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ACN testbed

IEEE TRANSACTIONS ON SMART GRID, VOL. 12, NO. 5, SEPTEMBER 2021 4339

Adaptive Charging Networks: A Framework for
Smart Electric Vehicle Charging

Zachary J. Lee ~, Graduate Student Member, IEEE, George Lee, Ted Lee ~, Cheng Jin, Rand Lee,
Zhi Low ~, Daniel Chang, Christine Ortega, and Steven H. Low ~, Fellow, IEEE

2016 GlobalSIP Conference:
Adaptive Charging Network for Electric Vehicles

George Lee' 2, Ted Lee?, Zhi Low?, Steven H. Low?, and Christine Ortega®

"PowerFlex Systems
2Division of Engineering & Applied Science, Caltech
3Math Department, Cornell




“% ACN Research Portal

2019 ACM e-Energy:

ACN-Data: Analysis and Applications
of an Open EV Charging Dataset

Zachary J. Lee Tongxin Li Steven H. Low
EE, Caltech CMS, Caltech CMS, EE, Caltech
zlee@caltech.edu tongxin@caltech.edu slow@caltech.edu

IEEE TRANSACTIONS ON SMART GRID, VOL. 12, NO. 6, NOVEMBER 2021

ACN-Sim: An Open-Source Simulator for
Data-Driven Electric Vehicle Charging Research

Zachary J. Lee ~, Sunash Sharma ~, Daniel Johansson, and Steven H. Low , Fellow, IEEE
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Electric Power Systems Research
Volume 189, December 2020, 106694

o,

ELSEVIER

Pricing EV charging service with
demand charge %

Zachary J. Lee 2 & &, John Z.F. Pang ® &, Steven H. Low * P

PSCC 2020



&7 Unbalance 3-phase modeling

Power System Analysis
A Mathematical Approach

Steven H. Low

DRAFT available at: http://netlab.caltech.edu/book/

Corrections, questions, comments appreciated!


http://netlab.caltech.edu/book/
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Workplace charging

CA commltment

O 0 renewables by 2030, 100% by 2045
m 1.5M ZEV by 2025, 5M by 2030 (CA has ~15M cars)

32,000

27,000

......

22,000 ..

=
g 17,000

This valley is ~130 GWh
=13 M EVs @10 KWh/EV

12,000

7,000 3-hour average ramp
~14,100MW

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

-® Hour-ahead forecast Demand @ Net demand Aprll 2021

Drivers twice as likely to get EV when workplace charging is available
(EDF Renewables survey Feb 2018)




Caltech ACN: physical system

Utility Company

a

Caltech Substation ¢ty

480V Main Switch (Sia rﬁg; L(?:IIS
800 A Panel - afore, o)
Elevators, etc.)

50 kW
400 VDC

3-phase Transformer ¢
150 kVA, 480V/208V
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420 A EV Switch Panel
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Model predictive
control: QCQP

PF cloud

IP/cellular

Garage |

min
r>0

subject to

database

Highly customizable QCQP

* objectives: cost, PV, asap, regularizatn

« constraints: energy, deadlines, capacities
» determine charging rates for all EVs

(7

Mobile app




First deployment reb 19, 2016

Online optimization of electric vehicle charging
B Enables mass deployment at lower capital & operating costs
B First pilot @Caltech: 54 adaptive programmable chargers
B 2x 150kVA transformers, breakers, grid sensors, etc

debugging

transformer
charger & subpanels




Constrained Electrical PowerFlex
Transformer Panels Controller

Webasto DX

Tritium Veefil
Level-2 EVSE

RT50 DCFC

Figure 1. Photos of the N_Wilson_Garage_01 ACN, which is one of the charging sites used to collect data.

The ACN Research Portal has three parts:

(1) ACN-Data: a dataset of over 80,000 EV charging sessions (March 2021)
(2) ACN-Sim: an open-source, data-driven simulation environment

(3) ACN-Live: a framework for field testing algorithms on physical hardware

March 2021: ACN includes a total of 207 level-2 EVSEs and six DC Fast Chargers (DCFC),

and covers seven sites at Caltech, NASA's Jet Propulsion Laboratory, a LIGO research facility,
and an office building in Northern California.



Caltech ACN

22 California Garage + @

Station All~

Site Summary

Current Time

+
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6:11:23 PM

California Garage

Latest Metered Power

Leaflet | € OpenStreetMap ©
CartoDB

Infrastructure Utilization

Total Charging Live Occupancy

Stations

Daily Max 30 Day Max
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Daily Overview
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Station Tracking

energy delivered & impact to date

Electric Miles Delivery

¢ ZoomOut » OOToday Refresheveryim &

Total Electric
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= More Dashboard

CO2e Avoided -quivalent Trees
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300 kw

lative Energy
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750 kWh
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peak power power utilization

Caltech ACN snapshot Sept 17, 2018
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Caltech ACN

Spatial utilization snapshot (June 1 — August 31, 2018)

per per
day | space

#parking spaces

#days (June 1 - Aug 31, 2018) 92 inc. weekends
#charging sessions 6,103 66 115 >1 session /space/day
occupancy (space-day) 3,374 37 64 69% occupancy
energy delivered (kWh) 54,562 593 1,029 11 kWh /space/day
#hours occupied 28,407 309 536 5.8 hours /space/day




CA Garage operational since 2016
Delivered 1 GWh (by July 2020, CA)
Equivalent to 3.2M miles, 1,000 tons
of avoided CO2e



CA Garage operational since 2016
Delivered 1 GWh (by July 2020, CA)
Equivalent to 3.2M miles, 1,000 tons
of avoided CO2e

powerfle

207 ey Feb 2020

2,000+ 10,000,000+

EV CHARGING ~ ELECTRIC MILES
STATIONS DEPLOYED DELIVERED SAFELY

(US wide)
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high schools

Onsite PV

2% PO‘E'gF?emaebles June 2019




Deployment in CA
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Adaptive charging

450 A

400 A

350 A

300 A

250 A

200 A

150 A

100 A

50A

07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00

Caltech Jan 2018



Online tracking

Y

- it

charging rate
(EVSE)

14:00 15:00 16:00 17:00 18:00

Real-time tracking of PV

generation at JPL
(10/2016)



 building - PV + EV

| I” building - PV (weekday)

-5 kW
00:00 01:00 02:00 03:00 04:00 05:00 06:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

NREL: demand charge mitigation (Nov 2018)

* Fill Duck Curve valley and maintain net load
between 30 kW — 40 kW

» On weekdays: building load is much higher
and much more volatile

building - PV (weekend)

Weekend Duck Curve: building load (10kW) — PV




COVID hit

88 All Sites - Total Power - =

Host Allv Garage Al v s 6UDays View & /DaysView & All Sites- Real lime Power & Daily Leaderboard & Real lime lotal Power (kW) & loday Overview & lotal Count

Power Management

Total Power

500 kw

weekdays weekdays

b“"
> > powerflex
EDF renewables March 16 Monday, 2020




Commercialization: timeline

ﬁ - PF: EV +
wilh \ solar +

storage
2010 2016 2017

2019 2021
; *‘ < P
;ﬁ arpare

SOUTHERN CALIFORNIA

EDISON

S = — | i‘ i
‘— 3 \]
Q WELLS :
RESNICKINSTITUTE FARGO ‘

Skoltech Ia 3 DWW

. -

first took west

Energy mgt research Incubation to tech transfer Scalable business



Business case: lower capital cost

Table ES.1: Projections for Statewide PEV Charger Demand

Demand for L2 Destination (Workplace and Public) Chargers
(The Default Scenario)
Lower Estimate | Higher Estimate

. (Chargers) (Chargers)
As of 2017 239,328 21,502 28,701
By 2020 645,093 53,173 70,368
By 2025 1,321,371 99,333 133,270

| 100,000 Chargers @$15k/ea = $1.5B CA CEC & I0OU incentive program estimated
~$15k/charger (inc. make ready)
$15k/charger is unsustainable

CEC 3/2018 Staff Report

* 168 chargers
= 118x Universal (J1772) x 6.6kW

= 50x Tesla x 16kW

* 1.578MW nameplate

= Connected to 800A/480V panel (max load @80% = 522kW)
PowerFlex case study: <$3k/charger

(inc. make ready)

> -
AN SN 272020

= 3x capacity

= No Interconnection Upgrade

e Cost: <$3,000/station
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Peak Reduction: Reduced Peak by 40% (72kW to
42kW) while still delivering same amount of energy

o]
o

()]
o

Power (kW)
N A
© © o

LCFS Curve Following: Charging optimized under

10am Floodgates: Charging maximized to
. transformer limits during 10am-2pm to optimize
. for incentives for consuming surplus solar energy

3 ways to reduce operating cost
« Demand charge reduction

* Price arbitrage on ToU tariff
* Increasing LCFS revenue
 EDF - Athena (San Diego, CA)

> -
%~ Powerflexipiieh



Business case: grid services

88 UCSD 15m Interval -

demand response

:'; powerflex 2/2020

EDF renewables
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“% ACN Research Portal

2019 ACM e-Energy:

ACN-Data: Analysis and Applications
of an Open EV Charging Dataset

Zachary J. Lee Tongxin Li Steven H. Low
EE, Caltech CMS, Caltech CMS, EE, Caltech
zlee@caltech.edu tongxin@caltech.edu slow@caltech.edu

IEEE TRANSACTIONS ON SMART GRID, VOL. 12, NO. 6, NOVEMBER 2021

ACN-Sim: An Open-Source Simulator for
Data-Driven Electric Vehicle Charging Research

Zachary J. Lee ~, Sunash Sharma ~, Daniel Johansson, and Steven H. Low , Fellow, IEEE

5113
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ACN research portal

Simulation Algorithm
Scenarios Validation
* ACN-Data — R .
: ACN-Dat G/ Ny
o ACN_SIm ata ACN-Sim ACN-Ljve

Data

t Constraintst

Adaptive Charging Network

¢ AC N - I_|Ve (HW-in-the-loop)

Lee, Li, Low. ACN-Data: analysis and applications of an open EV charging Dataset
ACM e-Energy, June 2019

Lee, Johansson, Low. ACN-Sim: an open-source simulator for data-driven EV charging research
IEEE SmartGridComm, October 2019

10J1U0D



% ACN-Data

Caltech, JPL, Bay Area office
B 80,000+ EV charging sessions (March 2021)
B Publicly available: ev.caltech.edu
B Growing daily

Real fine-grained data for
B Modeling user behavior
B Evaluating charging algorithms
B Evaluating charging facilities
B Evaluating grid impacts



User flexibility

User flexibility

Caltech Weekday Caltech Weekend JPL Weekday
1.0- 1 1
80% of session have
0.8 laxity > 1 hour

0.6-
0.4
0.21
0.0- - -
0 5 10 15 0 5 10 15 0 5 10 15
Laxity (h) Laxity (h) Laxity (h)

laxity := session duration - min charging time



) ACN flexibility

—— Uncontrolled ——— Optimal Scheduling
— Caltech
= 200 -
= 3.78x
i
Qq 0— T T T T I I
=
O ___
% JPL
E 200 A 3.41x
<D}
Z,

0.0 0.2 0.4 0.6 0.8 1.0
Proportion of days feasible



User behavior

Duration and energy delivered

l avg duration : 7.2 hr

Energy(kWh)

10

avg energy:
15 KWh

JPL

Duration(Hr)



Departure Time (Hr)

40

30

N
o

10

User behavior

Pre-COVID-19 COVID-19 Post-COVID-19
2500 - : - : : :
. N - 6
| ' '
2000 = \ !
0 5
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U‘) . .
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Learning user behavior

Gaussian mixture model

Testing Accuracy (971718 - 11/1/18) Evaluation Set Accuracy  (12/1/18 - 5/1/19)
—e— Modeled Arrivals Actual Arrivals —e— Modeled Arrivals Actual Arrivals
—o— Modeled Departures Actual Departures —e— Modeled Departures Actual Departures
30 -
30
20 - 20
(] Q |
g 19 & 101
< c
g 0 g o
()] | (]
& -10 = _10-
=20 —20 -
0:00 400 800 1200  16:00  20:00  24:00 0:00 400 8:00  12:00  16:00  20:00  24:00
Time Time
10 - 10 1
o —eo— Modeled Energy o —e— Modeled Energy
& Actual Energy § Actual Energy
5 5 g 5
o o
& &
0 T T v ! Y ! 0 T T T T Y !
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Energy (kWh) Energy (kWh)



30 7 current
——— pilot
EVSE
%1 | I/ binding
¥

201
2| [l ool
q " .
& 15 A binding absorption
S stage

o]

Caltech Oct 13, 2018

14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30
Time

Time series: every 5-10 secs
« pilot signal from controller
e actual current drawn by EV



Learning charging curves

Goal: learn representative battery behaviors

B Only small # of batteries used by small # drivers underlying
35,000 charging curves

Challenge: do not know SoC

B Can only characterize tail behavior (absorption stage)
m Charging optimization, BMS actions, missing & noisy data

gm-
Nl need to
« extract charging tails

« cluster charging tails

0 10 20 30 40 50
Time (min)

Chenxi Sun, Tongxin Li, S. H. Low and Victor Li.

Classification of EV charging time series with selective clustering
PSCC July 2020



Learning charging curves

Initialization
) ) Fixed-interval Representative Tails
Time Serles Of Cha,lrgzng curves
Charging Currents Classification

Charging Tails
Preprocessing Tail Extraction Clustering
I Y — |—

m (Alternating Minimization)

Pilot curves g ﬁ
Input: Output:

Time Series |[———) a;‘”g;’;?:;?i . C——)| Tail Extraction |[———) Clusteing |————)| Classification

Chenxi Sun, Tongxin Li, S. H. Low and Victor Li.
Classification of EV charging time series with selective clustering
PSCC July 2020



Accessing ACN - Data

* Web Interface Cattech

* AP] _
e Python Client

« ACN-Sim 06/20/20199:58 AM

oRle

P33
@h}ei ev.caltech.edu

open-source & extensible



ACN - Sim

Charging Network
EVSE

EV Constraints

Battery

physical system /
simulation models

open-source & extensible



ACN - Sim

Charging Network
EVSE

EV Constraints

Battery

physical system /
simulation models

Event Queue

Events

iIntegrated with
ACN-Data

é ACN-Data

open-source & extensible



ACN - Sim

Interface
Simulator

- .

) Charging Network

prd

@) EVSE

<

EV Constraints
Battery

physical system /
simulation models

e.g. utility tariffs
solar generation

<& Signals
Event Queue

Events <& ACN-Data

iIntegrated with
ACN-Data

open-source & extensible



ACN - Sim

Algorithms
Interface

Simulator

- .

) Charging Network

ya

@) EVSE

<

EV Constraints
Battery

physical system /
simulation models

\1/ e.g. utility tariffs
solar generation

<& Signals
Event Queue

Events <& ACN-Data

iIntegrated with
ACN-Data

open-source & extensible



Grid impact

How can large-scale EV charging mitigate Duck Curve ?



Charging model

N EVs: i=1,....N
T control intervals: r=1,....,T

EVi: (e,a,d,.T)

1°°1

/AN
/AN

energy arrival / peak
demand departure charging
(miles / kWh) time rate (kW)

Compute: charging rates
r=@),i=1..,N, t=1,...T)

0 < ri(t) < 7i(t)

Z ri(t) < e

teT

customizable utility functions

max z a, Uy, (1)
r

v

infrastructure constraints

< cp(t)

Z Aliri(t)ejqbi

eV

SoC constraints, or linear approx.




Grid impact

MPC
None 350,000 —— 1.5 million 5 million
max 2 a, Uy, (1) 30000
r
v - 25000 -
B =
subjectto 0 < 7;(t) < 7;(t) 20000 1
Zm(t) S 6 30000
teT
~ 25000 -
=
by 20000
g Aliri(t)em < (1) NS
eV 0:00 5:00 10:00 15:00 20:00 25:00

MPC in real system is a lot more

Minimize evening ramp based on real data
B EV data from ACN-Data
B Simulation models from ACN-Sim
B CAISO solar and load data
N

Simple estimate without grid model



ACN - Live

Algorithms

Interface
Safety / Reliability Checks

PowerFlex ACN Control System

open-source
& extensible



&% ACN research portal

Adaptive Charging Network

The Adaptive
Charging Network

Accelerating Electric Vehicle Research @ Caltech and Beyond

Zlee@ecaltech.edu ev.ealtech.edu




ACN: pricing demand charge
B Monthly billing at workplaces

Unbalanced 3-phase modeling
B Motivation, 3-phase network models




Electric Power Systems Research
Volume 189, December 2020, 106694

o,

ELSEVIER

Pricing EV charging service with
demand charge %

Zachary J. Lee 2 & &, John Z.F. Pang ® &, Steven H. Low * P

PSCC 2020



+¥ Online adaptive charging

Model predictive control:

max Z U, (1)
r

v

subjectto 0 < r;i(t) < 74(¢)




Pricing design

Charging design
B Must adapt to system state in real time
B Objectives must be customized for site hosts

Pricing design: recover cost for site hosts
B Energy
B Externality: system peak (demand charge)
B Externality: infrastructure congestion

Key idea: decouple charging and pricing
B Drivers receive energy in time, at minimum payments
B Charging is socially optimized by MPC
B Site host fully recovers electricity cost



Offline optimal pricing

start with conclusion ...

At end of month
B Compute ex post session price «a;
B Driver pays: ), a;e;

/N

sum over driver’s energy delivered
sessions in session i

No uncertainty nor need for ToU tariff or demand forecasts



t ) . () )
¢
peak power

time-varying tariff $/kWh

demand charge $/kWh

1. What is min system electricity cost to meet demand ?

2. How to fairly allocate system cost to drivers ?



Pricing min system cost:

Y pe Y ri(t) + Pg
t 7

meet demand

infrastructure
capacity limit

EVSE limit

system peak

bt

Vit
Ot



Pricing design

Fairly (incentive compatibly) allocate system cost to EVs

energy

time-varying
tariff



Pricing design

Fairly (incentive compatibly) allocate system cost to EVs

* . * * %
m(t) = p + ZAliBlt + v b
energy \ l y, charger demand charge
congestion

network congestion

* Driver & time dependent prices

Driver pays for each session i

This achieves pricing goals: recovers

l_[:< — E 7'[2|< (t) rl.* (t) + Energy cost
« Congestion rents
t  Demand charge EV i is responsible for



Pricing design

Design principle: | nj(t) = p: + > AuBi + v + &
~—~— l —~— —~—~—
energy “ _ charger demand charge

~~

network congestion ~ congestion

Theorem

1. Demand charge: P = Zt o EVs that cause peak will pay



Pricing design

Design principle: | nj(t) = p: + > AuBi + v + &
~—~— l —~— —~—~—
energy “ _ charger demand charge

~~

network congestion ~ congestion

Theorem

1. Demand charge: P = Zt o EVs that cause peak will pay

2. Time-invariant session price a;: [I; = a; e;

w (t) > a; with 7w7(t) =af if r7(t)>0 EVs pay min cost



Pricing design

Design principle: | nj(t) = p: + > AuBi + v + &
~—~— l —~— —~—~—
energy “ _ charger demand charge

~~

. congestion
network congestion ongestio

Theorem

1. Demand charge: P = Zt o EVs that cause peak will pay
2. Time-invariant session price a;: 1‘[;‘ = a;‘ e;
w (t) > a; with 7w7(t) =af if r7(t)>0 EVs pay min cost

3. Costrecovery: ) I} > C™
i
d Iy —cmt o= > ewfi+ Y Ti(t)y; Congestion rents
i t,l .3 [Lee, Pang, Low. PSCC 2020]



&% Offline optimal pricing

At end of month
B Compute ex post session price «a;

B Driver pays: ), a;e;

No uncertainty nor need for ToU tariff or demand forecasts



Unbalanced 3-phase modeling
B Motivation, 3-phase network models
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&7 Unbalance 3-phase modeling

Power System Analysis
A Mathematical Approach

Steven H. Low

DRAFT available at: http://netlab.caltech.edu/book/

Corrections, questions, comments appreciated!


http://netlab.caltech.edu/book/

Motivation

Most papers implicitly assume single-phase

B Balanced 3-phase systems have single-phase
equivalents

Single-phase models applicable for most purposes
B Transmission system applications

B For illustrating basic ideas and analysis of most

algorithms (unbalanced 3-phase models structurally
similar to 1-phase models)

Unbalanced 3-phase modeling needed

B When control & optimization are explicitly on single-
phase devices making up a 3—phase devices

B For implementation in real systems when phases are
not balanced
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Motivation

(V1)

(VP 1%))

/{C'I]Ck

VP, 12) T B 3}3‘(

1
‘ rT[ 5. 15)

yaul

3)“

=

T
I 4

'H

* Many models assume terminal currents (I]-‘,‘(,Ij’}c,lﬁc) are controllable

(optimization vars)

« Extension to 3-phase setting is straightforward:



Motivation

U . (1)
(V2. 15) T 3}5‘( T[ (V. 1)

A | e
yaul T

™
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3
1 1
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Motivation

(V}* I

T

L
Y;e

-

1

e

- Terminal currents I;; are externally observable, but often not directly

controllable

 If only internal currents (]‘-lb,]’-’c,]fa) of current source are directly

controllable, then need a 3-phase device model to convert between
internal & terminal vars
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Similarly for power sources or voltage sources




Motivation: example

Single Phase Constraints Three Phase Constriants

ey

ul
o
]

Aggregate
Power (kW)

O T 1 1 1 T 1 1 1
>
81004 J_HL b, s I
<2 G R
89 _r""w M~ - ! S
cWn \
8 O T 1 1 1 T 1 1 1
5
@) - .
o LA
S 0200 FEp=%~qr R ——————- B P s Srrin, o 11 i 7 A T I A o e
= g \/Jl A J\- | v |\ J Ay v V\\
£ - k
O T 1 1 LIH‘ T 1 1 1
7:00 10:00 13:00 16:00 7:00 10:00 13:00 16:00

SOC constraints

SOC constraints

Left panel: Actual 3-phase currents violate capacity constraints if “single-phase
constraints” are used (ACN-Sim based on Caltech ACN on Sept 5, 2018 data)

“single-phase constraints” : )}; ;(t) < R (no phase line constraints for lack of phase info)

[Lee et al (2021), ACN-Sim, TSG]
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Key question

How to derive external models of 3-phase devices

1. Voltage/current/power sources, impedances  (1-phase device: internal models)

2. ...in Y/ A configurations (conversion rules: int — ext)

3. ... with or without neutral lines, grounded or ungrounded, zero or nonzero
grounding impedances

Propose a simple and unified method to derive external models



Internal variables

Y configuration
Internal voltage, current, power across single-phase devices: T W
IIM
ch Ian San _Vanian_ ot
Y': bn Y': bl’l Y *— bn ¢ — bn_bl’l VCM~—”‘ - Von
Vi yorl, I : Py, st g : V{ W\IQ\I :
VCI’l Icn SC”l _Vcnlcn_ Kiw 5 ban o Vb
Z >,

neutral voltage (wrt common reference pt) V"' € C
neutral current (away from neutral) I” € C

Device may or may not be grounded, and neutral impedance z" may or may not be zero



Internal variables

A configuration

Internal voltage, current, power across single-phase devices:

[ Vab_ [ Iab_ [ s ab | i Vabjab_

VA = Vbc ,IA = Ibc i Sbc = Vbcibc
Vca Ica < ca ] Vcaica_




Terminal variables

Terminal voltage, current, power (for both Y and A) to reference: . 2 A
Ve I aaod ‘ i
Vi= | vbl, I:= 12|, s:= [sb]| == | VPP

arh
Vc IC SC VCTC —— 0 Vb
B - ——>——0 |/,
I [4

« Vs with respect to an arbitrary common reference point, e.g. 1L

the ground

« [ and s are in the direction out of the device




Internal vs external model

1. External model = Internal model + Conversion rule
« External model: relation between (V, I, s)
» Devices interact over network only through their terminal vars

2. Internal model : relation between (VY/A,IY/A, SY/A)

« Independent of Y or A configuration
» Depends only on behavior of single-phase devices
 \oltage/current/power source, impedance

3. Conversion rule : converts between internal and terminal vars

« Depends only on Y or A configuration
* Independent of type of single-phase devices

T 3 E
41—
Vau
Voﬂ,_, Y]) _Vbn
+
+ XY Q\I N
b
., 3"‘ > DVL
ii : ——y,




Conversion rule

Y configuration

Converts between internal and terminal variables

V=V+vi 1=-I" s=-(s"+VvD

A

r

—r
Ve
Vo."' r]‘ 'Vbn
+
+ Y Q\I N
ba
i -

’W\Ii____ovt

Device may or may not be grounded, and neutral impedance z"* may or may not be zero

Special case: if V' =0, then V = VY 1=-1"



Conversion rule

A configuration

Convert between internal vars and external vars

Vb 1 -1 01 | Ve I, 1 0 17 |la
Vbc — [ 0 1 _1] Vb ’ Ib - - [_1 1 O] Ibc
V., —1 0 1 |7 I 0 —1 1 L,
r rr
In vector form
VA = TV, I = -TT[A o |
T T T T I is incidence matrix of:
| | O)
internal terminal terminal internal L/ \
voltage voltage current current ®



Conversion matrices
Fortescue matrix F

Spectral decomposition:

[ = FAF, I'" = FAF

where
o _
A = l —a ,
and o ;= e~ 1273
| - [ T 1
Pseudo-inverses: I'" = —T7, rr EF

eigenvectors
of I, T

'/EL\‘f

1
1 a
2

1 a
positive-seq

balanced
vector a_

negative-seq
balanced
vector a_



Conversion rule
A configuration

1. Converts between internal and terminal voltages & currents
VA = TV, [ = -TTA
1
2. Given V2: terminal voltage V = EFTVA + y1, yeC

Y= %1 Ty . zero-sequence terminal voltage (fixed by reference voltage)

1
3. Given [: internal current JA = _EFI + p1, pecC

1 , .
Pi= §1TI A, zero-sequence internal current (does not affect terminal current)

4. Relation between s and s through (V, IA) ;

il

_,—__,_%___ﬂvt

s = —diag (V]AHF), SA = diag (FVIAH) (no direct relation between s and SA)



3-phase device models

1. External model = Internal model + Conversion rule = A
Tpun
« External model: relation between (V, I, 5) ) T?
« Internal model: relation between (VY/A, 1A, SY/A> VCM(\'A e
+
-~ ay

2. Both internal and external models depend on device type /fw QE\ N

* Voltage source =S ——>— |/,

e Current source
 Power source

* Impedance

3. ...in Y and A configurations




Voltage source (E*,z*): A configuration

External model

1. Internal model /\ S
VA = E& 4+ ZA[A independent of Y/ A config o @ N
ah
2. Conversion rule for A configuration L@ o I
—O)— v,

- 3 3" b
VA = T, I = -1""* L;lﬂ
Ve



Voltage source (E*,z%): A configuration

External model

1. Internal model = vy
VA = EA 4+ A2 independent of Y/A config f”‘p/K®4 .
ah
2. Conversion rule for A configuration &7 S

Va 5
— O Y

VA = TV, I =TT \»;_E\g;
V.

3. Two (asymmetric) relations between terminal vars (V, )
« Given V, 1st relation uniquely determines I (hence (VA,IA) as well)

 Given I, 2nd relation determines V up to zero-sequence voltage y

Asymmetry is because V contains more info (y) than I does (which contains no info

1
about zero-sequence current 1= §1T1A)



Voltage source (E-,z°): A configuration

External model

1. Given 'V,
] = (TyA)EA_YAV
_yab+yca _yab _yca |
-1
YA = FTyAF = —yab yab+ybc —ybc , yA = (ZA)
_yca _ybc yca+ybc




Voltage source (E*,z*): A configuration

External model

1. GivenV,
I = (I'y4)E* — Y2V

—yab+yca _yab _yca
-1
YA = TR = | =y yyhe b | yRe= ()
I _yca _ybc yca_l_ybc_
2. Given I with 177 = 0,
V=TE*-Z+y,| 1TT=0

. 1 1 1 1
[ = —IT(1-——3%1T, 7ZA = —FTZA<[I——1ZAT>F
3 G 9 ¢



Voltage source (E*,z*): A configuration

External model

Comparison vy
Single-phase: V= E —zI/ Eo /\@
£,
Three-phase:V = T[E2 — ZAI + 1, 177 = 0 L@ « I
A — o Y
I L™ s,
rotated

internal voltage

1-phase device

Y ~

voltage drop due to
I SI
L] +

equivalent impedance .
EQ 1%




Current source (J2,y*): A configuration

External model
1. Internal model
IA — JA + yA VA

2. Conversion rule

VA = TV, [ = -TTA
3. = External model

I = —(TU* + Y4V)

where (as before): Y2 = FTyAF

ab

yrty

-y

ab

ca

ca

-y
ab

yUty

-y

ab

bc

bc

ca

_ybc

ca bc

yoty




Current source (J4,y*): A configuration

External model

4. Comparison L
Single-phase: I = J—yV A/\@ b )
Three-phase: I = —T'J2 — YAV 3@@ “;\;Y

yA = TITAT —% S
S I .

1-phase device

JO 1%
Note: directions of J are opposite -

Y~




Voltage & current sources: comparison

1. Voltage source specifies E* which does not uniquely determine

@+
E

- V= TE* — Z°I + 1, 1] =

. due to arbitrary zero-sequence voltage y := 1TV

W= O
ey
) O
By
"+I
+H X
< ¢

2. Current source specifies J2 which uniquely determines terminal a
current / . e
17 O
.1 = —(TUA + Y*V) &7 \
| @},\_:“_IQ__, v,
. JA contains its zero-sequence current 3 := §1TJ A ?,
T



Impedance z°: A

External model

1. Internal model

VA — ZA IA

configuration

>0 Yz

N

2. Conversion rule L/ D«A\i ,
A T7A A §
Ve = TV, I = —-1"1
= V.
3. —> External model c
GvenV, I = —Y2V = —(I'y*I)V
Given I, V = _ZA] + }/1, 1T[ = ( As for voltage source, the asymmetry is
because V contains more info (y) than I does
1 1
78 = T2 (1-=172T)T
9 ¢



Impedance z2: A configuration

External model

4. Comparison
Single-phase : V
Three-phase : V

=-z € C
= —Z%1 + 71,

voltage drop due to
equivalent impedance

1771

0

4

™
L_—HI;

N

\_Li;

1-phase device

V +

4

B ——

1

\/&
Y

Ve



Power source ¢°: A configuration

External model

1. Internal model
- >0 \/a
A — A . g}/\\ b
@,
% AN

2. Conversion rule
VA = TV, [ = -T"[?
3. = External model through (V, IA) v,
s = —diag (VIAHF), ot = diag (FVIAH)



Power source ¢°: A configuration
External model

4. Comparison =
- >0 a
Single-phase: s = o© W“@/\\ b
Three-phase : s = — diag (VIAHF), c® = diag (FVIAH) bl h
A — I v
b

L "
1-phase device

-
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3-wire line model

With shunt admittances

Each line is characterized by

-1
. Series admittance yj“;( = ( i)

. Shunt admittances (y ik Vi )

Terminal voltages ( . Vk) and terminal currents (Ijk, ij> satisfy
Vi~

Ijk:y<

I, = y]tjC(Vk V) AR




3-wire line model
With shunt admittances

Each line is characterized by

-1
. Series admittance y;, i < > >

. Shunt admittances ( Jk,ykj>

Terminal voltages ( . Vk> and terminal power <S]k, Skj) satisfy

H H H H H
= ()" = () ()" + ()

H H H y H
Sei=Vi(ly) = Ve(%-v) () + vvi (on)



Network equation S ohase scalars

Nodal current balance « 3-phase : 3 X 3 (3-wire) or 4 X 4 (4-wire) matrices

3-phase sending-end currents: / l

Iy = yﬂ(‘/f_v") + e Vs Iy = ;{(Vk—‘/j) + g Vi



Series and shunt admittances

Network equation * 1-phase : scalars

« 3-phase : 3 X 3 (3-wire) or 4 X 4 (4-wire) matrices

Nodal current balance
3-phase sending-end currents: / l
Iy = ﬁ<<Vj— Vk) + Ve Iy = ﬁ("k— Vj) + yg Vi

Nodal current balance:

b= 2 e = 2 ni=Vo + | XY,

kij~k kij~k kij~k
)

- Z yjk T yJJ Z yjk Vi Zy]kl

\ k:j~k k:j~k k:j~k




Network equation

Nodal current balance

In terms of 3(N + 1) X 3(N + 1) admittance matrix Y
I = YV 3(N + 1) vector
where
Y= Z yﬁc + y;}l 3 X 3 matrices
kij~k

3 X 3 matrices yn = Z v
kij~k

e— S
ij' ik

Y is complex (block-) symmetric [if network contains no 3-phase transformers in AY nor YA confg]
It is admittance matrix of single-phase equivalent



Network equation

Nodal power balance

Nodal power balance

= St

kij~k

generalizes single-phase:

H
2 Ky
5 = Z(Wj' —Vjv,ff><yj> + 1V

kij~k




Overall model

Device + network

1. Network model relates terminal vars (V, I, 5)

* Nodal current balance (linear): I = YV

Nodal power balance (nonlinear): s Z diag (V(V Vk)H Hoy VjVijJf}:H>
kij~k

* Either can be used
2. Device model for each 3-phase device

. Internal model (VY/A IY/A .Y/A, yj,ﬂ> + conversion rules

. External model (V], I], i Vs

b ) with internal parameters

e FEither can be used
 Power source models are nonlinear; other devices are linear



General 3-phase analysis

Buses j Specification
NY vY .—EY
A pal g
N2 3= Js
NY 2,y
NiA Z]A, Bj
Y Y .
N, G,
A A .
N, G, Y

Variables at bus j:
. Externalvars: (V,,I,s)),7;

. Internal vars: (VJ-YA,I]-Y/A, sjY/A>,ﬂj

Given: 3-phase devices & their specifications
» \Voltage/current/power sources, impedances
e ...in Y/A configuration

Calculate: remaining variables

Solution:

* Write down device+network model
* Solve numerically



General 3-phase optimization

Buses j Specification
N, Vi =E,
Nvi va :Y: EJ%‘,Y%,ﬁ,,
N2 3 :=J3
Ny 25 Y
NiA Zj‘-, Bj

Y Y ..
N, G,
A A o
N, G, Y

Variables at bus J:
. Externalvars: (V,I,s)),7,

. yYA gYIA YIA
. Internalvars.(Vj Y N )’ﬁ]

Given: 3-phase devices & uncontrollable quantities
» \oltage/current/power sources, impedances
e ...in Y/A configuration

Min: cost (controllable variables & state)

Solution:

* Write down device+network model
* Write down additional constraints
* Solve numerically



&7 Unbalance 3-phase modeling

Power System Analysis
A Mathematical Approach

Steven H. Low

DRAFT available at: http://netlab.caltech.edu/book/

Corrections, questions, comments appreciated!


http://netlab.caltech.edu/book/

