
BH Transformer Controls Mumber of |Mame of Buy ID Labels All | Status | Voltage Droop Control | R 10
EI' Voltage Control Groups Bus -0
Voltage Droop Controls (2] 1 1 One 2 Closed  Droop A 0
HH wsC DC Transmission Lines 2 1010 1 Closed  Droop A
= oop & -20
v Aggregations 3 10 10 2 glosed [« | Droop A
4 11 11 1 Closed  Droop A -40
@ Areas (3) 60
Balancing Authorities (3
% oaanane B 1183 > 0.95 1 1.05
Open Mew Explorer i Search Search Mow Options -
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Coordination Between Generators

e The implementation in the power flow solution is
similar to the implementation for coordination of
remotely regulating generators that maintain a
voltage setpoint (PV bus concept)

— Same concept is used for sharing Mvar between
multiple generators assigned to same

VoltageDroopControl and Regulated Bus
 Then just replace the voltage equation with an
equation representing the voltage droop curve

— Multiple VoltageDroopControls sharing a regulated bus
adds some complexity though

© 2020 PowerWorld Corporation 23



VoltageDroopControl Equation

e Define the following

— MvarArriving = Summation of Mvar on AC branches arriving at
Regulated Bus coming from the generators

— MvarGenRegBus = Summation of Mvar for Generators assigned to the
Voltage Droop Control that are at the regulated bus
* Note: This includes generator with AVR=NO.
* Any generator in the VoltageDroopControl contributes to the Mvars regardless
— = Evaluation of the Droop Characteristic Curve at the
per unit voltage at the regulated Bus

 VoltageDroopControl will enforce an equation that

= MvarArriving + MvarGenRegBus

— This replaces the voltage equality that is used in remotely regulated
voltage equations that have always existed

© 2020 PowerWorld Corporation 24



Example Operating Point

Droop A =-27.96 Mvar
Droop B = -14.97 Mvar = Summation 1.028979 pu
DrOOp B \\ \\\*\ 15.0 MW 0.0 MW

\ -4 .0 Mvar 10.0 Mwvar 1'92;“"“

35.0 MW \
-8.0 Mvwvar

AVR ON

-10.0 Mwvar
5.0 MW

-34.84 Mwvar

-17.00 Mwvar

o 10.0 MW 11
Reg % -15.0 Mvar ﬁ
AVR ON 26.00 Mvar AVR ON AVR OFF
o @ 22 .0 Mvar

10 -5.0 Mvar 0.0 MW
Mvars are avron (@) @ AVR OFF 150 MW
. -5 0 Mvar -6.0 Mvar
proportlonal to 200 MW Light Blue = Mvar for generators OFF AVR
Remote Reg % Dark Blue = Mvar for generators ON AVR
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Droop A:
Example Vreg=1.028979

e Example Operating Point For “Droop A”

. _ en (1.028979-1.02)
Q_'rlo_l_( >0 —10) (1.05-102) T

50 /
1.028979

1.01 1.04
10 7\ >
0.94 0.97 Ve

-27.958
-50

© 2020 PowerWorld Corporation
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Droop B:
Example Vreg=1.028979

e Example Operating Point For “Droop B”

(1.028979-1.02)

* Q=0+ (0 —50) (1.05-1.02) _14965
50 ’ 55
1.028979 :
1.02 1.05 il —
0.95 0.98 V;~eg
-14.965
-50

v

© 2020 PowerWorld Corporation
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PowerWorld shows multiple

characteristics at Regulated Bus

D = % ‘>H"' *_0-8 +":_'8 M ?&n '_ Records = Geo~ Set~ Columns - ' “.E' Rgﬂ, b B‘:’E- i%ﬂ i) = ﬁ Options =~
Filter |Advanced = Bus - = | Find... Remowve OQuick Filter =
Yoltage Droop Controls Al Generators | All Regulated Buses
Mumber Mame Labels All | Droop Validation | Droop | Droop [Droop Curve Droaop Droop Gen |Droop Curve Droop PU Valt
Control Gen  |Mwvar Branch Mvar | Mvar RegBus| Mismatch Control
Count | Count RegBus Mames
1 1 One o Good | Good 2 & 42,92 -28.93 -14.00 0.00 Droop A,Drod 1.022575

Choose a Regulated Bus and it super-imposes all
Voltage Droop Characteristics at this bus

Generators assigned to Selection  Regulated Buses

Control : Drgop &, Droop B
Mumber | Name of Bus

of Bus

D Labels All
Dro RegBus|: One (1)

Con 80

Status ‘ Volt

ry
.|

One 2 Closed
10 10 1
3 10 10 2 Closed
1111 1 Closed

50 ==
40
30
20

* N AN

-10
-20
-30
-40
-50
-60
094 095 08 097 09 059 1 101 102 103 1.04

]

s

== Droop & == DroopB
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Generator Limits: Same as before

 Handling individual generator limits must still be
handled

— Same as existing remotely regulating voltage control

— Also need to handle that there can be generators at the
regulated bus that belong to the same VoltageDroopControl

0o (Vieg) Qmax due to individual
/o il generators
de L

T TR enerators

min

> Vreg
Vlow delow dehigh Vhigh
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Generators Hitting Limits

 Change voltage setpoint at bus 2 to 1.05 per unit
e Generators atbus 1, 9, and 11 all hit Mvar Limits

e All generators in “Droop B” are at limits

1.033622 pu
Droop B =0T o0

6.0 Mva 3.02 Mva
AVR LIM AVR OFE
-10. 0
22 et ﬂ AVR LIM
5 ,Ln""” 12 0 Mvar -
Droo A -16.00 Mva
10.0 wa 40%MW
-18.9 Mvar 20 Mvar
AVR ON o 30.94 mvar AVR LIM @ AVR OFF
-6.0 Mvar 0.0 MW
AVR ON o @ AVR OFF o ST
-6.0 Mvar Two |

= lE L 1 NA nn |
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Droop B at Mvar limits

 Droop B no longer operating on the Curve

Voltage Droop Controls Al Generators
MName |Enabled] Qdb | Omax | Qmin | Viow |(Vdblow|Vdbhigh|Vhigh |Validation|Droop |Branch |Gen Droop

Curve [Mvar |Mvar [Curve
Mvar |RegBus|RegBus|Mismatch

nop ES 0.000 50,000 -50.000 0540 0970 010 040 Good -37.24  -25.24 1200 0.00 °
nop E5 0.000 50,000 -5C :::n' 0 | 0,930 020 050 Good -2270 1305  -6.00 -3.'5»5“~.~~ MlsmatCh
=-3.65

Generators assigned to selected Voltage Droop Control
d ? P Droop B

Mumbe{Mame |ID Labels | Status | Voltage |Remote 60
of Bus [of Bus All Droop S50

Control 40
1 1 C0ne 1 gelos
C

05| | Droop B 20
losed Droop B 20

10

-10
-20
-30
-40
-50
-60
L4 » 0.92 0.84 0.98 0.98 1 1.02 1.04 1.06 1.08

Search Search Mow Options =
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Closeup of Red Dot not on Curve

Droop B
&0

=0
40
30
20
10

-10
-20
-30
-40
-30
-60

0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08
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Conclusion

e PowerWorld Simulator Version 21 has
implemented these new features for Voltage
Droop Control
— New Object: VoltageDroopControl

e Has a Name and a QV Characteristic curve

— New Field for Generator
 Name of VoltageDroopControl

* The remaining slides just have more detail on
how this is implemented and what valid
network topologies are

33
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Implementation Details

© 2019 PowerWorld Corporation
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Validation of the Network Topology
Around the VoltageDroopControl

* Some network topologies are not allowed

— Separate VoltageDroopControl objects can not have
overlapping networks to connect to the regulated bus

— All generators in the VoltageDroopControl must
regulate the same bus (or buses connected by zero-
impedance branches)

— Having separate VoltageDroopControl objects that

share the same regulated bus is fine and expected

* For example, you can also have multiple generators at the
same bus belong to different VoltageDroopControl objects

© 2020 PowerWorld Corporation 35



Generator Behavior when

VoltageDroopControl is not valid

e If the VoltageDroopControl is blank, or if the
VoltageDroopControl.Enabled = NO, then the

generator will go back to its normal voltage
setpoint behavior

e |f the VoltageDroopControl and network
topology around the generators is not a valid
configuration for control, then the generators
in the VoltageDroopControl will act as fixed
Mvar outputs

© 2020 PowerWorld Corporation 36



Valid Example

 Two VoltageDroopControl objects (Green and Blue)
e Generators assignhed to these
e All generators regulate RegBus

e Software automatically determines “Arriving Branches”
— Qlal and Qla2 for Group A
— Qlb1 for Group B Qgal

RegBus
Generators are ‘—I— 3 Fc1|a1_>
all configured to .
regulate the H s e 3 Qla
RegBus
‘ l |/FQIb1
Qgb1l

37
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Invalid Topology:
Conflicting Control

 The branch highlighted in red below makes this
topology invalid (overlapping network)

— All generators in BOTH of these

VoltageDroopControls will be treated as fixed Mvar

output because this is invalid
Qgal

RegBus
Generators are

—+—1 e
all configured to

regulate the ” —

RegBus

Qla2

-

l/kqm

Qgb1l

@1

38
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Invalid Topology:
Conflicting Control

 Generator X below is set to regulate voltage in the
normal manner

— This conflicts with control for generators A1, A2, and A3, so
VoltageDroopControl A is invalid

— Generators located at X are OK if they are not on any
voltage control (AVR = NO)

Generators are
all configured to
regulate the
RegBus

22
' T
- -
Te
!

l I/Flel

o)

oQ
o
[

39
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Invalid Topology:
Can not reach Reg Bus

 Generator A2 is not able to reach the RegBus
through the network topology

— Entire VoltageDroopControl is ignored

— (If A2 is offline that’s fine, but if A2 is online it must be
able to reach the RegBus)

1
/ aes RegBus
—+

la2
regulate the al

4
RegBus

l l/kqm
Qgb1l
© 2020 PowerWorld Corporation 40

Generators are
all configured to

22
- -

3




Valid Example

e Assume that Bus 1, 2, 3, 4, and 5 are all connected by
branches below the ZBRThreshold, then the following is
acceptable input data

— A2 RegBus =Bus 3

Treated as a

— Al RegBus = Bus 2 single point
PAEEETN by the
— A3 RegBus =Bus 5 Re R validation
L7 N routines

Generators are ‘—:l—

all configured to ~

regulate the
O—I/ ,

RegBus
© 2020 PowerWorld Corporation




Extreme Example
But this is still Valid Network Topology

e This is important for full-topology models including breakers
 Blue, Orange, and Green represent different VoltageDroopControls

— Each generator regulates any bus highlighted in Red within the “RegBus”
White not assigned, but AVR = NO

VoltageDroopControl
@ unassigned, AVR=NO
VoltageDroopControl = C

AVR = YES

VoltageDroopControl = C
AVR = NO

connected by
RegBus

Other Buses
ZBR

1
T
Gy —»

VoltageDroopControl =B
AVR = YES
VoltageDroopControl =B
AVR = NO

VoltageDroopControl = A
AVR = YES
VoltageDroopControl = A

AVR =NO 42
© zuzu rowerWorld Corporation

00 90000




New Numerical Implementation Issues
due to Q versus V Characteristic

* |nput Data Issue

— The slopes between (Vlow = Vdblow) and
(Vdbhigh = Vhigh) may become too large

e QV Characteristic Issue

— The “corner points” introduce discontinuous
derivatives = This is very bad for solution
algorithms

dq
I — Vaviow Ve,
high
av Viow Viabnign
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Input Data
Avoiding Numerical Problems

e Define tolerances

— Vtol =0.001 (this is hard-coded in PowerWorld Simulator)
e Would not allow Vdblow = 0.9500 and Vlow = 0.9485

— MaxSlope = 1/(0.0002*SBase) = 500,000 Mvar/Vpu

e This slope acts similarly to a line impedance in the equations, so it is
similar to a minimum line impedance, jumper threshold, etc.

* Thereis a “ZBR Threshold” in Simulator that defaults to 0.0002
— user can change this. Other software tools have similar thresholds

e Example assuming a (Vdblow — Vlow) = Vtol = 0.001
— Qmax =500.0 Mvar
— Qdb =0.0 Mvar
— Vdblow = 0.950 per unit
— Vlow = 0.949 per unit
— Slope = (Qmax — Qdb)/(Vdblow — Vlow) = (500-0)/(0.950-0.949) = 500,000
— MaxSlope only enforced for extreme input data.

— This means a range of 500 Mvar will force voltage difference of at least 0.001
per unit
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Input Data :
Avoiding Numerical Problems

e Modify the input parameters using the following

— If Vdbhigh and Vdblow are within Vtol of one another,
set them equal to their average

— Force Vlow to be at least Vtol smaller than Vdblow
— Force Vhigh to be at least Vtol larger than Vdbhigh
— Force Qmax to not be smaller than Qdb

— Force Qmin to not be larger than Qdb

— |If slope from Vdblow to Vlow is larger than MaxSlope,
modify Vlow so that the slope is equal to MaxSlope

— If slope from Vdbhigh to Vhigh is larger than MaxSlope,
modify Vhigh so that the slope is equal to MaxSlope
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Pseudo-Code for modifying input data

e (Calculate the “used” values for the QV characteristic

IT (Vdbhigh - vdblow) < VTol then
VdbhighUsed = (Vdbhigh+Vdblow)/2

VdblowUsed = (Vdbhigh+vdblow)/2
Else

VdbhighUsed = Vdbhigh

VdblowUsed = Vdblow
EndIf

IT (VdblowUsed — Vlow ) < VTol then VlowUsed
Else VlowUsed = Vliow

IT (Vhigh — VdbhighUsed) < VTol then VhighUsed
Else VhighUsed = Vhigh

VdblowUsed - VTol

VdbhighUsed + VTol

IT Qnax < Qdb then QmaxUsed = Qdb
Else QmaxUsed = Qmax
IT Qmin > Qdb then QminUsed = Qdb

Else QminUsed = Qmin

MaxSlope = 1/(ZBRThreshold*SBase)

1T (OmaxUsed - Qdb)/(VdbLowUsed - VlowUsed) > MaxSlope then
VlowUsed = VdbLowUsed - 1/MaxSlope*(QmaxUsed - Qdb)

iIT (OminUsed - Qdb)/(VdbhighUsed - VhighUsed) > MaxSlope then
VhighUsed = VdbhighUsed - 1/MaxSlope*(QminUsed - Qdb)
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Might Modify Extreme Input Data
Slightly

We have modified input data
Vlow changed to 1.0274 from 1.028 ~ "PytPata

Voltage Droop Control

1
[}
AN \ 1
R N 3 | = = R
MName |Droop A > N ‘\ : | Enabled Rename Find
s \
- 1
QV Characteristic  Generators  All Generators in Model - L \ \
\
Viow 1.028000 Qmax| 800.000 \ \ Droop A !
N A \ '
WVow, Qmax) |
vdblow | 1.029000 800 Y o : .
Qdb -D.UDU .
vdbhigh | 1.029000 700 \
600 1
Vhigh 1.030000 Qmin -600,000 1
1
400 1
O Automatically calculate Qmax and Qmin from 1
generators in Voltage Droop Control 300
200
100
800 — 0 1
(Wdblow,Qdb)
— D
1.029 —-1.0274( 0.0002 «100
-300
400
-500
-800 (Vhigh,Qmin}
-T00
1.025 1.028 1.027 1.028 1.029 1.03 1.031 1.032
K Save Cancel
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Avoiding Numerical Problems due to
“corner points”

e Use splines to smooth the corners
 The curve will become the following

Qv (Vreg)
S Smooth
Qmax @==*" #
Qan / 4
Qmin S
Pl’;"eg
Viow Vabiow  Vabnign Vhign
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Derivatives after
smoothing the corners

0
Qmax - de /

Vlow - delow

Qmin - de

Vhigh — Vabhign

Vlow delow dehigh Vhigh
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Avoiding Numerical Problems due to
“corner points”

e Use elliptical splines to smooth the corners
— Curves will follow an ellipse around corners instead
— May also use cubic function as well

 The curve will become the following
QvA(Vreg)

-
-
- = =
-
- =

Qmax]

Qap

Qmin

Viow Vaviow  Vabnign Vhign
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Example QV Characteristic

* Faint Green Line shows the spline

Voltage Droop Control

= CT X4

MName |NEW Voltage Droop Control

| Enabled Rename Find

QV Characteristic  Generators  All Generators in Model

Wlow 1.000000 Qmax 100.000 120

W 110
o Qdb -D.DDU 100
vdbhigh 20

80
Vhigh 1.030000 Qmin | -100.000 70
Automatically calculate Qmax and Qmin from 40

80
generators in Voltage Droop Control 30
20
10

=10
-20
-30
-40
-B0
-80
-T0
-80
-80
-100
=10
-120

QK Save

MNew Voltage Droop Control

(Wlow, Cimax)

(Vdblow,Qdb)

(Vhigh, Qmin}

0.985

0.99 0.985 1 1.005 1.0 1.015 1.02 1.025 1.03 1.035 1.04 1.045

Cancel
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Close-up of Corner Point

Vscale = 0.001
Qscale = 10 Mvar

Mew Voltage Droop Control

103

ol (0.999, 100) (1.000, 100}

Yo G max)

o7 (1 .000 » 97 -83) \

1

“\(1.00071, 92.93)
| Largest Error = 2.17%

g2

91

(0. 9985 0.999 0.9995 1 1.0005 1.001 1.0015
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Implementation of smoothing

e We start with two line segments from our QV characteristic
defined by point A, 0 and B below

e Smooth between point 1 and 2

e Scaling is chosen in a specific way to smooth enough that the
solution can be achieved, but not more than necessary

A
_ (Va: Qa) = (VO - dVa: Qo + an)

(V1,Q1) Ve, Qo)

______________________

dQy :
' (Vo + dVy, Qo — dQp)

________________________________________________
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White Paper

e Details of Spline Function Choice and
Implementation in Power Flow solution are
included in PowerWorld Corporation’s public
website

— https://www.powerworld.com/knowledge-
base/renewable-generators-voltage-droop-control-
with-deadband-in-power-flow-solution

* Any other software vendor can implement this
into their power flow algorithm using this
information

54
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https://www.powerworld.com/knowledge-base/renewable-generators-voltage-droop-control-with-deadband-in-power-flow-solution

Circular Spline Function

2
_ . 5 Vou
qu = Qscale |Yc + Sign |R* — % — X
scale
_ v y )
Si n( L )
dQpu _ Qscate g Vscale ¢
devou Vscale 2
2 ( You
R4 — 7 — X,
| scale |
Go = x0)* + On = o)t =
Line;, = myx + b, ‘
dL;zel =m, (xl yl) \\‘ (xy — x“)z +(y; — y“)z = a? (xe y{__b

("'1 - -rr')z + (}’1 - }Jr')z = RZ /
(x; —x)% + (2 —y.)? = R?

J Line, = myx + b,
: / —v — (R _(xr—x2
Line; = myx + b, dline, =m, i f) =y R? —(x — x.)

i df)  Ha—x)

dLine;

{ =m; =
(5, — %)% + (1 — 92 j= R? dx dx ~ [RZ-(x—x)?
Oz —x)* + (2 - 1) =R _ I |
‘,:' //,« f(x) Ye - R (x xc) (xl.ylj ! Lf??.l?z =m,x + bZ
df (x) —(x—x.) dLine, _
— — =my
dx

& IR -Gox)

(x0, ¥0)

(xc, e )@ (x2,¥2
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Cubic Spline Function

qu = Uscate

2 3
V V /A
pU pu pu
a+b <V - xshift) +c <V - xshift) +d ( — xshift) ‘
scale scale

Vscale

d 14 4 ?
qu . Qscale b+ 2c < pu xshift) +3d ( pu_ xshift>
Vscale Vscale

deu B VScale

dLine,
dx

Line; = myx + b,

=m
: (x()n yO) dLin€2

(xllyl)

f(x) =a+ bx + cx? + dx?

df (x)
dx

= bx + 2cx + 3dx?
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Advantage of Spline

 Hardest part of existing power flow algorithms
— Figuring out which generators are at Mvar limits
— Introduces “equation switching” (similar to PV/PQ bus)
 Without the spline function, the power flow would
get a lot more complicated (and slower)
— We would keep track of *" segA

Qm

jumping between each SegB
segment of the
QV characteristic Qar

— This is also - SegE

“equation switching” Vreq

Vlow delow dehigh Vhigh
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