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(57) Abstract: Adaptive charging networks hi accordance with embodiments of the invention enable the optimization of electric design
of charging networks for electric vehicles. One embodiment includes an electric vehicle charging networks, including one or more
centralized computing systems, a com-munications network, several, electric vehicle node controllers for charing several electric vehi-
cles (EVs), where the one or more centralized computing systems is configured to; receive the electric vehicle node parameters from
several electric vehicle node controllers, calculate a charging rates for the electric vehicle node controllers using quadratic programming
(QP) where the quadratic programming computes the charging rates based on the electric vehicle node parameters, adaptive charging
parameters and a quadratic cost function, arid distributes the charging rates to the electric vehicle node controllers.
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Optimization Framewosk and Methods for Adaptive BV Charging

STATEMENT OF FEDERALLY SPONSORED RESEARCH
[B001]  Thus invention was made with government support under Grant No, [PISO2119 and
CCFI637598 awarded by the Nationad Science Foundatien, The government has certaimn rights in

the invention.

CROSS-REFERENCE T RELATETY APPLICATIONS

[602]  The present invention claims pricrily o US. Frovisional Patent Apphication Serial N
62/393,735 eutitled "Optimization Framework and Methods for Adaptive EV Charging™ filed De-
cember 1. 2017 and 1o U.S. Provisional Patent Application Serial WNo., 62/678 877 entitled *Opti-
mization Framework and Methods for Adaptive BV Charging™ filed May 31, 2018, The disclnpsures

of LS, Provisional Patent Application Sertal Noo 62/393.735 and ULS, Provisional Patent Apph-

cation Serial No. 62/678,877 are herein incorporated by refevence w thewr entirety.

FISLD OF THE INVEKTION
[0003]  The present invention generally relates to glectric vehicles and nsore specitically relates

1o adaptive charging station optimization for electric vehicles.

BACKGROUND

[O004]  An imoredible amount of infrastructure s relicd vpon o transpont electricnty from power
stations, where the majority of electricily is currently generated, o whese it is consamed by wdi
viduals, Power stationy can generate electnieity w a nomber of ways including ustng fossil foels
or using renewable epergy sources such as solar, wind, and bydroctectie soarces. Substations
typically do npot generate electricity, but can change the voltage level of the electricity as well as

provide protection (o other grid infrastructure during fanlts and outages. From here, the lectricity
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travels over distribution Hnes 1o bring electriclty o locations where 1t1s consumed such as homes,
businesses, and schools, The ey st gad” deserthes 3 pew approach to power distribution
which leverages advanced technology to track and manage the distribution of clectrioity, A smant
avid applies apgrades o existing power grad infrastructare cleding the addition of move renew-
able energy sourves, advanced smart meters that dighally record power psage i real time, and
bidivectional epergy fow that enables the generation and stovage oV energy 1n addimional places
along the electne grid,

[0005]  Blectric vehicles (EVS), which include plng-in hybrid electrie vehicles (PHEVS), can use
an electric metor for propulsion. EV gdoption has been spurred by foderal, state, and ocal gov-
ernment pohicies providing various meentives {e.g. rehates, fast lanes, parking, ewe.). Continued
EV adoption s hkely 1o have a sigmificant impact ou the foture smant grid duoe to the additional
stress foad that BVs add to the grid (an EV's power densand can be many tmes that of an average

resicdential house).

SUMMARY OF THE INVENTION

[006]  Adaptive charging networks in accordsnce with embodiments of the invention enable
the aptimizgtion of electue design of charging networks for electric vehicles, Ong embodument
imclades an electric velnele charging network, inchuding: one or more centralized computing sys-
fers, 8 commuanications network, a plurality of electrie vehicle node controllers for charing a
pluratity of electric vehicles (EVs), where gach electric vehicle node controtier in the plarality of
node controtler comprises: a petwork iterfacer a processor; 8 memory contaning: an adaptive
charing apphoation a phuality of electne vehicle pode parameters descrbing chargrog parameters
of an electric vehicle in the electric vehicle charging networkiwherein the process ks confignred
by the adaptive charing applicaticnr 100 send electrie vehicle pade parameters to the one or more
centralized computing systens; and charge an clectric vehicle using a charging rate received from
the one or more centralized computing systems: wherein the one or more centralized computing

systems is configured tor receive the olectric vehicle node parameters from the plurality of elecinc

]
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vehicle node controflers: caloulate a pluratity of charging rates for the plurality of electric vehicle
node conptrollers asing quadratic progravmming (QF), whereinny the gquadratic programming com-
putes the plurality of charging vates based on the electnie vehicle node parameters, a pharality of
adaptive charging parameters and a goadratic cost fanctionand distributing the charging rates
the plurality of electrie vehiclke node controllers.

(00071 In a fuether embodiment, the charging vates meet encrgy demands of the plurality of
clectric vehicles by a plurality of departore tmes.

{00081 Io another embodiment. the charging vates for the plurality of elecivie vehicle nodes are
a time series of tinung rates provided to gach electnie vehicle node controdler,

[0009]  In a sull further enbodiment, the electrie vehicke node parameters include an electric
vehicle departure thime, a remaning energy domand, and a maxinung charging rate.

[0010] 1o sull another embodiment, the time sevies of Uming rates can be evalnated by the one

or more contralized computing systems psing the following expression

min i)

Mlhjifcf Lo} < ;!:,, < 71“} i ; !?‘l’ " \ET

€ % L,il,mf\ gy ie 4]

Ledardi) & Bio). ¢ LT for all resources hwherec(nisaconvexguadraticcess function g,
is an epergy demand, ¢; s a minimum energy that will be delivered, 713 an optimization bovizon,

{61 s the calenlated charging rate, F i o maximuom vate, {1} denotes the capacities of resources
Patume £oand Ay are the coctlicients that describe how BV §'s are coustrained by resounrees [,
wherein tor each QF wstance, rvanbe s = 1,207,

[6611]  In a vet further embodiment. the charging rates for a fivst set of electric vehicle node
controlers are a maximum charging rate; and the charging rates for a sccond set of electric vehicle
nade controllers are a nuntmum charging rate,

[0012]  In vet another embodiment, caloulating the plurality of charging rates 8 a least laxity
frst process.

[0013]  In g hurther embodiment sgain, g first elecomne velicle node controller s assigned a st

o5
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group tha i guaranieed that, for cach BV in the first group, a requested energy will be debivered,
and a second electrie vehicle node controller is assigned 1o a second group that 18 guarantesd, for
cach BV in the second group, o mininunm energy.

[0014]  In another exvbodiment again, charging sates for the first group aud second group are

deternined sequentially by:

sodving for charging rates using QP for BV in the first group only;

coraputing lett-over capactties for Group 2 and

sofving for charging rates using QP for EVs in the second group only using the left-over capacities.
[0015]  In a further additional embodiment, the one or more contralized computing systems
s configure to reduce rate fuctnations ac ross a time perind by asing & penalty temm within the
guadratic cost function,

{0016}  In another additional embodiment, the one or mwore contralized computing sysiens s
conligured Lor sel o charging vate to be greater than zero foran BV with o remaning energy de-
mand,

[O017] o oaspll vet fuether embodient, the oue o wove centralized computing systems 1S con-
figured t onvecetve a vequest for admisston of an electric vehicle from ap electric vehicle node
controller: determine whethor to admit the clectric vehiele based on existing electrie vehicle node
parameters from the plurality of electric vehicle node controllers and existing capacity constraints,
(G181 Insgl vetanother embodiment, the one or mere contralized computing systems is confige
nre to; priovitize the plurality of elevine vehicle nade controllors when there is insutficient capucity
to mect energy dentands of the plurality of electric vehicles,

[B019]  In a stll further embodiment again, the one or more centralized computing systoms 1s
configure to schedule charging hy the pharality of electrie vebicle node controflers hased on solar
aeneration.

(0020} In still another embodiment again, the one or more centralized computing systemy s
configure Lo select charging rates that mininuze the distance between a forecasted sobar generation

and a total pet load,
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[0023]  In still wawother embodiment again, the one o more centralized computing systems is
configured te cap a total sue load over @ time poriod,

[0022]  In stll another embediment yot again, the plaridity of electric vehicle node controllers
are conmected wn delta configuraticns providing an unbalanced three-phase infrastructure.

[0023]  In still apother evwnbodiaent vet agam still, the elecinie vehicle charging network forther
imcludes providing phase constrains and line constraints on currents along legs of the delta contig-
BERLTONS.

{00241 In yvet still apother embodiment agaty, the one or more centralized compating systems
s configure tor detenmining that a minimum energy demand cannot be met for an BY and post
processing, using the QF, the plurality of charging rates,

[6025]  In another eobodiment again, the plurality of adaptive charging parameters are guadratic

CAPAcity CONStraints,

BRIEF DESCRIPTION OF THE DRAWINGS
[0026]  Fig. 1is a dlagram conceptually lustrating a power distribution network i accordance
with an embodiment of the invention.

g electric vebicle nodes conpecied o a com-

o

{00271 Fig. 2 is o diagram conceptuadly llostratio
munications network in accordance with an embodiment of the invention.

[0028]  Fig. 3 is a block diagram of an electnie vehicle node controler tn accordance with an
embodiment of the fnvention,

[0029]  Fig. 4 itlustrates a quadratic programming (QPY framewark for computing charging rates
for an slectric velncle (BVY in acoordance with an erabodiment of the invention.

[B030]  Fig. 5 Hostentes an EVSE conliguration for a single phase or Y-configuration of a three-
phase systenm in accordance with an embaodiment of the mvention.

[B031]  Fig. 6 illustrates a three-phase design whereby a three-phase voltage source 13 connected
to Joads m parallel in accordance with an embodiment of the inveation.

[132]  Fig. 7o illostrates a three-phase mansformar o accordance with an embodiment of the

h



WO 2019/109084 PCT/US2018/063637

wvention,

331 Fig 7h dlustrates an elecic panel i accordance with an emboedunent of the invention.
[0034] Fig S illustrates & reference design transformer with voltuges 480V - 120/208V and
power rating of TSEVA in aceordance with an embodiment of the favention,

[O3S]  Fig. Yallusteates @ S-wire three-phase transtformer i Wye configuration in secordance
with an ¢rpbodiment of the invention.

[0036]  Fig. Ob illustrates a S-wire transformer m Delta confignration with one of the phases
center-tapped 1o provide three voltage jevels in accordance with an embodunent of the mvention.
{00371 Fig. Da shows a Wye-conhigured voltage source commected 0 a set of loads w Delta
comfrguration i accordance with an embadiment of the mvention.

[6038]  Fig. 10b stlustrates an clectrical panel arvangement t¢ connect loads to veltage sources
 aceordance with an embodiment of the invention.

391 Fig Hillustrades computing inequalities for exdorcing lne Hmits psing magnitudes and
phases of laads in sccord acne with an embidiment of the invention,

[0 Fig. 12 Hustrates pavameters for groups in sccordance with an embodiment of the in-
VERLIOHT.

[O041]  Fig 13 illostrates an algonithm tor checking the laxity of a new EV request in accordance
with an embodinent of the nvention.

[042]  Fg. 14 1lustrates an algorithan for a QF with mintmam rates for Group 2 in aceordance
with @i embodiment of the nvention.

[0043] Fig. 15 illustrates an algorithm for allocating minimum rates for the tsubproblens
accordance with an ensbodiment of the tovention,

[0044]  Fig. 10 iHustrates an algorithm for handling infeasibility i accordunce with an embodi-
ment of the invention.

[0045]  Fig. 17 iHustrades an algorithoy for QF with minimusey rates for Group | in sccordance
with an ernbodiment of the invention.

[0046]  Fig. IR llustrates an algorithin for sdnussion contrel for group 1w accondance with an

6.
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embiodiment of the invention.

471 Figo 19 illostrates an algoeithan for maintaining feasibility by scaling up durations in
accordance with an embodiment of the invention.

(00481  Fig. 20 iHustrates an algonthm for mamtainiong feasibility through additional dwell tunes
in accordance with an embodiment of the nwvention,

[Od49]  Fig. 21 iHustrates a structure of a basic onbine LP for BV charging in accordance with an
embodiment of the mvention.

[0050]  Fig. 22 sllustrates o structure of ondine LF for infrastructare protection and load shifting
in accordance with an embodiment of the mvention,

[0053]  Fig. 23 Hustrtes a stracture of quadratic program for load tracking n sceordance with
an embadiment of the invention.

{00521  Fig. 24 ilpstrates o structure of onling LP with demand charge mitigation in aceordance
witht an embodiment of the invention.

[053]  Fig. 25 dlostrates real-time pricing with price cap in accordance with an embodiment of
the vention,

[BU34] Fig. 26 dlustrates building blocks of optimization-hased product festure in gecordance
with an cmbodiment of the invention.

[0055]  Fig 27 iltustrates EVSEs comnected in a dela configuration ty accovdance with an em-

bodimeut of the wvention.

DETAILED DESCRIFTION

[0056]  Tuorning now 1o the drawings, electric vehicle supply equipment and methods for sap-
plying power to a set of electric vehicles ssing electnie vehicle supply equipment in accordance
with varions evbodiments of the rovenuon are Hlustrated. An adaptive charging station (ACSY is a
sinart version of electneal vehicke supply equupment (EVSE) having dynamic adjustioent featores,
EVSE gencrally can be any device which brings power to and/or ills ag EVs battery, and are an in-

termediate between an BV and a power source. EVEE can utihize a variety of parameters including
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(bt not hmited w) voltages, amperages, corrent type, charging speeds, andf/or plug types. Level

g

tcharging (L 1y 18 generally the slowest form or charging and can comnect an BV o 8 standard

P10V o 120V outlet. Level 2 charging (1L.2Y can provide additional voltage (generally up 1o 240V)

and as such can provide a faster charge compared to L1 Level 3 charging (L3} generally uses

up to 480V and can provide even faster churging than L or L20 In several emboduments of the
wvention, the SAR 1772 standard can be used to define AC charging Tevels, It should be readidy
apparent that other standardized systemys for EVSES cim be utilized as appropriate including {but
not Hinited 1)y CHAJeMQ, SAE Combined Charging Solutions, andfor Testa charging fornugt snd
that EVSEs can include both alternating current (AQ) andfor divect corrent (DC). Farthermors,
the development of additional charging standards fvolving a variety of AC andfor DU charging
profiles 15 contemplated.

[057]  ACTS can be grouped together wito an adaptive charging network (ACN) ACNs can he
specifically designed for Targe seale deployments such as (bat not imbted 1o) college campaes,
corporate offlees, atrports, movie theaters, andfor malls.

[0058]  In many embodiments, an AUN computes charging rates for EVs over a time horizon,
fu certain embodiments, an BV anadel 18 used to construct and solve a tinear program (LF) over
a rolling time window, {n several embodiments, a guadratic programmuing (QFP) framework may
be utilized 10 compute charging rates for EVs, where the objective function is quadratic and the
constraings are linear. In congimn pnvbodiments, the system 1y an unbalanced 3-phase system, where
the capacity constrawds are gquadratic. Accordmgly, certain entbodiments provide a guadratically
constratned guadratic program (QCQP). In many embodiments, the QUQP is a convex program
that is polynornial-time solvable.

[G059]  In many embodiments, the objective fonction may have several components such that
it iy a weighted sum of the component function. Hach component can be designed 1o achieve a
certain purpose, such as chargimg as fast as possible, tracking o given signal {e.g., onsite solar
generation, demand-response signal, among othors), implementing difforent priceities, reducing

temporal finctugions, ensuring unique opimal solotions, among numerous o thers, Avcordingly,
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different product features may bhe systemastically implemented within a same QP framoework.
{0060]  In several embodivents product features may be implamented through the witrodue-
ton of new constrants. Deseribed i detai] below are various features, wclading denmand charge
ntigation, demand respovser load shifting/racking, priority charging, joint BV solar/storage op-
tnnzation, reducing temporad Sectuations, & sforcing noinimue T ates. and b andling infeasibilty,
among aumerous other featiwes as appropriate to the requirements of specific apphications in ac-
cordance withs many embodiments of the mvention.

[0061]  In particudar, many cmbodiments provide a QF that provides load shiftingfracking. in
particular, a demand response event may be to mammtain 2 iotsl ACN site Toad 0 below o gt a
certain foad for a cortaim tme poriod (e.g., bolow T MW from 1PM 1o 4PM oday). Furthenmore,
the QF may have the total site Toad track @ given profile for a particular time period,

[062]  Several embodiments of the QP may provide for priority charging among EVs by using
an appropriate choice of parameter values. In particular, a higher priority £V can be assigned a
farger weighs, a farger mimimum epergy, and/or a larges makinmun charging rate. In certain em-
bodimeuts, a driver of an BV vehicle wmay pay o different price for poovitized charging.

[0063]  In several enbodiments, an BV way be grouped into different groups providing different
privritics. The privrities mway be implemented using different technigques, including admission con-
trol whereby an EV may be admitted or denied admission for charging based on the existing EVs
within the ACN, gnd strict priority where conaim groups are given sirict priority over others, smong
various cther technigues as discussed w detatl below, In particolar, different gronps may be spec-
thed, incloading, for example, Group | where g defining feature way be that the BV is guarameed
its requested encrgy whereas a Group 2 whereby # only goarantees a minimum energy (but not
necessarily s requested energy). Accordingly, Group T EVS may have strict priovity over Group
2. In certain evshodiments, admussion control may be performed befowe a new BV iy adnutted o
Oroup b in order to guarantes the requested energy of alt existing Group T EVy and the minimam
energy of alt existing Group 2 EVs.

[0064] o cortain cmbodiments, an ACN site may provide for BV charging, solar generation,

9.
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and a battory {onsite energy storage) and the QP may schedule BV charging and battery operation
tos track solar generation. In particular, the charging rates and battery operation mway be chosen
order © munnnize the distance between the forecast solar generation and the totad net load (e.g.,
EV -+ background + battery draw). Certan embuodiments may solve a convex optinization problem
{1, as desenbed 1 detwl below,

[0065] I several embodiments, a QF framework may reduce vate fluctuations across a time pe-
riod. In particular, the cost functicss may reduce the temporal fluctuation of the solution to i single
QP instance, which is different from reducing fnctuations across different QP § olutions. Centgin
embodiments may atilize a penalty term © reduce tempora! Buctuations, which can make the QP
cost function strictly convex and hence provide a umaque optimal solution.

[0066]  In several embodiments, the QP framework may enforce a minimum rate. Ti particular,
it may be undesivable to set a charging rate 1 zer before sn BV has finished charging becaose this
may cause the mechanical contact 1o the charger to open, and a charging profife with many 2ero
and nonzero vates betore an EV has finished charging can wcur excessive wear and tear. As such,
certam embodiments of the QF framewark may set charging vates to a rate that is greater than zego
as long us an BV has an energy demand.

[8067]  In certain embodiments, the QF frameweork may handle infeasibility iy a situation wherg
& minimum energy demand cannet be met for some EV, ar when o capacity constraint may be
violgted gt some resource. In certain stuntions, an BY rate may he detenmined bused on taxity,
[68]  Charging stations and processes ntilized o perforns energy discavery protocol processes
and determine BV charging rates for a set of vehicles 1 accordance with vartous embodiments of

the ivention are discussed further bedow,

ELECTRIC VEHICLE POWER DISTRIBUTION NETWORKS
[0069] A power distuibution network in acecedance with an embodiment of the inventice is
shown in FIGL L Electricity s generated at power generstor 102, Power transmission Rnes 104

can frapsmut electricity between the power generator and power substation 106, Power subststion



WO 2019/109084 PCT/US2018/063637

106 additionally can connect to one or more farge storage hatteries 108, which temporarily store
electricity, as well ay power distribation Tines 11O, The power distatbution hoes 1H can transmit
electricity from the power sebstation o an adaptive charging network (ACN) 1120 ACNs 112 can
mciude a battery 114, sobar panels 116, and adaptive charging stattons (ACSs} 120, Electnie vehi-
cles 118 com connect to the AUN {and therefore to the power distribution network) at the ACSs,
Seane charging networks can only charge a small number of electric vehieles, while others have
the necessury infrastrpcture o charge dozens or even handreds of slectric vehicles sunultimeously,
[0070]  The power gencrator 102 can represent g power soarce including (hut not hmited o)
those ustng fossil fuels, nuclear, solar, wind, or hydroelectric power, Substation 106 changes the
voltage of the clectricity for more efficient powerd istribution. Solar panels 116 are distributed
power generation sources, and ea generate power to supply electnic charging stations as well as
generate additional power for the power grid,

[0071]  Although many different systems are desertbed above with reference to FIG. 1, any of
a varety of power distribution networks including adaptive charglng station controllers may be
utilized as appropriate o the requivements of specific g pplications 11 aceordance with enabodi-
ments of the wvention, Adaptive charging stations cormected to an aduptive charging netwosk in

accordance with various smbodiments of the imventinn are disgussad below,

ADAPTIVE CHARGING STATION CONTROLLERS

{00721 AUSs comnected 1o an ACN i accordance with an embodiment of the invention are
shown in FIG. 2. BV nodey 202 can vonnect to ACS: 204 using a wired and/or wireless charg-
g conpection. ACSs can connect 1o the AUN 208 ostog wived anddor wireless connections 210,
ACSs can conymunicate with sach other over this wired and/or wireless conpection, {n some em-
bodiments, ACSs can communicate via data Howing divectiy on the powerl ine. T he adaptive
charging network may alse be connected to ene oy more centralized computers 212 to monior
catenlations made by or o send instractions o multiple BV nodes. Additionally, in many cmbed-

unents, & database managenent system 214 can be connected 1o the network 10 track BV node

11
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data which, for example, may be used to tastovically track power usage at various locations or a
various tines of day over iupe. In many embodiments, adaptive charging stattons can use adap-
tve charging station controliers, where hnked adaptive charging stations can distribute available
charging capacity between apstream and downstream ACSs w the ACNL In several enabodiments
of the mvention, ACSs van be connected in vanous wpologtes including (hut not finnted to) hab
and spoke, bus, ree, dasy chaming, paintto-point, star, ring, mesh, and/or hybnid topologies.
[00731  Althougl many systems are described above with reference to FIG. 2, any of a variety
of systems can be wilized to implement g netwark of sdaptive charging stations connected in an
adaptive charging network in a variety of topologies as gpproprigte to the requirements of specific
applicatons m accordance with vanous embodimients of the inventionn. Adaptive charging station
controllers in accordance with several embodiments of the invention are discussed bedow.

[0074]  Avn adaptive charging station controller (ACS controller) in accordance with an ewnbod-
ment of the wvention is shown  FIG. 3. In varous embodiments, the ACS controller 300 can
perform calculatons to distiibute charging capacity between linked ACUSs upstream and down-
streans within an ACN. In many embodiments, an ACS controller can make requests for avaidable
capactty from upstream nodes and/or transmit available capacity (o downstream nodes,

{00758]  In the dlustrated embodiment, the ACS controller includes at feast one processar 302,
an VO interface 304, and mremory 3060 In many embodiments, the memory includes software in-
cluding BV chargiag application 308 as well as BV parameters 310, adaptive charging parameters
312, and energy distovery protocol parameters 314, An AUS can calculate charging parame-
ters by asing a combination of Hs own electrie vebicle parameters, adaptive charging parameters,
anddor energy discovery protocol parameters received through the FQ interface. Adaptive charg-
ing parameters can mehude speaific ¢hargiog process parameters a ndfor o plumization constraint
parameters, Addiosally, adaptive charging pacameters can inchade parameters specific to adap-
tive charging stattons andfor adaptive charging setworks. Energy discovery protocol parameters
can include (but are pot fimited o} parameters spectic to available capacity, reguested capacity

from upstream ACSs, and/or transmitted capacity to downstream ACSs. In a number of embodi-
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ments, the ACS controller andfor the ACS includes a ouch soreen display that enables the operator
of an BV o provide wiformation concerning the BY connected 1o an ACS andfor information con-
cerning desired chavging requirements (e.g. wformation iwdicanve of a power requivement and an
associated charging time such as (hut not Limed to) departure time andfor deswed addiional miles
o add to range of BV As i discussed further below, the ACS controller andéor ACS can also
be connectad to ope or wmore seasors that can deteet g vehicle occupving a speeifie parking space
associated with the ACS when the vehicle s oot drawing current from the ACS. In this way, the
sensors enabde the ACS contrellier (o provide reliable information concerning the avalability of the
ACS 1o controllers within the ACN andfor operators of EVEmiore generally vig web services.

[0076]  Although a number of different ACS controlfer implermnenistions are deseribed above
with reference w0 FHG. 3, any of a variety of computing systems can be abilized to control an ACS
within an ACN as appropriate o the reguirenents of specific applications in accordance with var-
jous embodiments of the wventon. Various configurations of ACSs within an ACN m accordance

with may embodintents of the invention are discussed below,

SYSTEM MODREL

[0077] o many embodimgrts, processes are utilized that attempt to optimize charging of EVs
within an ACNs w1 accordance with at least one optimization oriterion, A systems moded for coin-
puting a charging rate for an EV using a Hoear program (LP) m accordance with an erobodiment
ts doseribed below.

Optimization horizon, Fix a Ume bovizon T {1,200, 7 This defines a rolling time win-
dow over which EV chargiog rates can be optimized repeatedly, as in model-predictive control.

Specifically, at ime ¢, ACKC

{. assumes thore will be no future EY arvivals (this s the onding aspecty;

b2

. computes the charging rate for every EV that s active {e.g., stll peeds chargmg), by opu-

mizing the charging rates of afl BV over the thme hortzon -+ L -+20 04

f oo

for the peviod ¢ + 1, charge all the active EVs at the caleulated rates #{r -+ 1) s ({1

13.
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by, forall BV 4,

4. updates the remaining energy demand of each EV, and possibly other state variables, at the
engd of tme ¢ 1y

S, updates new BV arvivals o time 1+ 1, i any;

and repeaty the procedure at ime 1 + 1,
[GU78]  For oxample, if the charging res are updated every minute and they we optimized

over 10 hours, then ¢ 18 1o anit of mibute and T = 600 minutes,  Suppose the curvent time s

== O and there are 30 EVe 7 & {1301 Where the sotation i ¢ ol and ¢ & 11,77 denotes 1 €
{1,030 and e & {10 T} respectively. Then an ACN can compute the charging vates rie) =
{erdey, . ampley) for e 11,6000 For twe period 1w 1L the ACN charges the 30 EVS af rates
ety (np{dh o o)), Then the ACN car update the remaining energy demand of these

EVs and any new EV armivals, and repeats the computation ot Ume ¢ = | o compute the rates
slth o= (n{rd o)) forr € 2,601

[B079]  An elecinic vehicle (EV) model used to compuite charging rates using & lingar program in
accordance with several embodiments of the invention s now described.

{00801  EV model. Many embodiments provide an EV model that 1s ased 1o construct gnd solve

a LP at each time 1 o compute the charging vates v{r -+ Lior{f + 23 . /(T + 1) over the rolling

window 1 LT 1 where e{s) s (0007 € Tl b o vector of charging rates for time 5. At the

20T 2] In general, at each time 3, the ACN may compute the rates for the next 7 vmes o
the window s, F -+ g T To differentiate exch thne ¢ € (. T4~ 1, s 18 called the conynaction
period,

[0081]  Withouwt loss of genceality, the computation periad § = 0 may be focused on and the com-
patation of rates way be constdered over the time window 1,71

[0082]  An ACN can deseribe an EV {using @ vector {gy. i Fooryoe,) with the following interpre-

-

fation:

14,
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e ¢; > {}is the remadning energy demand. 11y equal 1o the remaining energy demand at the

beginning of the previous computation period minas the seasired energy actually drawn by

the EV in that period.

L 2

di & {1, F] s the Gexpecied) departure time, The initiad departure thne when EV / first arrives
can be obained from user foput. For subsequent computation peviods, ¢ are the departure

tnes i the previnus perinds minus 1,

(ORI} Note, these parameters {g di 7)) depend on the curvent computation pentod v < ¢ and
witl be updated at subsequent computation pesiods s = 1o

[D084]  Note thut di may beinterpreted as the time when BV /s scheduled to depart, and thevefore
the time available for charging 15 {1, — 11 not (14,1 This detail should ot be forgotten because
seame of the design below may be modified if thme available for charging s mterpreted 1o be {1dilL
e, the cost function ox{r} 1u (23) should be modified @ ea{r) = T, T — {de+ 1) otherwise:
see discussion below i section "Charge as fast as possible™ and Bguation (18},

[OO8S]  There may be two “comer cases™ to handle. The Hrst corner case 15 when an a new BV
arrival has an expected departure time outside the window, oy > T One way is to asswne 7 18 farge
enough to satisty any EV's energy demand and set o be 70 The second comer case 1 when an
EV departs later than yoniginally specified (at computation periods after the departure time, & will
be pegatived. If an BY 13 not charged after its specificd departure thime, then & = (0 may be set after
the specified departure time or the EV may be removed from the Bst of active BV, This provess
has the nice feature that it discourages & driver from deliberately declaring a departure time that is

sarbier than the true departure tune.

o P {FA00 @ [T bs o vector of ma charging vates. For the QP o be solved at compu-
tation perind (0 this is & given vector, It is determined based on a variety of factors such as

EVSE bmi, BY Bty or the ramp-down mechanism, e.g..

Frowse min { EVSE e, BV By, ramp-down rate

o
o
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departure fime.

e s o nunimum charge rate, It undesivable to set a charging vate 10 zevo before the BV
fas finished charging because this will canse the mechanical contact in the charger 1o open,
A charging profile r{} with many zero and nonzero vates before the BV finishes charging
can meur excessive wear and tear. Moreover, somae EVSs miay not recover once its charging
rafe iy set o zer, 1o, 1t will pot resumie charging until it is unplugged and plugged n ggain,

g &

Hence, many enbodiments enforce mintmum rates whenever possible,

e ¢, > (}is a munimpm enerzy that may be delivered. I g; = ) then there is no minimwn energy

goarantee. This is for Group 2 EVs (as deseribed in detatl further below ),

A NOTE ON R/
[0086] 1o many embodiments, the AUN uses an ac {alternating cusrent) system, whereby the
currents, voltages, and instantanecus power flows are sinuseidal functions of tme (nstantancous

.

power has twice the frequency as corrents or voltages). Accordingly, #(r) may be used o some-
thimes denoje power, and sometimes current. When #{f) refers to current, it 38 the RMS valoe
{which is equal to the magnitude of the complex current phasory. When »{r) sefers o power, it
can either by the real power {13 kWh or the apparent power (g KVA). BV charging stations may
draw power at unity power factor, reactive power 1 zero and apparent power equalds the veal power,
and hence the distinetton may uot be important in these stteatons. In several embodiments where
products provide reactive power compensation for grid sevvices, then there may be a need w dif-
ferentiate between real power and apparent power.

[BO87]  In many embodiments, most parts of the optimizalion pracesses may ose current instead
of power, If the viltages are fixed (both therr magnitides and phases), power s divectly propor-
tional w0 current and either can be equivalently used, However, using currents may have several

advantages including the following:

16.
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e Line linuds and breaker hmits ete may all be spectied m termys of curvent Hmits,
» Pilat signals/CT measurements can be n curvont.

« Whenever there niay be a need to caleulate power or energy, many embodiments may mult-
ply available voltage with current {and time for energy), so if voltage changes, thore may be

ne need to have w modify other parts of the process.
s Dealing with currents and voltages may stay 10 a inear systen and can be stmipler to handle.

Accordingly, processes n accordance with many embodiments of the ipvention can wse it 1o

denote power o current as appropriate to the reqoirements of a given application,

QUADRATH. PROGRAM

[0088]  Many embodiments nse a guadratic program to compute the charging rates for a set of
EVs over a time period. A QP framework for computing charging rates for an EV in accordance
with several embodiments of the invention s lustrated in Fig. 4

{00891 Given {ay illastrated in Flg. 4y
o an optimization horizon {1,771
s g setof EVs speetfied by (e o Frrne )

the basic form of a quadratic program (QP) to compute the churging rates over {1, 71 these BV s

min  ofr) {ia}
subjectto & <0 Ay RO, fe al s [T {1b}
g Y iy e il {1¢)

Z,ﬂi;\;r‘g{f} < Py, e (1T, for all resources | {1

where ofr) 18 a convex guadatic cost function, F{1) denotes the capacities of resonrces £ at time

1, and Ay are the coefficients that deseribe how EV g ave constrained by resources 7 {as desertbed

17.
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tn detatl below), Note that for each QP mstance, ¢ can be gor the read time but p = 120007,
Atthough Fig, 4 iHustrates a particular QP framework for computing charging rates for an BV, any
of a variety of frameworks, including hoear program with lnear constrats, quadvatic program
with tnear constramts, and quadratie program with guadratic constrants may be utihized as appro-
priate 1o the requirenms of specific applications tn acenrdance with several embodiments of the
wvention, Capacity constramts for objective functions w accordance with pumerous embodiments

of invention 15 aow described.

CAPACITY CONSTRAINTS

[0090]  An objective function of a QP framework may compute charging rates for EVs based
on the capacily constramnts of a partcular AUN. The capacities may vary based oo the capacines
of the cablus comnecting the chavgers, Furthermore, the QP way use hoear capacity constraints
or quadratic capaclly constrangs when determuning an optimal BV vharging rate. Camputation of
capacity constraints may be based on the following.

[00%E] It may be conventent to express the arar capacity constrainty {Hd) 1n matris form:

where the matrix 4 has Ay as its (L0 entey, r{e) o= {r{e).7 6 {Lon]) is the column vector of charging
vates, and P (Bl 5,9 s the columi vector of resource capacitios.

(00921 Torexample, f aset of  chargers are fod by a cable with capacity 804, the corresponding

sapacity constraint is

¥

A
Y onirh = B
i

=
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where Py{1} = SUA for all 7. This can be put in the form of {1d) below, ¥,4,0:() < Fis). by setting

v

I 1 i EV 7 shares resource f

\L O otherwiae

Sometimes, S may be used o denote the set of EVs that shave resource §

[0093)  For example (Single -phase or Y configaration), suppose a panet is fed by a cable with
capacity Ffy {constant for all time 1), I serves a set Sy of EVs and a subpanel with capacity £
that serves a set 83 of EVs, as shown i Fig, 5. Note, as illusrated w Figo §, cach EVSE can
be conpected between a live wire gnd the veutral, ¢, either in a single-phase configuration or
Y-configurstion of a three-phase system, Suppose the capacity of the cable between the (sabipanel

and an EVSE is not g bottleneck,

[0094]  Thon the capacity constraint on the subpanel i

Yol <R (2a)

JIREUED WO REIN Y (2w
ey ‘,"::. S

{ HEV/I«§

0 ctherwise

{ HEViES,

0 otherwise

19.
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Then the constraints (21 became

i &
Y Ay + Y Aunity <P
PR fan}
AE‘: ! ’i{l ;\ <. f }’3.
far}
Let
o et e Gl e Sy and Sy s (nde) 0 50) denote the column vectors of charging rates

for EVsin 5y and &) respectively:

‘ SN cY ¢ Vo e s ) ) . ] P
o Al (A d € 8 and &7 = (A7 € 82 denote the row vectors corresponding 0 BV i &y

and 57 respeotively;

then these two capacity consiraints can be written in matrix form as,

-~
{
A1 i~ ?.i i £ P!
<
N N
PO AT LAt P

{00951 Solving the above QP subject to the specificd constraits can provide a tme seguence of
charging vates for each EV. However, additional constraints may be provided 1o further direct the
wanaer i which available capacity Is assigoed 1o individual EVs by the AUN

[0096]  Although Fig. § sllostrates vartous single-phase or Y configurations, any of a varieiy
of configurations may be specilied as appropriate to the requirements of specilic applications
accovdance with varions embodiments of the nvention. Furthermre, salving the above QP subject
to the specified constraints can provide @ time sequence of chavging rates for cach EV. However,
many embodiments, additional constraints may be provided to further divect the manner in which
avalluble capacity s assigned o individual EVS by the ACNL The following section describes the

manner i which the QP can be implementad in the context of a 3-phase system.

REFERENCE DESIGN

1
<
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[O097]  Ba many emibodiments, EVSEs are connected 1 three-phase cirenits. Accordingly, many
embodiments adapt the QF framework, as ontlined above, within the context of a three-phase sys-
e, Desertbed now are QP frameworks within the context of three-phase systems in accordance
with vanious ersbodiments of the nvention. A Refereoce Design for a three-phase EVSE in ac-
cordance with many embodiments of the mvention s illustrated t Flg. 7a. Ap electnie panel in
accordance with several embodiments 18 dlustrated in Fig. 7be A cweuit model i accordance with
several embodiments s showa 1o Fige O where the secondary side of a distribution transformer
cant be medeled as a three-phase voltage source on the feft v Wye configuration that supplies a
set of three-phase loads (charging stations) iy parallel in Delta configuration. Tn particular, Fig.
6 Hlustrates a three-phase design whereby o three-phase voltage source 15 connected to loads
paratie! in accordance with various embodiments of the invention.

[O98]  Referring w the cirant model in Fig. 6, in many embodiments, the QP may inclade
I}

b ,!"--‘»-”;,} from the secondary side of the distribution

&

capacity hmits on the lne currents {7,

u{:;i.? $

REN

transformer (the three~-phase voltage souree) o the electoie panel, Lot /5% denote the line it for
. g ‘

cach of the three lines, e.2.. require that the current magnitude be bounded by /7%

T/ O N prabe (3

The line Bt £ may depend on both the power rating of the transfarmer and the currpat rating
of the wire connecting the secondary side of the distribution transformer to the electric panel. It is

derived in detai] below as (T

= 301 A, wire curvent mit {4}

(00991 Certain embodiments may set bounds on the magnitades of the charging currents (& Joo do 1
Fa 12,000 that enforce the Hine fimut (3). fo certain embodiments, the circnit moded lustrated w

Fig. & may use a lincar bound which iy shaple bat conservative may take the followiag form {from
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(213

O N R YetX S i oyt i
L {(Uan,d + e b <0 ™Y for phase a hoe

1’1’:‘!3.&

[ 4
ped
~
Land
s
\

for phase b line

Z. (e b Mo b0 8 tor phase ¢ ting

[8100]  The optimization variablex r{r} way denote the waguitedes of the charging currents
;l,’-’s-i';‘k E

[8101] A secnnd embodiment of the circuit model iHustrated in Fig. & may use 8 gquadratic
tound instead of hinear bouads which can be more computationally expensive but may be fight can

take the form (from {19

VAN “
< {[m\u }u

for phase « hine

o pnaky Y g Lo
< (T for phase b line

Cay cor m fine
<P o phase ¢ line

Although Fig. 6 lustrates various threo-phase destgns where a three-phase voltage source is con-
pected o loads i paraltel, any of a variety of designs may be specified as appropriate (o the
reguirements of specific applications w accordance with vancus embodiments of the invention,
Three-phase transformer desigas in accordance with various emboduments wre now described be-

ow.

TRANSFORMERS

[0102]  Three-phase transformers that can be wtilized 1o the Reference Design ilustrated in Fig,

[R]
8]
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-~
¢
’

a tn accordance with various embodiments can be specified based upon Hmits on the Hoe cwrrents
fecding mto a threg-phase transformern, in either Wye or Delta conliguration, The three-phase

transtormer m the Reference Design (as ilusteated i for example, Fig. Tad bas the specification

voltages ¢ 4ROV — 120,208V

power rating ¢ T3KVA

This means that the primary side may be three-phase aranzed in Delta confignuation with fite-
fo-line voltage magnitede of 480V, and the sceondary side s three-phase arranged in Wye cone
figuration with finesto-nentral voltage magatiude of 120V and limesto-line voltage magnitude of
208V = 3120V, Fig. B ilustrates a Reference Design transformer with voltages 480V -
F20/208V and power rating of 73kVA 1w accordance with several embodiments of the wventon.
Sometimes this may be alse more explicitly specified as 4804 - 208Y /120 with 208V beiog the
line~to-line voltage om the secondary side.

[0103]  The power rating of a three-phase travsformer typically refers o the threg-phase power
Sapluse Which iy typically three times the single-phase power 8y (@ssuating balanced opera-

tion}. The nagaitade of the single-phase power for the Reference Design can therefore be

; i §‘%§§7§h\*€.‘ 7 S }1 i«‘f,’% - RSy
S iphase} = ....................4; an M% o 25 kVA

[104]  The power inpat on the primary side 15 typically equal o the power output on the sec-
ondary side undir the assumption that the vansformer foss i negligible, The power rating may
be the maximum power the transformer can handle on the primary or secondary side, It implies a
capacity linnt on each phase wire on the privary as well as secondary side. In many ambodiments,
these Hmits are used as capacity constrants on the charging currents when determinung charging
rates Yor gach BV, Various webrnques for calculating these curvent finuts i accordance with certam

embadiments of the wvention are descnbed below,

(R
|8
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[0105]  On the privoary side, the configuration may be Delta and hence the single-phase power

Sipnase 15 given by (see Fig, 8)

Slpimse w o Ve d, ;’}_r" (Sa)

where £, denotes the complex conjugate of the phase current 1. The phase current £y is

2]
related to the line current Lge by {assuming halanced operation iy positive sequence)

. PRt LTI
§o o« }'(,I(‘E‘.jr f{,._'“,- W %i (‘M"" : \’}f:,'_!{zlr RV RYS 3 i\{_!,-‘;}{

[

ansd hence

I‘a"b" =

&

{Sh

Substituting (5b) ¢ {3a), results in

31;*&1:33&“:

Hence the current imit on esch line is

[0106]  Since the power rating of a three-phase transformer may always specify the three-phase

power Sypnee stead of single-phase power Sipee. (603 18 niten expressed as
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[8107]  For the Reference Design, the current limit on each line 1y

| 75 kVA
%I% R e 20 90 A
T JAasov

[0168]  In many cosbodiments, there is vsually less concen with the current Himit on the primary
side because the goad of the system is 1o manage charging stations connected to the secondary side.
[8109]  On the secondary side, the configuration may be Wye and hence the complex powers can

be related as (essioning balanced operation)

. s gl e A o e
Niphase FSptase = IVl I {45

0] since [y = [, This and the power vating imphes a it on the hine current on the

secondary side:

75 KVA

[11] This s the current It due o transformer power rating.
{0112} The wire connecting the secondary side of the transtormer and the electric panel may also

have a corrent Imit, The Hnut used o the capacity constranat of vatious optimization processes

described:

I e i {40 wive current Hindt {7

{0113]  Although Fig. 7a illustrates varicus three-phase truasformey designs, any of a variety of

(o]
o
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transformor designs may be wtilized as appropriate to the requirements of spectlic applications in

accordacne with vartous embodimenis of the imvention.

CURRENT LIMITS ON LOADS

[14]  Described in detail now gre various embodiments of the QP framework that optinize a
constraint for a current limit impoesed on cach charging station by distribution transformers, In
particnfar, in varous embodiments, the current it i {7) on esch line comecting 2 secondary
side of a disiribution vansformer 10 an electrie panel may nopose a corrent it on cach EVSE.
and the QP framework may optimize the constraints based on this current limit

[115] Figs. 9a and 9b show comnmon distribution transformer configurations 1 acvordance
with several emabodivnents of the tovention. 1o particalar, Figs. Da and 9b show the secondary sides
of two common configurations of three-phase distribution transformers Wy accordance with vanous
ewmbodiments of the invention. Fig. 9a sheavs a S-wire three-phase transformer in Wye configury-
ton, as in the Reference Design, in accordance wath various embodiments of the invention. Three
phase wires {labeled @ b o} and a seutral wive (Qabeled ny are shown, The fifth wire, ot shown, 8
the earth ground wire, typically connected o newtral, A different voltage magnttude can be sup-

plied to a load depending on how i is conneoted, The voltage maguitude between g phase wire

[0116]  Fig. 9b shows a S-wire transformer tn Delta configuration with one of the phases center-
tapped 1o provide three voliage levels i accordance with various embodiments of the mvention,
Four phase wives (Iabeled . b, o, oy are shown but an carth ground wire s pot shown. The voltage
maguitude between wives ad or bd 15 120V, whereas that between wive od 1 208V The line-to-hae
voltage magnitnde 1 240V, Although Figs. 8a and 9b illustrate varions distribution ransformer
configurations, any of 8 vaviety of transtormer configurations may be utihized us approprigte to the
requirements of specific applications in accordance with varicus embeodiments of the inventicn.

[0117] R 10 shows a Wye-configured voltage souree comected to a setof touds in Delta

copfiguration in accordance with varicus embaodiments of the invention. The voltage source 1s the
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secondary side of a three-phase 120V 7208V ransformer shown i Fig 9a. The voltage wagnitade
across each foad s the line-to-line voltage 208V, This 1s ove of the configarations descnbed above
in the countext of the Reference Design. Although Big. 10a lustrates vartoons Wye-conligured voli-
age sources, apy of a variety of configured voltage soarces may be wtilized as appropriate to the
requirements of specific applications in accordance with various embodiments of the tnvention,
[B118]  Fig 10b shows an electric papel arrangement to connect the loads 1o the valtage source
in accordanee with vavious embodinsents of the invention. The dot in the first row iodicates that
the wires numbered 1and 2 are connected to phase a, the dot in the second row indicates that the
wires numbered 3 and 4 are connected to phase &, the dot in the third row indicates that the wires
numbered 3 and & are comnected 1o phase ¢ and so on. Therefore the load conmected between
wires 1 and 3 cap be connected hetween phase @ and phase & lines (see the corvesponding labels
on the toads in Fig. 10a. Sinufardy for the load connected between wires 2 and 4, and other loads
connected between different phases. Although Fig, 10b lhastrates various electrical panel arange-
ments 1o connect foads 1o voltage sources, any of a variety of electrical papel arvangements may
be utihized as appropriate (o the requirements of specific applications tn accordance with varicus
embodiments of the invention,

[0119]  Inmany embodiments, there is an interest 1n the currents Jy v {4

S ¢

by the three-phase soarce o the feads. Suppose the wires connecting the threg-phaxe spuree to the

[mssx

toads gre rated ot L, 1y set that the current magnitudes be bounded by /7%

1(’-"1“53"3 :i jmms e 61‘,4"(7_\(.‘ tg}

where 95 ¢ dertved in (7).
[0120]  Suppose the loads sre not impedance loads, but constant current Toads that draw specified
currents. Let the current drawn by the load in Fig. 10a between wires 1 and 3 be £p, . that between

wires ¥ and 11 be £ . that between wires 5 and 7 be Lo, In generad, Jet the foad currents in the
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kth three-phase Joad be

! @y i

L = Iy =

arAr S 250

Bounds on the fead cwrrents may now be derived (£ & = 1, ... K} that enforce the line tunits (8),

Recudl that the magnitndes (1 g = @b, of the current phasors an be the roat-meun-square
{RMS) values of the corresponding sinusotdal functions, In practice, load curvents are usually
speetfied in terms of RMS values, and hence the bounds of interest depend on the magnitudes
{1 Of the current phasors, not their phases.

[0121]  Apphong KCL st nodes {ay. Dy 0y ) provides

1( i O -1 [(:’ ¢y [4\ RO

ERRE

Ty G Rl B y ler |70 oy

Lo, O -t 1 b

L. o J
o A & 5y

where Ji s (B Jrbe e, b A 000 K — 1 are the Bine currents from stage § to stage

LR

k1 In general, it has

Jo = Al v oy bafl K]

Hence the total supply corrents are given by

Jo o= Ay b jﬁl (¢

when there are K three-phase constant current loads, Note that this expression does not reguire that
the loads are balanced.( Note however that the Bine Himit P in (7)) &8 derived assoming balanced

aperation and is therefore only an approximate it} In particelar, it a Joad (say) 1, is sbsent,

28.
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then set £y, q, = Gin (9),

{81221 Let the total load current in cach feg of the Delta coufiguration be denoted by

k K

£
{aﬁ o rZ / by o );:I -‘{5,:-(‘,:- b HAAES Z; / Oty { }U}
A} jiit ke

Then (9 can be written 1 terms of the total Ioad cusrents axe

}fffﬁi:‘s i S | Jab
VTR T Y T R L

1‘,.,\.“, 0 1 { je

R

- he -

The hine limits (83 are therefore

; i - { ]d}} e P
eyt T 3 g } o

: : Ve ab - N

1}??0;}; $ . i‘{*( } S Imz

iI S FALI 1.1’:{'1 R A

feyy T =
Enforcing ling limits hence may need one to know not just the magnitudes 5] of the loud
currents, but also their phases 1 order to compute their sums,

. . . - YN SRS . N 2 ;.)‘;32 ;
[0123]  Fig 17 illostrates Lo, = 87— I Hence by the cosine rule g, 7 = [[‘ T

N

2 E[‘*"'i < eosdwhere §,, e LI 1 e the angle Between /47 and 194

As explained with reference to Fig. 11, these mequalities are equivalent to

¥

s perhy Y STER P ‘L CPCEE e A - . XK \: R

;1{«)5, 4 t{‘ i — “z! " N EIU “"L}S&g}dﬁm Y “;mx,\ } { §2d}
Cpfnt i Cyeiri? : e e 3 e gty L 1M
R R N R W (12b)

!a‘:uil S i }rbs: 3 =

o

Cpens N . e ey
) !c A ‘m» i 005’0@{-@(-{ < Ufm\\ { 3(’)
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[0124]  If the angles e, p = aboe, are Knew between the totad toad currents {79017 1) in

each leg of the Delta configuration, then (12) are convex guadratic constrants on the magniudes
el phe prany

of (f4 17,

[0125]  ACNs can use the processes deseribed above to determiine the charging rates 1 provide

o a number of BEVs wher the ACN s supplied by three phase power, In the veal world, the gnid is

fess than wdeal and the three-phase power supplied to the ACN may be unbalanced. Accordingly,

many embadiments solve the QP for three-phase unbalanced supplies.

UNBALANCED THREE-PHASE INFRASTRUCTURE CONSTRAINTS

[126] o naoy embodunents, EVEES are wsually connected on three-phase cirouits. The EVSEs
way be comneated in a delta configuration as shown mw Fig, 27 moaccordance with various embod-
iments of the invention,

[0127]  Beeapse of differenves iy demand the foads in this delta configurigion are often imbal-
anced which miay reguire for careful consideration of the infrastructure constraints to ensure safe
aperation. For modeling simplicity, certain embodiments may assume that the line impedances
feading to each station are negligible, allowing 0 lump all EVSES between comunon phases inio g
single load represented by carvent phasors I35, 0% 10, Certan embaodiments may also assame
that each EVSE s modeled as a controlluble current source with unity power factor. With thig

muodel, certam embodiments may consider two types of constramts:

» Phase Contrainiy: A phase constraint pertains to the current aleng one leg of the delia,

Lo, ab, be, or og. Por example constraints on the aggregate current of the AV and CC

podds are phase constraints in an ACN. Certain embodiments may treat the EVSEs within the
same phase as in parallel and al have vaity power factor, and cun express the constraint as

LS

Ligs, SRy Y

o Line Constraings: A line constraint pertams to the corvent along each line 100w bl or ¢ Examples

AN N . « s . . N 3 4 et . r N
of hine constradnts in an ACN mchude linats ou !.E_Z, 1},’,,4 I; and I where p & {a.b.c .

3

(01281 Explained m detadl now are how to derive the constraints on these current magnitedes

30.
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e f p =2 ] s N
LI and I‘, L & tach el using the circuit diagrany in Fi, 27, Certatn embodiments can
e, R RhaF R} 2 . 3

calculate the line currents 77 from the phase currents;

(GREAY FIA Y
S S

ab
3 gevse CUsE 173
‘l!,» “““ e TGk ¢ H !

13 . ICM(‘ f{’S'Sé’

< e 2l

where cach variahle 1s a phasor. From this point on, certain ambodiments will only consider one
phase/ie m the interest of space, but all other constraints foltow from this denvation. To tnd Y
certam embodiments niay define the set of all EVSEs connected hetween lines w and & 1o be S,
Likewise for be and ca. Certatn embodiments can then defiue the magnitede of the aggregate phase
current for each leg of the delta as

g Y nin) (14

[0129] Conrtain ombodiments can treat each EVSE as a constant current foad with unily power
factowr, so the phase of sach current matches the phase of the corresponding voltage. Certaty em-
hodiments may assume that they are able to measore/ealoulate the phase angle of the voltage across
each leg of the delta configuration, Denote the phase angle of cach phase as @, Q. und Oy re-
speciively, I measurements of voltage phase angles are not avatlable, cortiin embodunents may

assume that voltage sngles are halanced, Lo, each phasor 15 spaced 120 apart.

[0130]  In any case. cenan embodiments may emphasize that in the phasor

T = gyt (13)
< &Y !

only the magniude }1““ 15 vartable and the phase ¢ ¢ e {5 known,

[0131]  From {13}, the carrent constraint (1] <0 Ry, becomes a constraings on £37 and 1%
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Mote that this constraint is a second-order cone (SOC) constraint in the mugnitudes JJ LI

¢l

To see this, notive

- ‘
pese e i

SEY L EVEET [\ n e A
; BE) cor = g;i : §L‘\,§5 @(‘1?) 11’;3\_;"( 3('{"‘5(33{'»‘,(} v

Y sin g — Ui g

. -~ ~ N 7 (v s Y Lo L .
[0132]  In order to account for constraints on 12, £} and [ | certain embodimetns may ennsider
the offect of the delta-wye transformer 1y, Using clrowt anglysis, certain crabodiments can relate

2 YOOPS L e g
= o the aggregated EVSE currents:

{

lo w21
o Ve i

where a 15 the tams ratie of the ransformer which i our system is 4. Hence the constramt on 7

can he expressed in tenms of EVSE current magnitudes ass

it o B ALk A z'ﬁ.&th e ;
o H { {1‘3;.‘ "“‘f)'“,';‘ - }\27&- {\ ; {)1‘}

here Ko, i expressed ag a carrent constraint on the primaary side of £y, rather than reflecting 1 1o
where Ry, xpressed as g corrent constraint on the primary stde of £, rather than reflecting it io
the secondary side.

: g . . . . S 2 .

[0133]  Finally, certain embodiments can obtain 2} and JY from 12 by adding the cuvents drawn

from the DO fust chargimg and the apxiliary gavage loads, Hencs s constrants arg;

¥
in

! t\ }){‘ £

§ AR ' AT f) ‘ F Y e
S LR PO Ry {160

5:}»{1;{_, e apeney g D0 55 Rog (16

Like (16w, the constraints (16b), (1o and {(16d) ave SOC constramnts, These constraints transiate

fnto constraints on the charging vates # {7} through (14,

e
S
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[0134]  In some applications these SOC constraints are too compatationally expensive, however,

Stmpler bt more conservative constratnts can he derived by observing

Hence the constraints {(16) cay be relaxed to:

§1e"!i§r}‘{ e EI:’?P.\.‘(?§ \,\ R}/‘“ §§?LU

b %Y

SPECIAL CASES

[0135]  Descnbed below are several spectal cases and the dertvation of simple bounds on the

magnitndes (5 1 e Hoe 1) oF the individual Toad currents that will enforee (12)

[0136]  Assumprion 10 Current phasors Ly, have the same, and known, phase angle 8y for all

ky similarly for Fy o, and I From (1) O provides

iy

%
i IXIN { ; i ... N H N 8 H
{ i PR z l',% i . i ¢ oo ,5_-"8-'R Z F [ el ! i Tam g e z fx‘.‘,gia‘g]
.\’\ pod) ; == =

and constranys (12a3 become

. Y , N )
K - X ” /R N
E - 2 ¥ . { P T S
’11'4‘;;3.?,1-5 ™ 31“-'»‘.~"5‘.‘<5 A (\ TR {1 H
doan . P
N E B \A,»u- { ./ R I

where cos @y, = 8 8.5 1% known, Sunifacly for constramts (12b) and {12¢). These are

O6F

guadratic constraints n the magpitudes { 3}.%1‘:7@: Vz‘?;»»'fa»§~ oo 1) oF the individual load currents that

|y
jFN]
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will enforce (12), given the angles @, ., p = a. b, ¢, between the loud currents in different legs of
the Delta configuration,

[3T) Assumption 20 In addition ro Assumption 1, the angles @0, = 1207, for p =, b,c. Then

COS Py py = — 172 aud {18) becomes

K NS K Nk N f K A o
\k::: H K ,'\ § /1 S f ’.’ i\ } K

Simtbarly for constraints (12b) and (12},
38 Assumprion 3 (hakaced case i Allload curvents have the saome magnitude and the phases
oof carrents o different legs of the Delwg differ by 1207, That 18, asswning postiive sequence, for

alt k== 1.0 UK, this provides

where 7 is the commmon magnitude of the Joad carrents, and

6{1}_) 8_#;\ feon f 2(;. Q-",g :

8,;\{; Bt 32{)(\\ 8(‘1“‘ 8(1'- i 12*)(\

N y s FXET e S aRANS & P . . e
Then the constrmmnt (19 veduees to 3K -0 Y or a hound on the commen magnitude 7 of

individual Joad cumrenis

{il’:il.’( )
Pl e (20

VIR

[139]  Linear bounds. In many emmbodiments, an application nray operate in unbalanced couds-
tons, e, adaptive electrie vehicle charging where the magnitudes [, . | of the load cwrvents are
to be determined and generally ditferent. In these cases there can be two ditficulties with the Hne

Hmits (18) and (19). Fist, the angles (8. 850, 8. ) may not be known, Seeond, even when these

angles are known, the constraints may be gquadratic which can be computationally expensive to

34
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tmplement 1o real tme In mexpensive devices, In this case, many ermbodiments can impose Hoear
constraints which are simpler but more conservative.

[0140]  Take phase @ as an example. Since Yo, b = [P0 < 990 < P9 & 119, g simple Himit
on the Ioad currents that entorces Uy, | <0 PP can calt for

Im + {u} \ Im;s,\

e, the sunt of the magnitudes of the total foad currents o legs gb and ca should be less than the

&

|

current rating ™%, From (10), this provides | sV hen b0 Yo a . Hence a simple tinear

&

bound on the Joad current magnitudes s

}: {I»z‘f,t !mm} = o {213
EE

The constraints on phases & and ¢ can be stmidar,
[0141]  Fora balanced system, many embodintents can casily assess how conservative the bound
{21} is compared with the exact tunit (200 on the load currents. In the balanced case the bousd (21)

reduees fo

Hence i is 372 ~ &7% of that in {200, Le., 1 1s conservative by ~ 136 for a balanced system.

MULTIPLE EV GROUPS

[0142] I many embodiments, the ACN differentiates between duferent EV groups to provide
different charging guarantees depending upon the group 1o which a particular BV belongs. In
several evobodiments, an BV can be moved from one group o another based on network state as
well as its own condivdon. The interpretation of each group can be revised over e, In addition,

the process for determining the cliaging vate 1o provide to each BV n a group can be updated

\9'S]
o
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mdependenty of other groaps by maintaining interfaces and assumptions on sach group,

GROUPS AND PROPERTIES

[0143]  In several embodiments, the ACN divides EVs into at least thres grougs. The buxig

assumptions on each group are as follows,

{

[

, Growp 1) EVs admitted o this group will be guaranteed (subject (0 certain assumptions) that

the requested energy ¢; will be delivered before the deparure thoe o, When an EV roguests
o recetve service as a Group 1 EV, tests will be performed {detatled below) o deterniine
if the requested energy ¢; can be guaranteed under normal anticipated condittons, and an
adnussion decrsion will be made and commumicated w the driver. o many embodiments,

the ACN may charge a driver of an EV a hagh price to secure gunavanteed eoergy delivery.

CGroup 20 EVs in this group will be served with best effort, 1o, there is no goarantee that

requested epergy ¢; will be delivered before time o They will, however, be guaranteed a
mimmum energy ¢ which can be zero or positive, befove time & For nstance, an BV
s maaranteed at teast 13 miles of energy o 153% of requested ¢, The determination of ¢
iy rot specified as 4 property of Group 2, but can be decided and updated sepavately by
anather modole, Note that nittally, even ¢; cannet be fully guaranteed i ¢; > 0. 1o cader (o
QUATANIEE RORZENO ¢;. the process 1o determine ¢; should include a check nn feasibility. and
¢; can be reduced until feasibility s maintained. by many ensbodiments, the ACN can choose
internally nonzere ¢, bat they are not revealed © the drivers and therefore EVs ¢ are likely o

receive al least ¢, thongh the drivers are not guaranteed this,

Grewp 30 This group contains EVs that cannat be served normally, Example: the detver fas
aot provided inpat or has provided inconsistent input, or the driver input implies 2 laxity
ay < O Gnfeasible), or requested encrgy ¢; has beowy delivered but the BV can still take more
charge, ete. The siplest policy 15 pot to charge any BV in Group 3. Since any EV that

does not conform 1o Groups 1 and 2 for any reason may be sent to Group 3,1t 1s hkely that

36.
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senme of them may be handled differently from others, Accordingly, certamn emwbodiments

may subdivide Group 3 into subgroups. This may allow for updates to the processes and s

implementation for handhing one subgreup independently of nther subgroups.
[0144]  While specific groups of BV are desertbed above, ACKS in accordance with muny em-

bodiments can utilize any of a vaviety of processes that treat different groups of BV i different
wiiys as approprigte © the reguirements of a given apphoation. Use of group priority in deter
mining charging rate in accordance with a numtber of embeodiments of the fvention is discussed

below,

GROUP PRIORITY
[14S]  In many embodiments, the defining featare of Group §may be that BV @ will be guar

anteed 1s requested eoergy g {fup to o measurement error nrgind, This is in contrast with Group

2 that may guarantee only a minimun energy ¢ = O, but not the requested energy ¢ In order to

guarantee ¢;. a key design decision is:
Group 1 has strics pronity over Ovoup 2 and Growp 3

This means that all resources will be devoted to satisty Group T EV'S energy requests ¢ fivst,
Group 2 BVs will be allocated feft-over capacities. Specifically the charging rates of Group | and

Gireup 2 EVs are determined seguearially

to Solve QP (with equality energy constraimts} for Group 1 EVs enly, Denote therr rates by

oy o (P rh & Group L& 1L T

2. Compute feft-over capacities for Group 2:

fEdirenp 1

where £P{1) are the original resource capacities.
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A0 Sobve QP (with equality engrgy constraindsy for Group 2 BV oaly using the left-over

capacities (P13, ¥ & {1, 1]

{0146}  Ininally, certain cmbodiments may serve only Growp 2. T is expected that most EVS miay
be i Gronp 2 even when Groap § servive is offered in the future.

{0147]  In certuin cmbodiments, initially, Gronp 3 BVs may not be served. EVs in Gropp 3
may be re-gssigned o Group 1 oor Group 2 for service {o.g., an EV without driver input may
be assigned default parameters (e e, = 03 by ACN and sent to Group 2), may be allecated
charging separately from Groups 1 and 2 using left-over capacities, or may oot be served, based
on ity subgroup.

[OI48]  Some of the key parameters of these groups are semmuarized m Fig. 120 As can resdily
be appreciated, any of a varety of parameters can be nulized 1o determining charging rates for

different groups as appropriate to the requirements of a given application.

DRIVER INPUT
[8149]  Deseribed now are processes for obtaining driver inputs o accordance with vanous em-
bodiments of the tnvention. The processes may check if the inputs are vahid, determine parameters

for rate optimization, and assign an input request 10 an appropriate group.,

PROCESSING EV INPUTS

[G150]  When a new EV arrives, its driver can be expected 1o Inpat via a user interface on an
EVSE or mobile application information (ncluding bat not limted to) their energy demand ¢,
departure tme ¢, and/or {in when group 1 service s offered)y which group they desires. Ta many
embodimetns, the iputs can be automatically provided by the EV and/or a remoto service that uti-
tizes data anadysis and/or machine fearning to estimate spectfic parameters such as (hut not imited
1) estimated departore time. Irrespective of the manner mowhich the iformation is recetved, some

sarty cheoks way be performed, including:

Lo The requested energy ¢ 15 106 clase to zera (2.8, Iess than the minimunm rate 1) or negative,
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ask the driver o re-enter ¢; or assign the BY to Group 3 for farther handling.

The departure titne o exceeds optinuzation hotizon T, reset o = T This roeans that an BV

£

may not be charged for a duration fouger than T even i the BV stays bevond T

‘a3

The laxity is negative, Le., impossible 1o meet the requestied energy even if the EV 15 charged
at its peak rate 7 throughout its duration {1, ds ~ 1] See Laxity and Group Assigument dis-

cussion betow,
IS In addition to sanity cheeks, an ACN may also determne for each new BY request

Lo Tts peak charging rate 7, ez, based on driver sebseniption mformation, EV make and moedel,

or ACN real-time testing on the EV.

E‘u)

Hs nuaimum rate rp, egn, based on BEVESE B, or BY muake and maodel,

3.0 Its nuptmam nunimum energy demand ¢, g, based o site policy, ACN policy, or user

impat. This parameter might be changed i the middle of the chargmyg sesston, eeg, Wan BV

is re-assigned to a different gronp.

[152]  While specific examples of ways in which data received by the AUN can be validated
o assist with the development of viable charging schedules, any of a variety of processes can
be utdized 1o validate data received by the AUN as appropriate to the requirements of a given

application  accordance with various embodiments of the javention,

LAXITY AND GROUP ASSIGNMENT

[0153]  For cach new BV O request {gy,da ), the input module should first check sts Taxity and
decide if 1t shoold be sent 1o Group 3, using a process such as (but not linuted o) Algorithm |
dhustrated in Fig, 13, This groap assigiment may be perfonmed on each new BV request. Other
group re-assignments may also be needed, e.g. when the remaiing energy demand ¢ bas dropped

o {approxumately) revo as BV §is served (part of Group 3 designd. In many systeans, the AUN
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does not provide any guarantees and there i no Group 1 as deseribed above, Accordingly, the fol-
fowing discussion starts by examumng cost fupctions that can be utihzed by ACNs m aceordance
with & namber of ewbodiments of the ivention to allocate charging capacity 1 the seenario corre-
sponding to Croup 2 BV desentbed above. A vavtety of cost functions that accommodate different
aljectives from priontty to switching frequency can be atthzed. The manner in which an ACN can

provide specific puavantees with respeet to charging of specific Group 1 EV s is then discussed,

GROUP 2

[0154] Thus section discasses speciabizations and wmodifications o this basic form (D to im-
plement various features. In several embodiments, the first few features may be implemented by
appropriate iaplementation of the cost function ¢(¢) wtilized by the AUN 10 determing charging
rates, The other featores may be implemented maindy 1 the constraints, However, in certai em-
bodiments, cost fupctions and constramts mav vot be chosen independently of sach other, and 1t
can therefore be important to understand thew interactions.

[0158]  The capacity constraints {(Fir e € {1L,TLV) may denote left-over capacities it Group |

service 1s offered,

CHARGE AS CLOSE TQ E; AS POSSIBLE
[0156] 1o several embodinents, there may be two ways (o charge ay close as possible 1o the

speciied energy demand o The first s o enforee #t s a hard constramnt

i

Yonly o=

p==

[OLST]  This approach muy have the disadvamtage that the QP can be infeasible, when EVs do
not have sufficient laxity or the infrastructore does not have sufficient capacity, This can be used

for Group 1 EVs,
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[0158] A second approach, as in {1}, relases the equality constraint tnte an inegquadity constraint:

g S Yyonin Lo
KR

[0159]  This approach may be used for Group 2 BVs. With this inequality constraint, it may be
unportant that the cost function ofr} I8 decreasing n }:I} File ). Otherwise, minmizing o) tonds

o deive T, #1000 1o ¢, For example. use

¥
'y {}\} L E gy E y {I ‘« {221
FEE

¥

CHARGE AS PAST AS POSSIBLE
[HI6B]  Using a cost fosction that 1y mereasing w tine £ yoay encowrage charging as fast as

possible. An example 1s 0 maedify oy {r) in {22} intee

T
exfrl oo EZ{}‘M’;}?‘;{I} {23)
{':::}

{

Re~tterating that for each QP yostance, £ 15 potthe real hme but ¢ = 12007

{0161 This coat function may have the following properties.

boFor s <Oy (v = dine} iy decreasing i) and bence it attempts to charge as close as

possible 1o ¢; with equality constraint, as discussed i detail above,

20 Fore > d; (0~ d ) is inereasing in e} and hence it drives #i{r) towards zero at times

after the specified departure time 4.

tod

CAvHme £ s, exle) s fndependent of 1{d ) At times of congestion, this will drive ri{d) to

zero, Otherwise, s vatue may depend on the QP solver and initial condition. For instance 1

A1,
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the provess always initialize r{r) = O for all /¢ betore calling the QP solver, then it s Hikely

that the solation will have r{d) = 0,
4. The cost function ¢ (r} is increasing in ¢ and beoce it encourages charging as fast as possible,

[0162]  In several embodiments, g cost coefficient should not be ¢ — g, This factor does not
necessarily encourage charging as fast as possible since ¢ - 2 00 I has the etfect of giving
prioriy to EVs that amive earlier,

[B163] Analiernative to the cost Tancton in (233 18

"

PN i RV

ST I E \ é {r— T i)
fdf

Swee ¢ - T < Gand 13 imereasing in 1, use of this cost function by an ACN encourages charging
as fast as possibie and as close 10 ¢ ay possible. Note the use of the cost coefficient £ ¢
{23) instead of 1 T may snor have the effect of priovitizing EVs with earhicr (or fatery departure

times. Implementation asing the ¢ - ¥ approgch may seem simpler, though the use of 1 of; might

gmbodiments may ase 7 - o As s discussed befow, ACNS i accordance with many embodiments
of the invention can farther priotitixe the chiarging of speaific vehicles by explicidy adding priomty

constrains o the process for determining charging rates for individual EVs.

IRCORPORATING PRIORITY

[0164]  Many embodiments may add priceity among EVy, e.g., to priomitize EVS that arrive e~
er, or EVs that have Jower taxity, Certain embodunents may assign diffevent priorities based on a
driver paving different amounts for charging @ vehicle depeading upon the charging rates/anarantees

pravided by the ACN, For example, a driver may pay extra in order to charge at @ higher charging

rate. Suppose cach EV { has a parameter ¢; and, everything betng equal. one wishes to charge BV
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P

Suppose the departure time is greater than the current time, o; 22 7, then ¢y <UL Morsover ¢; & I{}, 3
Hoand only 1118 possible to deliver the requested energy ¢ within the avatable time dy 1,
assuming the mwfrastructure is not constrained, Otherwise, i g < (3 then i is impossible,

[0165]  To prionisize EVs with smaller ¢, the cost function i (23) may be maedified o (provided

a; > O

[0106]  In this way, the cost £ can be weighted by a decreasing fonction of parameter g As can
readily be appreciated this weighting can be ackieved m different ways. The following example

iltastrates why this may pronitize simall a; over large ay.

EXAMPLE OF UTILIZATION OF CHARGING PRIORITY

]

over two time pertads £ L2 ke, d = T = 3 (oot 2) Suppiose @ <7 gz, Lo, want to prioritize BV

P over BV 2. Suppose the capactty is T unit, The costis

and the constraints are:

el Y e 2 = b forde 1.2
iy vy <00 forrs 12
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) ~

e m S { D m —{L =) = Zpi = {1 = m{1)
s @y g C Wy

7 {1} < L The optimal charging profile 15

ity =1, p{21 =0 and  r{lp=0, 55 {2 = |
e.g., EVy are charged as fast as possible and EV 1 enjoys a higher priovity over BV 2,
[0168]  Tostead of 1/a;, many ewbodiments ntay also ase other decreasing functions of a; in the
cost function. Por example, ACNs i accordancy with many embodiments of the wvention utibize

the following cost function

e3iry o EZ(\;W(!};:G‘};!{“

i

where the priority function fla) 18 positive and stvicily decreaying noa. Por example, to priogitize
carly arrival times g, we may wse - a; Instead of oy I o depotes Taxity then a necessary
condition for feasibility is ¢; € {0, 1) und hence, instead of 1/g;, ove may use 1 g The next

exanple tHustrates that any decreasing priovity f prioritizes EV's with smaller o,

ADDITIONAL EXAMPLE OF PRIORITIZED CHARGING
{01691 ACNs in accordance with a number of errbodiments of the invention utilize the following
maore generalized cost fancton i scenanios similar 1o those outlined with respect to the example

above
eslry o= Y Y G —diiflaging
PR
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where the priority fonction f{a) > 0 & sinaly decreasing w oo One can argue that an optimal
solution nray need to satisfy (@1t = U or e = 1,20 Substitvte ro{t) = - pp () into calr),

provides

(P—diflayinde) + U =da) flaa it =

{i
it

) :
= Z {flagy— flantitrdn) + {d flaod —dy Flag ) z Fi{) E‘\f —da)flaz}
B l:::l

1+
-t

~

H do

The last two terms may be constant, W ay < ay then e} ~ flar) > O since £ s decreasing, and
hence the fisst term 1S increasing in £, This drives r{r) 1o be as large as possible for small v, Le,

Pl s 172} = (L Henee the optimal charging profile remaing

[B170]  In various embodiments, 1o aveid numerical issugs, in the cost function ¢z, the unit
of a; > O should be chosen so that the cost coefficients {1 — o))/ a; are not exceedingly large or
exceedingly small relative 1o each other, or within a reasonable range, e.2., the range of 107 sud

FO% if possible. In this way, an ACN pan use a constant weight 20 > O to bring {1 — o)) fas within a

reasonable range:

-

: \ ; « a4

o{r) e EZt = diy i) (24}
t=1

[171]  While many of the AUNs deseribed gbove utilize cost functions that enabke the utihza-

tion of charging rates that provide priority o particular EVs, ACNg i accordance with seversl
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embodiments of the tnvention utilize processes that acconumodate a variety of other abjectives.

REDUCING TEMPORAL FLUCTUATION

[0172]  Inmany embodimuents, it may be desizable to reducs rde Huctuations over s cliarging time
period. This may be to reduce the wear and tesr on a velicle, Accordingly, it may be deswrable o
reduce rate fluctuations {21 across 7. Tn sevesal embodiments, this can be achieved by penalizing
the squared differences O - r{r - 11 of the rates by atilizing a cost function ¢ {r} that replaces

the cost fanction in (233 with:

AN + 4 K
or replaces oyl ¢} in (24} with:
e oy N T
‘. —~ {(diee o a e
cafry e L( W;;;_r} §3£§}‘;{;‘}w}‘;;jw By {23b)
FR e ! fos /

whore #{0) is the actual charging rate used n the last QF instance, and o > O and > O ag
wetghts.
[0173]  In many embodiments, & QF at cach time s may solve for the entire chasging pwofile

x

Py o= M e el ford = sy do s+ L Qaly the first mtes o7 (s of an optimal selution
# of the QP may be used for charging the EVs, An updated QP may then be solved at time s+ }
and the ovele repeats, It may be beneficial to that the frst rates 77 (s} do not Buctuate widely scross
different QP instances that gre solved gt different times. The cost fanction (24) attempis to reduce
the temporal factuation of the solution (0 g single QP mstance. Even though this 1y ditferent from
reducing fluctuations acvoss different QF solations, it may achieve the desired effect.

R

[0174]  Analterpative o the penalty term ¥, (1) — w0~ 11708 3, {01 Both may reduce

Sowsf IV &

. . , . W e 3 " .
wemporal Suctuation o r. The penadty teom Y, 00021 has the advantage of making the QP cost

funpction ¢3(r} sericrly convex {and henee bhas a unique optimad scolution). It may work well with

16.
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the equalily constraint on energy:

bt not with the mequality constraint;

o

€ }.,;m; Fly o8y

ety

Henee many embodiments may use ¥, (501~ r{r - 113 Although the above deseribes a variety
of mechanisms for modifving a cost function 1 reduce temporal fuctuations, any of a variety of
mechanisms may be wiilized as appropriate to the requirerients of spectfic applications i aceor-
dance with various embodimenis of the wvention. Certan ather foatures that may be implemented

nsipg cost functions are described below.

ENFORCING MINIMUM CHARGING RATES
[B173] Iy gencral, U may be undesirable (o set a charging rate to zoro before any EV hax finished
charging because this may cause the mechanical contact in the chasger to open. A charging profile

&) with maay zero and nonzero ates bofore the EV finishes charging may inowy excessive wear

and tear. To avord this, several embodiments may set charging rates ri{i ) 2 ¢ for some 2y greater
than zero, as long as the energy demand ; > 0. For example, 7, = BA for constant charge (CO)

chargers ar g = 6A i J1772 standard, Note thay, if the unit of charging rate 77} 1s in W, then
£ 6 Woar volage level © Vo To simplify exposition, centain embodiments often assume #1313
A

[0176]  Since each QP may compute for every BV § an entive charging profile ] = (5{1).0 €

1,770 but only the Brstrate r {17 may be executed, itway be conservative (o impose the constraint

N

thas all futare rates ri{rd >y fove > 1 and also increases the chance that the QP becomes infeastble.

Several cmbediments impose only #{11 2

£ and postprovess the future rates, as desenbed

Algorithen 2 below,

47.
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[0177] A comwparison of Algonthm 2 iHustrated i Fig, 14 with the basie QP fn (1) is deseribed

below,

b. The constraint (1) on the charging vates 1 the basic QP 18 separated inlo two constrainis
(A2 14A-3) 1 Step T of Algovithm 2 illustrated in Fig. 14, the first on rates p{l) =
{r{ty i e [Load) at time 7 = 1 that enforces the minimam rate p; and the second on fonure
rates 27,0 > 1o As explained above, many embodiments do not unpose the nmunimom rate

on future rates,

2. Step 2 of Algorithm 2 post-processes the QF sodution #% by choosing a rate ™ that is as
close 1o 1" as possible, subjeot to the constounts that off rites ¥ {0, 1 = 1,200 T, ave equal
or gher than thelr munimum mies and that capacity limts are not exceeded. Notably, the
energy reguirements are refaxed, It means that the energy delivered by the charging profile
7 may not be as close to ¢ as possible or may even exceed e, but one expects this effect 1o

he pegligible.

IMPLEMENTATION

[178]  The prodlem (14B) is separable o ¢, and hence the subproblent fov each £ can be solved

separately w paratiel:

M ):{\r,:i.f} —ri{r))

‘\‘; - FERN
. JURTLY o i e g s .
8. {. Fi {f\? N AEE :;‘{i}., [ 1221’

Y Agriey = B, v

I

Even if these (mueh smallery r-subproblems are solved sequentially, the computation seems to be

faster than solving the overall problem (14B). Mareover, solving these r-subproblems separately

helps handling infeasibility, Therefore, muny embodiments solve thom separatedy.

[0179]  Discrete rates. If the charging rate for EV { can only take values in a discrete set R eg..

18.
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can be obtained from the solution of Algorithm 2 by rovading down o the nearest value in By

Stmply rounding down may underutibize capacity f the gap between the discrete values s farge
compared with the capacity. In that case, a more sophisticated algovithm can be wsed to map »77 (1)

to g value in Ry,

HANMDLING INFEASIBILITY
[180]  Certain emabodivuents may assume throughout that O3 wUF 5y e and O gy ey,

s0 that {14A-D-{14A-4) can always be satisfied individeally. Farthermore, asswne Fid; — 13 3

Lo, i each BV {is charged at its pead rate # over its entive charging horizon, then its minunm
energy ¢ demand i1y abvays wst

[181]  Deseribed now ix how an AUN can handle the infeasibility of QP {14A) i Algonthm 2
tHustrated 1n Fig. 14, and then the infeasibility of the post-processing problom (148 Informally,
the QP (14A) 1 Algorithm 2 can be infeasible when the minimum energy demand g; w (14A-4)
cannt be met for some BV i or when some capacity constramt i {14A-5) 1s violated ot some

resoarce /. Certain embodiments deal with this by setting

o= 0 and e = O

in (A Dand (14A-4) respectively, The constraints (T4A-2)-{ 14A-3Y can then bo sausiied joindy
(e, setting v = 0 for @l ) Note that this may not gnarantee minmnum energy delivered

&

for this QP instance. In certain embodiments, this can be refined by allowing some ¢; to remain

nozers, a2, 1 guarantee all BVs 15 mides of charge or 153% of thewr requested energy. 1t also

may not goarantee £ {1} > 1 bat this is handled i the post-processing step.

[0182] The post-pracessing probfem can be splved by solving cach r-subproblem separately.

Recadl that it iy swsumed Ay € {00101} in general. I Ay 2 0. then aoway a t-subproblem can be

19,



WO 2019/109084 PCT/US2018/063637

infeasible ts when even setting w{e ) s gy for all §owill viotate (J4A-5) at some resource /, Le,

Zﬁﬁ' Iy r,'j\fiil'l{{‘} > R} \{\: Q Z{}}

where

Sy1is the number of EVs sharing resource /. In this case, soane EV { may be assigned a
rate Jower than r, i order not w violate the capacity constraint, This means that sone BVs may
be charged at rate r; sod others at zero, Certan embodiments sy prioritize based on laxity by
calling Adgorithm 3, as iHlustrated i Fig, 15,

[OI83)  Even though Algorithm 3 iHostrated 1 Fig. 13 1 motivated by the case wheve 4y = 0
or L. i can ensure that the capacily constraints may be satisfied even when Ay can take value —1.

Indeed, providing

YoAunlt € Ylduintn S maxrdy S B0, ¥

Soa . * N ‘ £

Imay be simple, bay conservative sinee iy can be chosen based on max; r, and independently of the
aypup of BV that share a constraint. It also does not exploit the fact that 1 may exceed 1; in which

case re} = 0 In certain emboduments, 1f this scenario s only rarely encountered, a suople

algorithm shoold be sufficient. Otherwise, the algorithm can be tightened to he wore efficient,
[{(H84]  For somie EVs, opce thelr rates are sei to zero, they may not recover (e they may not

resume charging until they are unplugzed and plugzed in again). Since this may negatively impact

user experience, many ambodimenis nay avoid the situation where a resouree constraint might be
vidated oven af all EVs are charged at their minimum rates whena deployment iy sized and if it
participates i & demand response program,

[BI185]  In summary, contan embodiments may modify Algorittun 2 Hlostrated in Frg, 14 above

by adding a mechanism o handle infeasibility and this is given as Algonithan 4 iHustrated 1w Pig,

16.

PROVIDING GUARANTEES {SUPPORTING GEOUP | EVS)

N
<
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[0186] In many embodiments, EV<may be grouped into different groups that provide different

charging rates based on a variety of factors. For example adriver may pay to have a bugher charging

rate (m order to reduce the thine needed to charge ther vehicle), Qther factors may welade redocing
the charging rate for a vebicle that iy expected to be parked for a fonger duration of time and thas

provide meore charge 1o other vehicles that are expected to be parked for a shorter time periad.
In several embodiments, the groups may mchade a prionized group (e.g. a Group 1), where the
defining feature of the prioritized group iz that EV ¢ 18 guarantecd 1S vequested epergy ¢ {uptoa
measurement ervor margie) under normad conditions, This is why Group 1 may have siries priority
over Group 2 and/or fower priovity groups sod why it is expected most EVs maay be wn Group 2
that guarantees only minimum energy ¢, = (L bat not requested eneray ¢

T

[M187]  Algorithms that provide guarantees for certain EVs can be charactenzed i that they:

bo Bnforce eguality energy constraint for each EV {in Group 1t

r
Z"i{:’} =
s}

instead of the tnegquabity constramts for Group 2

2. In certain embodunents, i order to avord inteasibility, perform admission control before g
pew BV 7 can be admitted o Groap L The purposes of the adnussion control may he to

SRARATHTHES)

{a) the requessed energy

¢ of all existing Group t EVys /.

{b) the mumimam energy ¢; = O of all exisring Group 2 EVy /.

Pescribed below are varions chargiug algonthms that can be utihzed by ACKy to determing charg-
ng rates for Group 1 EVs in accordance with certain embodiments, and ther vagious processes

that ACNs can wtilize for admitting EVS into Group L

CHARGING ALGORITHM

N
—
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[0188] A charging algorithm for Group 1 {only) may be QP followed by post-processing to
epforce mintmum vates g A charging algorithm for Group 1 in accordance with varous em-
bodiments of the mvention is given i Algorithm § ilfustrated n Fig, 17, 1t can be the same as
Algorithm 2 for Group 2 iltustrated in Fig. 14, except that the mmeguality evergy constraints (14A-
4y may replaced by equulity energy constraints,

{0189 An tmportant assumption for the Group 1 algontiom is that, throughout the ACN execu-
tion, all existing Group 1 and Group 2 EV reguests can be guaranteed, as long as resowrce capac-
ities Pf’{f} (s other ACN conditions) remain unchanged. In that case, both the QP (17A) and
the post-processing problens (1781 may always be feasible, Furthermore, conditions can change in
anexpected ways, and therefore cortam embodiments add mechanising o Algorithm 3 Hostrated

i Fig. 17 to handle infeasibility (o1, Algorithim 4).

ADMISSION CONTROL

[190]  Certan ewbodiments may control admission of an BV 0 an AUN based on the current
profife of the ACN, including its existing EVS charging demands, the ACN s Capacity, among a
vartety of other factors. Assuming the Taxity of the new BV { request {ep.dy) has already been
checked by Algorithm 1 illustrate in Fig. 13, before the admission to Group 1 s determined,
The admission control may be implemented by Algorithm 6 lustrated 1 Fig. 18 and Figo 19
Certain embodinents may handle differentdy new EV requests to Group 1 that have been rejected
by the adnussion control. Certain embodiments may repeatedly ask the doiver o re-enter their
parameter {ey.dy) unti} it 1s aduitied o Group 1, or @ masimum number of toies are reached. In
certain embodinaents, the ACN muy suggest a departure time o) so that {e‘(;\dé j can be admitted, or
sugest an energy lovel o so that {e,. do) can be admitied. Note an alternative to admission control
is not to have drivers spectly both ¢; and &, but only one of them and ACN muay decide the other
parameter so that the new regquest can always be adnatted o Group 1. In certain enbodiments,
an ACN muay assign the request (e, dy) 10 Group 2 with appropriate parameter ¢; > 0, In several

cmbodiments, the ACN may assign 1 10 Group 3 and not serve it uatid subgroups are defined anid

N
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smplemented. As can readily be appreciated, any of & variety of adnission control processes can
be piilized by an ACN as appropriate to the reguivements of a given application 19 accordance with

varous embodiments of the mvention,

HANDLING INFEASIBILITY FOR QP IMPLEMENTATIONS

[0181] In many embodiments, ACNs can utilize a variety of processes to determine charging
rates for EVs when requested charging paraneters provided with respect o the EVs would ather-
wise yield an infeasible QF In several of these ersbodiments. the basic featores of a QP noplemen-

tation may wclode the following:

. Each sabsoriber (EV driver) may woput energy demands (e.g., muast-have mules) and departure

time, among others,

[

During registration, each subsoriber may also set o wilhngness to pay for nice-to-have miles,
After the muost-have mitdes Bave been debivered to the subseriber, energy may be delivered 1o

the EV when the cwvent energy price 1 fower or equal to the willingness to pay.

Lo

A price (MAWh) may be computed dypamically in real time {o.g, every mie). A sub-
seriher way pay the energy delivered multiplied by the price, for both wmust-have miles and

nice-1o-have putes, regardless of her willingness-to-pay.

4. Charging rates may be computed using the QF with 4 cost function that is the weighted sun

&

of threg components;

§ o P N { PR e ¥ : . . 2 §e
eir) WP EF b Wy ZU”EU') o {1 ook ""'5‘-2'"5 i}

i )

where w; > 0 are nonpegative weights and

o The fust component ¢y {0} i a measure of performumce, ¢.8., to charge us fast as possi-
ble, 1o mintmiize expected energy pavment, or (0 track forecast sealed solar generstion

3

gith g, oylry =1 (3l —o{i) i

N
jFN]



WO 2019/109084 PCT/US2018/063637

» The second component is (o reduce temporal fluctuation in charging rates.

» The third component is 1o make the cost function strictly convex s that the optimal

x

charging rates # (1} are unique.
S0 EVs are divided into two groups:
« Group 1 EVs whose must-have miles have not been folly delivered,
o Group 2; EVs whose muost-have miles bave been fully delivered, and may receive pice-
to~-have miles when the dynamic prices do not exceed their withogness to pay.
Group 1 EVs have sirict pricvity ovey Group 2 EVs,
6. At tine : when QP 15 computed:
(ay Al Group 1 EVs will be included in QP compotation at time ¢, regardiess of the currant
e el 1)
price ).

(by A Group 2 EV will be meluded in QP computation i and only 1f ws willingness-1o-
pay for mice-fo-have miles i3 higher or equal to the coarrent price plr) (and the P is
feastbie: see below).

{oy AL EVS that are scheduled for charging at thime ¢ will pay at price pit ], regardiess of

their willingness 1o pay {or Group 2 EVs,
7. The QF compulation can be implemented as follows:

{a) Sobve QP withn
» cquality energy constraints for all Group t EVs.
« pequality energy constrants for all Group 2 EVs that are inchuded in scheduling,
(hy If the QP 1s feasible, thon it will produce charging rates for the next control period
{e.g. nest minute) for all Group 1 EVs and those Group 2 BEVy that are weladed in

scheduling for that vontrof perrod.

N
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{¢) Handling infeasibility. I the QP is infeasible, then solve QP ggain with oadv Group
I EVs and fmequalivy energy constraints, Notdy Group T EVS whose energy demands

are forecast not to be met fully.

HANDLING INFEASIBILITY: DEADLINE EXTENSION

{61921  When QP s infeasible, certain embodiments may only schedule Group 1 EVs, Instead
of changing all their energy constrants from egualiies o mequalities many embodiments can ex-
tend their deadlines {charging durations) to make QP feasible, and notly the drivers that they way
have to stay fonger to receive fully then must-have miles, or recetve fess energy at their ornginal
departure thimes.

[4193]  Described now are two processes wtihzed 1o many AUNS that can be used to determine
new deadlines for BY charging in the face of infeasibility of originally requested deadiines. The
first algorithm seales ap all BV durations by a corunen factor, It dogs not involve discrets vari-
ables but reguires binary seavch over QF's. The second algorithm adds dwell tmes 1o the EVs v a
wiy that minimizes weighted som of the additonal times, The weights allow the taplementstion
of different priorities among these EVs, 1t involves binary variables {(which may be computation-
ally expensive) and thus certain embodiments way provide an algorithny that refaxes the integer

CORKETAS.,

SCALE ALL DURATIONS BY A COMMON FACTOR
[0194]  Recall that the departane time ¢ 18 incorperated into the musimum charging vge 7{1h.

by setting 7{) = O for ¢ > oy Then the constraints

I Ita e LT P hn 27

can ensure that the QF will oot charge BEVs § alter their specified departure imes. Here, 1o

derctes the current timie when the QP is called, and ¢; — U denotes the durstion over which EV ik

N
o
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[0195]  When QF is infoasible, certain embodiments may extend the duratons of all EVs by a
covmon scaling factor ¥ > 1 so that QP becomes feasible with cquality energy constraints. The
following algonthm asttempts {o determine a mindmun such 1

[0196] Lot d o= (Vi) denote the vector of EV domtions. Letyd denote the vector of durations

scaled by v > 1 bot upper bounded by 7', Le.,

yd o= {oin{yd T, W

Consider the QP that inclade only Group T EVS with equeddiny energy coustraints, and suppose it

takes the formy:

QP{ydy: min (e st e € R{yd) {287
» ’
Here, ROyl denotes the feasible set for the charging rates r, a5 a function of the scaled durations

yef. Therefore the QP v & fonction of v/, and this dependence s emphasized by the notation
QP{yd). The algorithm will do a binary search {or uther appropriate search) on v aniil QP
becomes feasibile,

[0197)  Assumption: The QF when the durations of all EVs are 7 1s feasible with equality

SRETRY CoMsiraints.,

[I98]  The algorithm is described in Algorithm & llustrated o Figs. 17 and 18 and described

helow,

ADRDITION OF HETERCGGENOUS DWELL TIMES TO COST FUNCTION
[H99]  In corain embodiments, the (orginal) departure times and the maximum charging rate

conditions gre combined into a single st of constraints {27 To specify the second glgorithm o

N
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extend durations, {27) may be replaced by two separate sel of constraints:

sty = Bl relbdi— 1L ie [l {29a)

plry = 0, fE W T fe (29h)

where F{r} are the upper bounds o charging rates of EVe { at thme £, ey, due to EVSE or BV

Hnits, Note that 5:{z} are given constants. Suppose the QF takes the form:
min o{r) s ot SR 29 {3th

Here v & R denote all QP constraints that do pot iovolve the durations . cluding the equality
energy constraints, The deadhne constraints are given by (28,

[0200] To add w the dorations o), we introdoce binary variables (), one for cach time ¢ =
dio. T, and each EV {0 This adds a totad of T{F — iy + 1) binary variables, ¢ 2 o i an
additional dwell time (i.e., before the new deadline), then x;{r) s 11 otherwise, 5{n) = 0, Henee
i a(e) = O Guen, rods after the new deadling), then yi{s) = O for all subsequent tmes s > 10 The
constramts {29) are replaced by (note by owr convention, y{ 7} = ) even thoagh this 13 not enforced

m (3

Fit) W R e ildi— 1 e il (31a)
N TE IR EN: P (f‘ flLis {i H {3ib}

RYTVE NN B

E/‘

-

po
gy

LRSIV N AR ENE R SRS NS (3i¢)

3
——

~
')w-'

o
o

X feldn TV it (3

[0208]  Condivom {31h) says that if ¢ > J s an additional dwell twe ({0} == 1) then the rate

£{6} 1s upper bounded by A5 otherwise {o{rd = 0} m{d) i set to zero. Condition (310) says

that if ¢ > d; ts not an additional dwell time (Le. (1) = 0) then all subsequent times will not be

w
~
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additional dwell gmes. This ensures that all rates are set to zero alter the new deadline. Note that

QF chooses notto chavge BV {at e 2.

ALGORITHM
[0202]  When the QP {3(0) with original deadiines o s infeasible, cortain embeodiments may solve

the following problem Gwith only Group T EVe and equality energy comstraints):

P
nin Ln-‘;}d«v,‘{z‘} s o re R 3L (32}
LY N
: wied;

Note that the aptimization is over both the charging rates r and the binary variables x s (i €
TV re holy, Theswm YT w(n) represents the additional dwell time added 0 BV s duration,

The optimization {32} therefore minimaizes the werghted sum of addinonal dwell tinmes sebject 1o
the same set of constraints as the original QP as well as coustrants 31) discussed above. An
optimal solation may provide both feasible charging rates » and the pew dusations (deadlines) ¢

for Group 1 EVs:

"
A dew Y () {33
£l

[0203] A bigger weight wy for EV { means its deadline will be extended by a smatler amount,

Henee the weights sy can be chosen o implement prionities, ¢.g. an BY that arrived earlier or hus
a greater lasity can be assignesd @ bagger wy and henes will incur @ smaller deadhine extension.

(02041 Since both the cost function and the constraints in {32) are lincar, the optimization 18 a
mixed integer hinear progravn (MILP) Certarn embodiments can relax the binary constraints (31d)

to {0, H-interval constraints:

sty o= {001 te e, T i e {34)
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Instead of {32), certain erabodiments sobve the following finear program

¥
nin Zw; xlrd st rE RGO (3D {35y
faR Y - / o
‘ i ol

Given an optimal solwtion {r.x) of {35}, certadn embodiments may need to discretize x;(4) to either

fha

Gor 1 in order to caloulate the new durations 4% astng (330

[O205)  In somvmary, the ACN can sobve the MILP {32y 18t 1 computationally manageable.
{Mherwise, the ACN can use Algorithe 7 ilustrated In Big. 20 and deseribed below.

[02006] Even thoogly the charging rates produced by (35) in Step 1 of Algorithm 7 wre feaxible

for the new dorations ™%, cortain embodinents may re-compute QP in Step 4 to obtiin a

potentially better sot of chargiung rates,

OMLINE LINEAR PROGRAM
{02071 Described now s an LP that is to be constructed and solved at compatation time O

compate charging rates #{11 over time window ¢ & {1, 77

I, The decision variable is the vector of charging vates e (0003, 7 & el e & 1.7 for all

P

active EVs{ over the time window {1, 7], This is an #7 -dimensiona! vector,

2. The sunplest Hinear cost function 15

.
Y e Y sl
i 4

fon d

N AR 7
. N A7 . E RS I oL . N
Here, {¢; - Y/ 0} is the anmet energy demand of BV 7 by the end of the time window
1,71, Hence this cost function minimizes the total vomet demand of all active EVs.
Note that, in minhmizing this cost, it is possible that the optimsal charging rates » deliver

more energy than the EVs have requested, Le., (e - ¥, Gy} < 0 at optimality. 1 this s

39.
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undesirable, certam embodiments can wiclude the constraints:

This will ensure that no move than the requested energy ¢; s delivered.

Since Yo is a constant, it e be drepped frons the cost funetion, 1.e. we can equivalently

ninimnize the cost

or, maxumizing the otal energy detivered to all active BV,
There may be several comstraints on the charging rates #

« Rates do not exceed ther max rates:

O sy SR, forall i€ Ll € {170 {36)

wot charge after BV s declared departure time.

» Capacity constraints of the form

}:ff{f} LR for all resources 4,7 £ (1,7
25y
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In summary, the simplest version of LP that an ACN can solve at time O s

. -
N - L 8 L wile {37)
! Pt

sbject o < sl <0 R iedoalre (1T (37
7

- ™ S e c e} 1 e S NN

g X Li‘;m NIRR P4 i {370)
g::::§

RN - SN .
Zf‘;iz’; S Pt ¢

PR}

P

0,7 foralt! (7

[0208]  This i Hhustrated 1w Figure 21, which tHostrates a stucture of an ontine LP for BY
charging.
[0209]  Certamn modifications to two aspects from the processes described above have been made.

Ny
!

Fust, weights wy are included in the objective (37a), This can be used to taplement priority when
it is not possible to satisfy every EV'S energy demand by their deadlines: oulwe LP favors EV
with larger weights we When it iy possible to satisfy overy EV'S energy demund, the weights w,

Pase

have no offect and ¥, ¢ (0) == e for all EVs 4

[0210]  Sccond, a lower bound ¢ on the energy delivered 0 BV 7 15 included in (37¢). This

s a service-level guarantee {(minnmum energy delivered), I ¢; == ) for all BV 4, then there s

no guarantes and the LP {37) will also be feasible, e, #{) == 0 for alt 7.7 18 a feasible solution.
Otherwise, s possible that {37)1s infeasthle, but when ounline LP s feasible in every computation

period, then every EV { will get a minimun amount g; of energy by the end of time 77 In many
embodimenty, the st function utifized by an ACN can vary based upon a vartety of fuctors inclading
st ot fomised 10) time of day, cost of energy, actual and/or anticipated available capacity, number

of EVY, and charging parameters requested with respect to specific EVs,

3

PRODUCT FEATURES AKD LP EXTENSIONS
[0211]  The onbine LP famework of many embodiments s very versatile, Different product

featires can be implamented within this framework, e.g. by chouosing different cost functions,
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different minimum energy grarantees g, different constraints {2}, andfor different max charging
rates 7 {71 Desenbed below are some of these features iy accordance with vartous embodiments

of the invention.

INFRASTRUCTURE PROTECTION

[0212]  Consider the scenano:
¢ The infrastreciure capacity of e site s (2 constant) £

» an ACN shaves this capacity with some background (non-EV) Joad,

i by L.

[0213]  Many evsbodirsents ensure that the total background foad plus the total BV foad do not
exceed P

[214]  To construct the framwewnrk in the computation perind O, the main task is o forecast the
background toad over the (future) time window {1, 7], Let L{#) denote the forecast background load

for r ¢ (1.7} Tn the simplest case, certain embodiments assume futare background losd remaing

the same as the current backgroundd foads

I historical data on background load is avatlable. then set the forecast L{r) to be its historical value
fe.g.. the average value over the lastweek, perhaps depending on day of the week),
[0215]  Using the forecast Lif), certain embodiments can prevent overloading the infrastructure

by adding to {or replacing some of) the constraints (37d) (byy the following constraint

{3%)

This ensures that the BV load plus the forecast buckground load do not exceed the infrastructure

62.



WO 2019/109084 PCT/US2018/063637

capacity. This s silustated in Fige 21, which lustrates o strocture of online LP for infrastructare
protection and load shafting in accordance with vartous embodiments of the invention. Although
Fig. 21 tustrates a particalar structure of an online LP for EV shifting, any of a variety of strae-
tures may be utilized as appropuiate 1o the requirements of specitic applications 19 accordance with

varions embodiments of the iavention,

DEMAND RESPONSE: LOAD SHIFTING/TRACKING

[0216]  Consider a same scenano as deseribed shove wheve an ACN shares the same capacily

~

with some background load, and L4 denotes the forecast background load in the fature based on

historical data andfor real-time measurement of the carrent background load,

LOAD SHIFTIRG:

[0217]  Cup the total site foad to D7) over ¢ € {1y, 12]. For example, an DR event s to maintain
the tetal site fead below or at T MW from Ipos o dpm today, This feature can be implemenied in
online LE as iflustrated in Fig. 22, by adding to {or replacing some of) the constraints (37d) {by)

the following constraint;

Zf}{{{} < F.DOY - Lin, P&
;
This is tHustrated in Fig. 22, which ilustrates the strocture of an onling quadranie program for load
racking. Although Fig. 22 tHustratcs 3 particular structure of an cnline QF for oad tracking. any
of a variety of structures may be wiilized as appropriate to the requirements of specific applications

i gecordance with various embodiments of the tnvention

LOAD TRACKING:

[0218]  Have the total site foad tack a given profile D{r} over ¢ € i1, 61 This feature can be
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implemented by replacing the cost (37a) by the tollowing cost {or adding to the costy

-
YA LntsLin- mr‘})

s

[O219] 1o thys case, the coustraint (38) should be inchaded in (37d) 1o ensure the background load
and the BV load does not exceed the infrastructure capacity, Note that iy this case. the objective
is ne Jonger hinear and heave the problem 1 not an LP I s o sumple (convex) quadratic program
and can still be efficionty solved, Thas is illostrated in Figo 23, which tllustrates g straciure
of onling quadratic program for load tracking in accordance with varions embodiments of the
tnvention, Although Fig, 23 illustrates a particular structure of an online quadratic program for
toad racking, any of a variety of structures may be utihized as appropriate to the requivernents of

specific applications in accordance with various embodiments of the wvention

PRIORITY CHARGING
{02201  Prionity charging can be tmportant, ¢.g., to coordimate betwesn DOFC and L2 chargers,
or it drivers pay differens prices. Prionity among the BV can be implemented by the appropriate

choice of parameter values in online LP (37} & higher-priority EV § can be assigned

£, oo larger weight wy i {378, andéor

a2

- a darger min energy ¢ 1w (A7) andlor
3. a farger max charging rate Rzt in (37¢),

{221]  When the EVs have enough Loty and the infrastructure has enough capacity, these
parameters have no effect on the final energy delvered, ve, ACN will meet the encrgy demand
of every BV before thewr departure in that case, Priority makes a difference only when there is
insufficient capacity o wsufficient oty

{02221 Priority can be used to deal with o driver who does not provide input. In this case, the
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BV s assigned the towest priority,

DEMAND CHARGE MITIGATION

[0223]  Cenuin embodiments inchude a demand charge mitigation feanws assunsing the peub
demand used for demand charge determination 15 the max energy consumed in each time peringd 7.
Mare likely, the peak demand used for demand charge determination s the max energy consumed
W {say) 1S mins which can span smluple time pentods 10 The following design can be casly
extended o the move general case.

[0224]  Let D{0) be the peak demarsd (EV load + background loud) observed from the beginning
of the current billing cycle {e.g.. from begiumupg of the mouth) to the current tinwe 1 = 0. To

noinze demand charge, certain embodiments can add 1o {or replace some of) the copstraints

{37 (byy the Tollowing constraint
Youly < min{P000} -Li e LT (39)

where £{1) are the forecast background loads over ¢ & {1, 7], This guaranees thit the total charg
iy rates do not exceed the previous peak dentand {0} (nor the infrastructure capacity Py, This is
astrated in Fig, 24, which dlustrates a structure of an online LR with demand charge nitigation
in accordance with various embodinments of the invention. Although Fig. 24 Hlustrates 4 partic-
ular structore of an onhine LP with demand charge mitigation, any of a variety of structures may
he pilized as appropriate o the reguirements of specilfic applications in accordance with vanious
emhodiments of the inventinn,

[225]  Just ke the basic opline LP (37). the LP with demand charge mitigation {39) will abways
be feasible i the minimum energy guarantess ¢ = O for all BV /0 (therwise, the LP may be
wfeasible. In that case, there are two possible policies, In the first case, certain embodimoents set
all ¢, = 0 so that LP beconies always feanible, but may forgo mintmum enprgy guarantees, In the
seeond case, cortain embodiments temove the it doe to the current peusk toud 2{r} and require

only (note that this reverts to the formudation (38) for mfrastructure protection and therefove may
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still be infeasible i ¢, > O, but the infeasibility ix not due to dJemand charge witigationh
zr;{.f} < P BN, Fe LT
:

\\Q

[0226]  After an optimal charging rate vector ¢ = {#7{r)0 & [hnle € {1 7] ts computed, the

rates #T{1) o T{D € {10 ) s used o set the pilot signals for thme £ = 10 10 Is possible the

actiad wotal foad exveed the current peak load 23{0). Then the current peak load £{0) is replaced

REAL-TIME PRICE ADAPTATION
102271 Inomany embodiments, theve can be maliple EV charging policies based on read-time

[HICEs.

PRICE CAP

[0228] Each aser specifies a cap 7,1} on the real-time electnieity prices with the interpretation
that if the real-tme price p(r} at conpratation perind ¢ is Tess or equal to the cap P} of BV 4,
then EV ¢ will be included in the charging rate comaputation. Qtherwise, s rate s set to zorn gad
excluded 1 the computation, This s Bhustrated 1 Prg. 25, which Hlustrates real-time pricig with
price cap in accordance with varions embodiments of the invention, Although Frgo 28 tlastrates
real-tinwe pricing with price cap, any of a varicly of mechanisms for price capping may be vtitized
as appropriate to the requirements of specific applications in accprdance with various embodiments

of the ivention

PAYMENT CAFP

{02291  BEuchuser { specifies o budget cap Py so that the total charing payment is no more than §;.
Let A1y be the published or forecast real-time prices over tme window 7 € 1.7,

{0230} Certain embodiments may nanimdee the expected electricty payiment in each compu-
tation period, and update the remaining budget after charging i each perind. Lt {3’;{{}'} he the
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remaining budget of EV | at computation period B,{0). Specificaliv, we salve the following cenline

LE:

min Z gf’{rf}Z_r;{f ) (40a)
sabjectta 0 < pird < FO, fe bl e LT {40

e ZHY 1ol e RS ln {(40¢)

< By re LT forall (40c)

IS

,
E Fleimi) <0 B0, i<l (40e)
IS

P s (PO € {Eoal) s used to set the pilot signals for time £ s 1. This incurs an electricity

cost p{ 1307 (1), assuming the pi1) = p{1} s the true real-time price for time§ = 1 The remaining

budget is updated 1o

amd the cyele repeats for computation period 7 = |

TIERED PRICES/PAYMENTS

[0231] o certain embodiments, each user may specify two energy fevels {e } (o7} and three caps

- S R T RYIERY S E AR N . . . . . .
on prices (P, PEYL P or on payments (BLLB7 R, with the following interpretation:
if energy defiversd < e, then charge BV 7 with a price (demand) cap of 'p‘} (il

. . ] P . . B . NP, DR
e g < energy delivered <0 et then charge BV { with @ price (demand ) cap of 77 () (B %

e . 4 ; ~a s .. . T N N
if energy delivered > o7, then churge BY ¢ with a price {demand) cap of 77 (2} (/).

JOINT EVISOLAR/STORAGE OFTIMIZATION
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[0232]  In many embodiments an ACN includes BV charging, solay generntion, and at least one
battery. In certain embodimetns, the OF framework muay sehedule BV charging and battery (onsiie
energy storage) operation o track solar genesatron. This cap be formudated as a convex program.
Consider again the problem at e 1w (L

et

o {1} be the forecast background load over e window ¢ {1 T, based on real-time mea-

surement L{0) and historical data

» 5{r1 be the forecast solar generation aver tme window 7 € {171, based on real-time mea-

surement 310Y and hustorical data.
s D7) be the SoC of the battery st sime ¢ £ {1 T]. Use a simple battery model (withont loss)
with

blr -l = blrdaou(n)

N

where #{7) is the amsount of energy i time periosd ¢ drawn by the battery #f w{f) i positive,

and the amount of energy released by the battery i i) is negative.

(02331 In certain embodiments, the QP framework may choose charging rates » and battery
operation 7} o a8 o minimize the distanee between the forecast solar generation S ) and the total
net load (EV + background + battery draw), This can be accomplished by solving the following

convex aptimization problem (guadratic program )
r F ) ) \ Ea
min Z (Er;{j [E RN S{\.r}} {41u)
’ RS A ‘/
subject 1o O <0 m{r} U R ieal s LT {4

(3
<

g Zr‘;{r'} e, € in {41¢)
1

B

i+ 1ys h(iwalry, O < b2y < B, re 1T (41e)
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102347 Hero the now constramts (d1e) represent g simple (lossless) battery moded that describes
how Sol evelves according to the control o{i ) and that the Sotl most He between empty and full
(5 being the battery capacity of the opsite euergy storage facibiy)

[0235]  Accordingly, many embodinmeats provide a unified algovithmic framework 1o guide the
destgn of a clean, Hexible and e volvible archuecture to v mplement v arious optimization-based
product features, Fig. 20 fustrates building blocks of optimizanien-based praduct features in

accordance with various embodiments of the invention. In puticular, these may include:

€«

User account and management, ¢.g., for priorily or payment purposes;

Background foad £{7) real-time messurement and forecast from hustovieal dat

»

tuterface for DR communds D¢} from site operator or utility:

AN

-

User priovity determination;

Current peak load measurcment [HO);

~

tnterface for veul-time prices H{r) and forecust from historical data;

L

Solasr generation ST real-time measurenent and forecast from historical datay

[0236]  Although Fig. 26 dlusirates varions building blocks for optinuzation-based prodoct feu-
tures, any of a varety of building blocks may be utilized as appropriate to the requirements of
specific applications tn gecordance with various embodiments of the vention

{02371 Although the present pvention has been deseribed v certain specific aspects, many ad-
ditional modifications and vartations would be appavent to those skilted 10 the art. Itis thevetore 1o
be understood that the presentmvention wmay be practced otherwise than specifically desentbed as
apprapriate to the requirenents of a given application. Thus, embodinments of the present invention

should be considered 1 all respects as Husrative and not restrictive,
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What is claimed s

L Aneleoric velucle chargimg network, comprising:
one or more centralized compuing systens;
a conununications network:
a plurality of electric vehicle node controllers for charing a plurality of electric vehicles
{EVs), where cach clectric vehicle node controlier in the plirality of node controller compuises:
a networ interface;
A PrOcessr
& MEMOTY COMUINIRG:
an adaptive channg application;
a phamdity of electric vehicle node parameters desceribing charging paravoeters of an
electric vebicle in the electric vehicle charging network,
wherein the process is configured by the adaptive charing application to
send clectric vehicle node parameters (o the one ov more centrahized computing
syxleras; and
eharge w electric vehivle using a charging rate received frong the one oy maore
centratized computing systems;
wherein the one o more centralized compuding Systems 18 configared toy
receive the glectric vedicke node purameters from the plurality of dlectric
vehicle node controdiers;
cafeubare a pluvality of charging rates for the plurality of eleciric velucle node
controliers using quadratic programming {QP3, wherein the quadratic programming computes
the plurality of chargimg rates based on the electric vehick node parameters, s plorality of
adaptive charging paranetens aod a guadreatic cost functicayand
distorbuting the chavging rates o the plorality of clectric vehicle node

controllers,
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2. The elecwric vehicle charzing setwork of claim 1, wherein the charging vites meet

energy demands of the plurality of electric vehicles by 4 plurality of departure fumes.

3. The electrie vehicte charging network of claim {, wherein the chargiog rates for the

plurality of electric velucle nodes are & tune series of timing rates provided to vuch glectric

vehicle node controlier.

4. The electric vehicle charging network of clatm 1, wheren the electrie vehicle node

parameters include an elentnic vehicle departure time, & remaining energy demand, and a

maxhnum charging rae,

5. The eleetric vehicle charging network of ¢laint 3, wherein the time series of tinung

rates can be evaluated by the one or more comtratized compiting systeoms using the following

EXPIeSSIONn:

subject i

where ¢fr} is a convex gquadratic cost function, ¢; 18 an energy demand, ¢; 18 a minimun

Y Aunley <P,
:

te bl re i LE

R

t e (LT for all resources /

(42)
{42
{(422)

(42

encrgy that will be delivered, T is an optimization horizon, #{¢) is the calenlated charging rite,

Fiis a maximom rate, £ {1 denotes the capacities of resources £ at tme 2, and Ay, are the
coefficients that deseribe how BV i< are constrained by vesources [, wherein for each QP

instanes, reanber = 1,2,

YRR

6. The electric vebicle charging network of claim {, wherein the charging rates for a

first sed of electric vehicle node controtiers are a maximum charging rate: and

the charging rates for a second set of eleciric vehicle gode controllers are & mintmum charging

rite,
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7, The electric veliele charging netwaork of clam T wherein calenlating the plurality of
charging rates 18 a least laxity first progess,

8. The electric vehicle charing network of claim {, wherein & first electric vehicle nnde
controller is assigned a first group that 1 guaranieed that, for each BV in the fust group, a
requested energy will be delivered, and a secand electric vehicle node controlier is assigned to
a second group that 1s guaranteed, for cach EV in the second group, a sunimom encrgy.

9. The electric vehicke charging network of claim 8, wherein charging rates for the first
group and second group are determined sequentially by,

solving for charging rates using QP for EVs i the first group only;
computing feft-over capacities for Group 2: and
soiving for charging rites wsing OQF for BV i the second group ondy using the tefi-over

CAPRCHIES.

). The electric vehicle charging network of claim 1, further corapnising reducing rate

Huctuations goross g mme period by asing a penalty term within the guadratic cost faaction,

11, The electne vehicle charging network of claim 1, whorem the one or more
centrabized computing systems i configured 100 set g charging rate o be greater than zero for

an BY with a remaning energy demand.

12, The electnie vehucle charging network of clabm Liwherein the one or more
centralized computing systems is configured tor receive g reguest for admission of an electric
vehicle from an electric vehicle node controller; deterniine whether to admit the electiie
vehiele based on existing electie vebicle node paranseters from the plurality of electric vetucle

node controllers and existing capacity constrainy,

13, The electrnic velucle charging petwork of claim L wherein the vue or yore
centralized computing systems is conhgure e priontize the plurality of electric vehicle node
controliers when there ts nsufficient capacity 1o meet energy demands of the plurality of

glectric velcles,

~J
vo
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14, The electric vehucle charing network of clatm 1, wherein the one or more
centralized computing systems is configure o schedule charging by the plurality of electiic

vehicle node controliers based ou solar geperation,

{5, The olectric vehicle charing network of clanm 14, wherein the one or more
contralized computing systems Is eonfigure 1o select charging rates that pupimize the distance

between g forecasted solar generation and a tetal net load,

16, The clectric vehicle charging notwork of clatm 1, whereln the ong or mose

centralized computing systems is contfigured (0 cap @ total site load over g time pernied.

17, The electric vehicle charing network of olaim §, wherein the plurality of dlectne
vehicle node controllers are conneeted in delta configurations providing an unbalanced

three-phase infrastrocture,

18. The elentric vehicle charging network of claira 17, further comprising providing

phase constrains and Hne constramts on currents along legs of the delia configurations.

1, The electric vehicle charging network of clanm 1, wherein the one or more
centratized computing systevns is configure (o) determining that a mistmum energy demand
cannot be met for an BV and post-processing, nsing the QF, the phirality of charging rates.

20, The clectric vehicle chardng network of clann 1, wherein the plurality of adaptive

charging parameters are quadratic capacily constraints,

~]
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