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R
WECC REMTF & Wind Models

Approved,
e WT1/2 wind plants * Inverter interface (PV,

CETS TS \/T3/4 plants, storage)

WTxT Turbine REPC A Plant controller
WTxP/A Pitch control/aero
WT2E Rotor resistance REEC_A Electrical controls (Wind)
. . REEC B Electrical controls (PV)
) DIStrIbUtEd PV REEC_C Energy storage
m_ REGC A Generator/Converter
PVD1 Discrete (large) DG WTGT A Drive Train
WTGAR_A Aerodynamics
CMPLDW(g) Distributed generation (PV)

WTGPT_A Pitch Control
WTGTQ_A Torque Control

(Eéll dynamic models except for CMPLDW require explicitly generator representation in power flow
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e
WECC REMTF Model Documentation

e Technical specs, Application guides, Validation guides

* Where to find updated WECC/REMTF documents?
— https://www.wecc.biz/PCC/Pages/MVWG.aspx under

“Approved Documents” and “Approved Model

Specifications”

* Recent papers presented at 2015 IEEE

Generic Photovoltaic System Models for WECC - A Status Report

WECC Renewable Energy Modeling Task Force

PES GM

(PV) systems developed for implementation in Western Electric  undergoing rapid transfom
Coordinating Council (WECC) base cases. The scope f system-wide power floy
encompasses both transmission-connected, central station PV :
plants and distributed PV systems. These models were added to ;f;séitggr?g;?;n;:zzl
the WECC Approved Dynamic Model Library in March of 2014. P s . . T .
guidelines on the topic of | Abstract — This paper describes the latest generic wind turbine
Index Terms — Distributed generation, dynamic models, photo-  flow and dynamic data s generator models of rypes 3 and 4 developed for implementation

voltaic generation (PV), wind turbine generator (WTG). set of best practices forre in the Western Electricity Coordinating Council (WECC) base
cases.

Key Words — Generic wind turbine models, wind power.

Generic Wind Turbine Generator Models for WECC — A Second Status Report

Abstract — This paper describes generic models of photoveltaic  The generation mixin the WECC Renewable Energy Modeling Task Force

second generation g-WIG models have recently been
implemented in several transient stability programs used for
planning studies i North America and have also been added
to the list of models sanctioned by WECC for planming studies

B31. [

The purpose of this paper is to pm\ ide a conc1se descnptlou of

AT

I INTRODUCTION
( IEEE
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https://www.wecc.biz/PCC/Pages/MVWG.aspx

What is in a PV PIant?

DeSoto PV-Plant (2009). " |
Fort Myers, FL. (courtesy of FPL)

Idnj t,rahsf ‘mers

,'.' L {__ﬁ*}f

= Substantial MV collector system =
work, OH or'UG radial feeders

Capaciﬁf 25 MW nf,gﬁlar phﬂtﬂ?ﬂltﬂlﬂh
afaj- S

Solar FIEI appmxnnately 180 acres

Sniarﬂrray N approximately 90,000 panels
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Power Flow Representation

7
PV Array = = =

Inverter
__Interconnection
Line
v N
@ PV Inverter
x LY
_)} . Medium Voltage Transformer
| — R, PV Feeder
%..... Other PV plant
Station Feeders
transformer
RTeq'xTeq
. Rqu XE':" BE':‘ .. Equivalent PV
~ Interconnection Equivalent D et
. . . ’_-". Li ne .__.-""" o :::E
Single-machine equivalent ‘ / PVFeeder v Transformer
Could be a few-machine equivalent NPy ] \
\ Equivalent
i Station generator
transformer P level, Q limits &
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e
PV Plant Control / SCADA

* Coordinate operation of inverters and other controllable assets
inside the plant (custom integration typically needed)

Plant reactive
comp. (if present)

Transmission
Operator/SCADA

A5 85 8 A £F AF A5 &F A5
A
——————— P E&rlax————r—-l. - —— = = T - - —_—— e e === e, = T, —_— ==
|
7
: Inverter
|
POl |
| - Interconnection
1/ Line
[
1w iy
L
1 @ - e PV I rter
| — .. Medium Voltage Transformer
: Substation [r—— | P PV Feeder
| transformer *_ Dther PV plant
1 Feeders
|
|
|
|
|
|
|
|
|

P, Q, V and f at POI
and other plant data

R Fleet Operations P
Center
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WECC/REMTF Dynamic Model

REPC_A it REEC_B Vil REGC_A
Vreg| | : : Y : :_ y |
= |
| | | . | |
Vref —> Plant Level ; Qext | »  @Conrs lgecmd Ichmd g : Iq_;
Qref ——»{ V/Q Control I |
I Current | | I
Qbranch —— | I Limit | | |Generator| , Network
Pref ——L» : : Loigic : : Model | Solution
Pbranch —> Plant Level | Pref 1 | P control Ipcmd = Ipcmd L : Ip=
- | | | |
Freg| | — | . f___l . ]
Pgflag

* REPC_A generates the real and reactive power references
based on the plant-level control scheme

 REEC_B translates the real and reactive power references into
current commands

* REGC_A reconciles the current commands with the network
f solution to yield current injections

-
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REPC_A Block Diagram

GG e e i L e a a 7
| I
| REPC A :
|
[ |
| VempFlag Vref —+ :
I +
, lbranch —=1 \/req _ (Rc +jXc) branch| -0 1 |
| Vreg —$ 1+ sTfitr I
| Qmax I
| emax " :
| ] : | 1+ sTH
| Qbranch RefFlag Kp+Ki 1—w 3 5my [ Qent |
: emin _J Freeze state |
| 1 Qmin Vreg < Virz |
| ™1+ sThitr :
|
| Qrefp |
| |
' |
' Plant_pref
I B Pmax FrqFlag :
: 4+ femax /— 50 |
1 . o 1 —Oo— Pref |
: Pbranch —»] ™ Kpg +%g ¥ freTiag —ro1 |
| fdbd1, fdbd2 fermin o :
I Pmin I
|
I |
| |
I ]
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REEC_B Block Diagram

e e e e e s et
REEC B G dbd1, dbd2 Igh1
R EEEEEEEEEEEE—— 1 . 1 - /_
Vit - (5 A > Kav
Y 1+ sTrv + ./
if (Vt < Vdip) or (Vt > Vup) Vrefo Iql1
Voltage dip =1
else L
Voltage_dip =0 iginj
Vmax lgmax
PfFla /—
Pe —| — : Qmix Viiag Vmax L QFlag *  Igmax
Kap + Kgi —o 1 Y
s

Kvp + KVi —po 1 +
L % o—p@ _//_ » Iqcmd

0 -
pfaref f Qmin Y

i |
aei qgen Vmin V=1 | VAR 1 e g |
.
]
& = - —
N i i v
Logic
Current Limit Logic Paflag— |
Q Priority (Pgflag =0): ¥ T
Ipmax = (Imaxg-lqcmdz)m, Ipmin =0 Pmax & dPmax [
Igmax = Imax, Igmin = -lgmax " [~ i Ip;n_ax :
P Priority (Pqflag =1) Pt — T STpord : » Ipcmd
lpmax = Imax, lpmin = 0 7 e gl lpmin =0

Pmin & dPmin Voltage_dip=1

Vt_filt

lgmax = (Imax*Ipcmd®)?, Igmin = -lgmax
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R
REGC_A Block Diagram

|
| |
| lgcmd / I |
I : " e ~—* High Volt |
— igh Voltage
I Upward rate IIITII‘IE is qchve_when Qgeng >0 / Vi—e—a Reactive Current |
| Downward rate limit is active Qgeng <0 larmin |
q Management
I | I
I S I
@
| £ |
: » LVPL & rrpwr E |
/ S I
I 2
| lpcmd q 1 P 2 |
| 1+sTg |
| Low Voltage :
| Lvolsw LVPL Active Current
g " Management |
I O \ Lvpi1 ———— y |
| | I
| ° R T+ STt | |
f l > I
I zerox brkpt V |
:_ |
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.
Model Validation — Overview

* Model validation is the process by which we
reconcile a model with measured output

— Typically, we try to match the output (active and reactive
power) for a given input (voltage, freq.)

— Can the model parameters be logically tuned?

* There is little industry experience with PV plant
model validation

— However, validation is still required per NERC MOD-
026/027 and regional standards/policies

— REMTF published a technical guideline on the subject. The
charts that follow are extracted from that document
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.
Recommended Steps for REXX

1. Establish a power flow model for the plant

2. Define the plant’s mode of operation (e.g., local vs.
plant-level control, etc.)

3. Set appropriate dynamic model flag combination
Determine appropriate dynamic model invocation

5. Adjust tunable parameters
— Tunable parameters selected based on operation mode

6. Perform parameter estimation such that the modeled
and measured are deemed to sufficiently agree

%@Ef A € IEEE
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Power Flow Representation

Pad-mounted

! Station Collector
Tlnfr;?nr}eﬁt'ﬁg Transformer Sygtem Téan:;forn?[r
ansmissio o Equivalent quivalen /
. | PV System
POl or Conngcnpn to Equivalent
the Transmission
System | Plant-level

Reactive
~J_~ Compensation

* Must be set up prior to tuning the dynamic model

e Common mistakes include connecting the equivalent
generator to a high-voltage bus

— Refer to WECC PV Plant Power Flow Modeling Guide
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Defining the Mode of Operation

Functionality Required models pfflag | vflag | gflag | refflag
Plant level Q control REEC B + REPC_A 0 N/A 0 0
Plant level V control REEC_B + REPC_A 0 N/A 0 1
Plant level Q control &

Local coordinated Q/V control REEC B + REPC_A 0 1 1 0
Plant level V control &

Local coordinated Q/V control REEC B + REPC_A 0 1 1 1

* List of commonly employed modes of operation for plant-

level control

* The designation “N/A” means that the parameter flag has no
impact on the mode of operation

* We also developed an easy-to-follow guide to setting the
parameter flags...

%@Ef A € IEEE




.
Flag Setting Procedure for REEC B

1) Set pfflag = 0. Local power factor control should not be used with the plant
controller module.

2) Does the Qref Volt/VAR output of the plant controller correspond to a voltage
reference?

- If yes, set vflag = 0 and gflag = 1. Skip to Step 6.

3) Does the Qref Volt/VAR output of the plant controller correspond to a reactive
power reference?

- Ifyes, set vflag = 1. Go to Step 4.

4) Does the plant employ local coordinated Q/V control using the series Pl loops
depicted in Figure 117?

- Ifyes, set qflag = 1. Skip to Step 6.

5) Does the plant compute a reactive current command by dividing the reactive
power reference by a voltage?

- If yes, set gflag = 0. In this configuration, the series Pl loops depicted in
Figure 11 are bypassed.

%@ii A € IEEE



N
Verification of Flag Combination

REEC_B REPC_A Notes

pfflag vflag qflag refflag No. Key
0 0 0 0 1 Valid
0 0 0 1 2 Invalid
0 0 1 0 3
0 0 1 1 4
0 1 0 0 5
0 1 0 1 6
0 1 1 0 7
0 1 1 1 8
1 0 0 0 9

* Clearly indicates whether or not a given flag

combination makes sense from a control perspective

* In this case, we see that local power factor control
should not be used with the plant controller module

%@Ef A € IEEE
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Dynamic Model Invocation

Plant Controller Invocation Variations:

Regulate the terminal bus (bus 5):
repc a 5 "PV TERM " 0.600 "1 ™ : #9 / etc.

Regulate the to-bus (bus 2):
repc_a 5 "PV TERM " 0.600 "1 "™ 2 "PV HIGH " 230.00 : #9 / etc.

Regulate the point defined by |Vmon i - (rc + jxc)*Ibranch]|:
repc_a 5 "PV TERM ” 0.600 "1 ™ ! ' I 0 I 5 "pv TERM " 0.600 4 "PV LOWZ "
34.5 "1 ™ 3 #8 ¢ ete.

* Itis not sufficient to set the parameter flags correctly

 The dynamic model invocation must be consistent
with the selected mode of operation

* Notably, the regulated bus and monitored branch

%@Eﬁ, A € IEEE
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ldentifying Tunable Parameters

REEC_B REPC_A Tunable Parameters
pfflag vflag qflag refflag Local Plant
0 0 0 0 Kqv Kp, Ki
0 0 0 1 Kqv Kp, Ki
0 0 1 0 Kav, Kvp, Kvi Kp, Ki
0 0 1 1 Kav, Kvp, Kvi Kp, Ki
0 1 0 0 Kqv Kp, Ki
0 1 0 1 Kqv Kp, Ki
0 1 1 0 Kagv, Kgp, Kqi, Kvp, Kvi Kp, Ki
0 1 1 1 Kqgv, Kgp, Kqi, Kvp, Kvi Kp, Ki

 REXX model has 45 to 75 dynamic model parameters
 It’s critical to fix as many as possible (typical ranges)

* Recommended to restrict membership in the set of
tunable parameters to control gains (see above)
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NS

Parameter Sensitivity

Parameter sensitivity to real and reactive power response.

@Es

Real Power Reactive Power
REEC_B REPC_A REEC_B REPC_A
- Kpg Kqv Kp
- Kig Kgp Ki
- Ddn Kqi -

- Dup Kvp -
- - Kvi -

The real and reactive power control loops are
independent (for the most part...)

Categorized potential free parameters according to
whether they affect the real or reactive response

Can be broken down further into 4 quadrants...

OPES . <& IEEE
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Parameter Sensitivity Cont.

* Real power response to voltage variations
— Key models: REGC_A
— Key parameters: lvplsw, zerox, Ivpll, brkpt, lvpntO, Ivpntl
* Real power response to frequency variations
— Key models: REPC_A
— Key parameters: frqflag, kpg, kig, Ddn, Dup
e Reactive power response to voltage variations
— Key models: REPC_A + REEC_B
— Key parameters: kp, ki, kqv, kqp, kqi, kvp, kvi
* Reactive power response to frequency variations

— Key parameters: N/A
%@is A € IEEE
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Parameter Estimation Example

230kV 34.5kV PV Low PV Term
POI Bus Bus Bus Bus

0l e

Substation
transformer

* Plant-level voltage control with coordinated local Q/V control

 Example created with simulated data for demonstration
purposes

* Captured data on both sides of the station transformer to use
as proxy PMU measurements

m@ii A, < IEEE
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Parameter Estimation Example

Voltage measurement: High-voltage side Plant output: Measured at the station
[ 15¢

Voltage Magnitude

)
Q. —
o 1.2t 2
s = 9l
g 3
& 3 | Active power
£ 08 .
o 205¢
206 2
S g4l J . - \ ; oL \ . - . .
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
10¢ _1r
g 2
o [ Voltage AngleJ @ ’ Reactive power
2 2 051
o
c 5 (=3
pid @
2 @® 0r
4 . &
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
Time (sec) Time (sec)
Figure 4. Inputs — Station voltage measurements. Figure 5. Outputs — Plant real and reactive power.

e Disturbance was a 6-cycle fault, resulting in a 50%
voltage dip
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Parameter Estimation Example

Active and reactive power comparison: Optimized parameters

Active and reactive power comparison: Initial guess

1.5— T 15— :
= Measured = Measured
g | R T b Simulated a o P T b - Simulated | |
- s
o (]

o Q
2 0.5F 2 05+
g g
0 L 1 1 i 0 1 L 1 1 1 i

0 0.5 15 2 25 0 0.5 1 1.5 2 25
-~ 1 i -~ 1 > ! ! -
g_ Measured g_ Measured
:, .............. Suﬂnu'ated \: """"""" = Slmulated
(] (1]
2 05t z 05} :
o Q
[«}] ()]
= 2
g Of S of /I T _
()] 15}
o 1 1 o L 1 1 s 1 1 L 1 L L

0 0.5 1 15 2 25 0 0.5 1 1.5 2 25

Time (sec) Time (sec)
Figure 6. Initial guess output comparison. Figure 7. Optimized parameter output comparison.

* The level of residual error in the reactive power response
represents what is achievable (and considered acceptable)
considering field data accuracy
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Parameter Estimation Example

Initial, actual, and optimized model parameters.

Model Param. Initial guess Actual Estimated
Kp 15.0 10.0 10.9
REPC_A _
- Ki 1.0 5.0 4.3
Kqv 0.0 0.0 0.0
Kagp 0.0 0.1 0.0
REEC_B Kaqi 0.0 0.1 0.0
Kvp 12.0 5.0 4.1
Kvi 2.0 1.0 1.2

 Example, we can see not only how well the fits match, but
how close the parameter values are

* Inthis example, we started with a blind parameter set and
used the Nelder-Mead (downhill simplex) algorithm for
f parameter estimation
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Examples of PV Model Validation

* Against Lab Test e Against PMU data

— 3-phase, 50kW PV inverter — From 20 MW plant. Difference
during fault clearing due to DC
dynamics (not modeled)

Measured
06| === Simulated

Measured
=== Simulated [|

=

[ie]
T

=

Real Power (pu)
(=) [
[ o=
%’
| 1
Real Power (pu)
(o] i
st 20
4?5::;
| 1

0 0.5 1 15 2 25 3 2 25 3 35 4 45 5 55
01 T T T T T T T T T T T T
g teasured g 01k Measured | |
= oonsk === Sirmulated H = === Sirmulated
)
S 50155
ol 0 0o
z : 02f
8 -005E @
o & -025F
_O’] 1 1 1 1 | | | | | 1 | |
0 0.5 1 15 2 25 3 l 25 3 35 4 45 5 55
Time (seconds) Time (seconds)
\w —

VIECLE
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PV Plant Model Validation
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SKM Model for PV facility
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Staged Test — 34 kV Cap Switching

Field testvs. Simulation for 12 MVAr capacitor bank switching

15.0

120 em em em em em en e am em em am em s e e

——Inverter VARS (Measured)
----Inverter VARS (Simulated)
== «+Cap Bank Switching

o
(=)

&
=

-
=]

Reactive Power (MVAr)
= 2

2

Capacitor Bank Switched Online

-9.0

-12.0
-5.90 -4.40 -2.90 -1.40 0.10 1.60 3.10 4.60 6.10 7.60

Relative Time (Sec.)
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Summary

e Setting up the models correctly is half the battle

— Parameterizing them is the other half
* There is no substitute for engineering judgment

— We do not prescribe tests for “goodness of fit”

* It’s important that the modeled output agrees with
measured data for various disturbances

— Reserve some data for evaluation, rather than model training

e See the WECC Central Station PV Plant Model
Validation Guideline for more information
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