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THITIPAT THANRIN : STABILITY ANALYSIS OF BATTERY ELECTRIC VEHICLE
SYSTEMS USING THE EIGENVALUE THEOREM.
THESIS ADVISOR : PROF. KONGPAN AREERAK, Ph.D., 165 PP.

Keyword: Battery electric vehicle, Constant power load (CPL), Mathematical model,

Stability analysis

Currently, power electronic circuits are widely used in industrial applications,
particularly in electric vehicle (EV) systems, where almost all systems rely on power
electronics. For example, the traction drive system in EV employs the inverters to
operate the motor, this inverter is controlled to maintain motor speed. The controlled
power converters behave as a constant power load (CPL), which can affect the system
stability under rated power. System instability may degrade controller performance or
cause severe damage to the EV users. If such an instability occurs during operation, it
may affect user safety and reduce the long-term reliability of EV applications.
Therefore, this thesis presents the stability analysis of battery EV systems using the
eigenvalue theorem based on a linearized mathematical model. This model can be
obtained from the generalized state-space averaging (GSSA) method. In addition, a
simplified battery model is proposed to evaluate the dynamic behavior of EV under
realistic operating conditions, considering the battery state of charge (SOC). This
analysis also demonstrates the influence of parameter variations on system stability
to provide the valuable insights for engineers in the design process. For this thesis, a
bidirectional DC-DC power converter is connected with the battery source feeding
the power to an ideal CPL. This converter is controlled by cascaded proportional-
integral (PI) controllers to regulate the high-voltage DC bus in compliance with 1SO
21498-1 and ISO 21498-2 standards. For stability assessment, it is confirmed through

computer-based using MATLAB/Simulink program, and hardware-in-the-loop (HIL)



simulations. The results can confirm that the stability analysis accurately predict the

instability points of the power system.
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(A.A.)
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Usgdnsam anumdnuazvuingunsal annan
A15YISALUALADS haZAUANNELAINAUIEIUNIT

T9nu szuufInalgarlelinIseanwUULUEUR

a a

fanuwnzauLaziiussaninmlneTINgwu way

' ¥
Yaa =

fanpuaundienIUfeINITVeIltUlARE

2017

Un-Noor, F.,
Padmanaban, S.,
Mihet-Popa, L.,
Mollah, M. N., &

Hossain, E.

unAudiauennsinvesnaluladsruesud
THHUsZanaNg 9 5908 Ura N d UL UARDS
walwashiin ssuuuUainas uwaswmalan1svsa
LUALADS NEouTIIATIYANANTENUA DA IR DY
uagsruuueud I Afidne nwlunisaiuayu
MsWaIELIsNn3a (smart grid) WeannisUaes
Agdaunsyan sntadeiiasgidesiinuas Ly

M latian s luaulAn

2021

Poorfakhraei, A.,
Narimani, M., & Emadi,

A.

unpuHdLaue LUl AT vawseiuadluguy
gud L IneUszendldssuuduniasinasvaney
SEAULSIAULN LN NUSEANS AW anvunanelu
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1Y

A wazkuluunTIdelusuAe

2021

Sanguesa, J. A, Torres-
Sanz, V., Garrido, P.,
Martinez, F. J., &

Marquez-Barja, J. M.

dgj o 4 v
UNANNLUIEUDAINNAINUI VD8I UA LNTN
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2021

Ehsani, M., Singh, K. V.,
Bansal, H. O., &
Mehrjardi, R. T.
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szuuduindeu ueimaslwih gunsalfuuasiiu
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WU W oL UUSEANS AN S38EN9 waY
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2021

Husain, I., Ozpineci, B.,
Istam, M. S., Gurpinar,
E., Su, G. J.,, Yu, W,,
Chowdhury, S., Xue,
L., Rahman, D., &
Sahu, R.

T
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o
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6 a 3 & 2
18b003 b1 BULIBTLADST NITILUIBAINUSBU
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ATILIAUNINELAZ LoN1ALUN1TODNWUULND
pavausarungvasenugud dselulus unan
sudaauanuIAnnIsitianwazmalulagln e

anAUYULALINAINL LSO RE

2021

Aghabali, I., Bauman,
J., Kollmeyer, P. J,
Wang, V., Bilgin, B., &
Emadi, A.

dy o aa v
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WS39TUga 800 V Amsususualndiiiesessunng
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2023 | Wang, C., Zheng, P., & me’mﬁﬁ’]Lauamiwumumﬂiuiaﬁimawé’mu
Bauman, J. L@3u (auxiliary power module, APM) Tugnugua
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YUAKIY 9 (converter topology) WanuuRiAnIg
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= ) oA A
FIWNINTUTVUTIAUUNTO0VDITHUY
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(multilevel inverter, MLI) iiaLidUse@nsanuas
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(electromagnetic interference, EMI) Lagtiiuanu
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nFanuluuumaeiinmerd warluunsiuaunsoazaundsnulugisdy § nmaiuen
2) susudlwihuuuleviadusaiiddldirdeseuidunusaiuwunnes dudumsididemas
Tunstued esindalififiovsauunned il ldordounasingliiianaieuen Tae
wauiiazaslununimeIoaruludmdsnuiinanmiusnveseeud Saazgnuanld
Tugassvesnedu 9 3) sreudliiuuudnsulsusaiiinisldnuedessuiduaUsiuiu

WURLADT LY ULA BN ULUULIUSA WAAILITOVISANSIUVDILUMLADS Le 91nkrasae Luldin

a a

Aeuan 1usud inUsznniivszansainlunisisaelnualnidrlalnanitenusudwuu

lausa 11999 TYUIARUALADS AN kA 4) eusud WA wad o wasndnisidwad

o

Wandnlalasaunussyluduiendandsnulnirlunstunfousomasini srueud
Ussinnilidudnnadenviiawemdsnuareialusuinan wlagddedidaluzanisudnuas
Javivlalasian wenantidmuinaalnenssuveseueudlnininsldnuidvausaiugs

N ¥ A

800 V fidadifie n1sannszuad waidnlugduames dwaliagunsaldig q dauiadnas
sudadunsanvuauaziminvesaaadansndudmiunsasloundanuy uilidedain
U19U58N15 WU Nssunumkaimantnif wazanueseausedulniiigetulugunsal
wlasiuidalnih deddnenanausaltimalulagludagduasmansevuls dniuanuide
a a s o e Aaa v K 9
nenfinusiazdnavensilifnwivesgrusudliiiuninesniinisldnuaddaussiuas 800 V
Wosnndenfineitesiulseaninmuasssutanueudliily Bnviseusudlniuunn e
I3 ) a 1 ] ) v v & o o
Juszuunlasuanufieneg nunivatgludagdu wazanunsaldidulassasaiugiudmsu

nsUssendfueueudlninUseLandule

23 UIWNNTDIN USRI LA T URUUED IR ANIS

14 aa o L

an1Ungnssuveseueud i duuliuniusnldnuagdausiugs 800 V unliy

AV v oo v v a | v o A & A A a o w
audlauausluiten 2.2 dwalimisasulasiuddidunduuudesianisiianudAguas
Fudusgreunnlussuvgusudnia Tnefininindn Ao wiasiurdswilnggrgiuseay

Yosusaulnihnszuansanyanunmeiniivwinusiuliisndtbidussaunssiuliii

(%
v @ =

NAFUALTI U WealvaunsaduindauNawasla dulumsAnwidenuazUaldeveiias
wUasiuRZduiduuvassiianislusdazaiiamieidondoyanazinunldiluisasuiasiuly

av a a el = o w = o i Yo PN
IUIYINYIUNUBTUIUAINUEAALY 3'1Ua%LE)EJGWNﬂa'TJLLﬁﬂQlﬂﬂﬂ(ﬂqiqﬂ‘V] 2.2
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= Ao A ) U as & = a
AN 2.2 NAUIYNNYIVDINUIATUUDINUAYLUUATUUUABDIN AN

EITEG

(A.A.)

AMENITY
Y

asvd1AnUIull

Zhang, J., Lai, J.-S.,

Kim, R.-Y., & Song, W.

dy o o a a a a
UNAINUT ULAaUD2995hUa I UA T L T uA g LU
a A a = ~ Y a a
ADINANIITRAD ULBS AN AL E LB LA I T
MULUUYNUIA (soft switching) dawalvinTzua
nsziieuuazNsgLduanas nieuiiuuseavsnm
Tngsau anvunadimideniuasfiiuusey mang
dnsuenusud i lesusanazerusud i wwad

OINEINEEINIADINITANUNUILUUNATUGS

2022

Wang, J., Wang, B.,
Zhang, L., Wang, J.,
Shchurov, N. ., &

Malozyomov, B. V.

dy Y o C% aa aa
unANULLATLEaL02995 L Ua I UA I D UAT WU
a o [ [ (% a .

goaiAngd@nsussuuinunasnulausa (hybrid
energy storage system, HESS) ﬂiaUﬂqﬂﬂiﬂa%ﬁ\‘i
ATUUVLENNTIALAE LLLENNTIA IATIEYTeR
4 =) ¥ L% a a

VYBLAEY WIDULAUDLUININUITUUTIUTEENT A INUAY
mifj’ﬁuwé’mu D uIMITelusuiInn LU
nslasneLauna1IuniNe (wide bandgap,
WBG) Tun1sdanisnissuniusdindnluiuas

WMANANIIATIIUAMURAUNAVDITZUU

2023

Nimitti, F. G,,
Giacomini, J. C,, &

Andrade, A. M. S. S.

unanuiiauslasiadiasasulassiuig dude
wuvdesfiansadalluonnsae @ 9lainissau
29950AKALIITY AR AR AL A8 Y FaeLdin
TATIVYIUUTIAY AAAUAULTIAULAZNTEUAVDY

Unsalasnediun annsswansewiiay wasluaing

(@]

a v o | v a a a
HAITUATUNTIURNN amalﬁuﬂizﬁwﬁﬂWWQQ

=) -

YULLAYINULATIAS 19T TINUIUTUFIUL DY YA

AIUANLANY wastrangauiunsiTaIuese

2025

Tuluhong, A., Xu, Z.,
Chang, Q., & Song, T.

UNANMUT A NUNIUNENN1ThaLlATIAS 190997995
wlasuATguRATuUUanaian1slussuunan L

PNBAAUAIDIRE (photovoltaic system, PV)
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al av a o ) v aa ) = a i
AN 2.2 HAIIUIYNLNEIVDINUIATUURINUAYLUUATUUUADINI AN (p)

N daa ¢
Unanun ~ . =
AMIZHITY A19ZANNYUDNIUU

fl

(A.A.)

NI UTLATIFNATANITATUANLATNITATAT

sufsteidodnluuazds Sniedajatiulunis
YSuUsaUsednSam AnUvuILUuAIgg Lazany
undede nsuuldulusuaniunisannisgyde
dwidn uazdunu mugfunsiaumeinaiads

[
v o =

LLUU‘L}:&J‘U’J@ WAZN1TNUUUTINETIASANINTY

2025 | Keerthi, A, & unauilldiauortasulasiui fiduaduuy
Dhanamjayulu, C. aaﬁﬂmﬁuiw‘umuaum“lw%wﬁﬁmimuqmﬁw
madafag 9 1wy nMsruauLuUTvaaAnsd ou
(sliding mode control, SMC) mqumwm%q
NIUBYDILUUINEBY (model predictive control,
MPQ) uagn1smavaulsiduiieinung (predictive
function control, PFC) n5au3tA51¢%90fUaLde
warNTUTEYNA LA AUNE Y N15V15R Uag

s ausalasIune L

31NN1581529UTI A ITTUNI SULas M WITuA e lueAndud sl agiuiifgitesdu
19asuvasiuadidufduuvassiianisilalugusunliinlua1s1eil 2.2 wuinsasudasdiu
aa g aa a = o < = o w < 1 6 1
A duRguuvaesianeilaudnlunazinudiagidusgrsunlugugud nia
msiiuUszansamlinussuudsdias sulufnnsyiheuvenssdinanasiegasddvunnis
e nglnunnisvihaussnidulnunyaivaesiussauusaiulninangauunnes iy
wseruliihnagTauseiugslddmiulnnnistuiedeunenes diululvuansviuiassay
[ Y = o Y o Y (% a 14 14 . Al
Dulnuada devimidiwlasiundinugaydevusiiude (regenerative break mode) Lite
s o o v c{' U aa & aa a =~ | oA
PIIMFEUNTUDGUUNLRET Ingraasiuasiuagidunguuuaesfinniziiey 2 nau As

(3

| A g s 4. oAl & .
naumduszuukenns1g (isolate system) kazngud baiiduseuuuennsnig (non-isolate

a s

a v a & £ Y o w ada & aa a v 13
system) TuauideIngrdnusiagldrasulasumasliiagiduaduinda-yaduuy

a dyd Y ada 14 a ! [ 4 Y a s o 4 ! 4
doeiAn1g 219asiiivennslassaiiuieudne lududou waglvaintdruiutes dewalinis
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AAselnuansviauiladendnlugiiuudy 9 8nnaasuiasiusinUa-yasdwuy
aosiansdneglunguilivennsnavilivssdnsanlunisuvamdnuiniinguiidu

FEUULENNTIIN WATAINEIUAASLARIFUR 2.1

ST =
e +

lL
L
[y ™ | C == vy, CPL
+
—1 — -
Viw = Cpu= 2

'
=

JUN 2.1 wasudasiuriinda-yaduuuansiianig

[

29956 Ua UMW TusUR 2.1 fdudsenau alngdldnnsatindnnadsnuiuy 2 ¢

Y

v

uaduiunasnal Snvisdadidimieniuazdiviszg dedddmiunsesnszianas
v o w 1 [ [ ! = < v 4 = Ao

LS9AUREIRY agelsnuasaInainanduyatunfoureteueud i Jaianvue

Dulwaniaalnihash e1vdmalissuuiinnisuaeadiosnin mansenuvasivaniialnii

AsRaLEnesnInvesssuulninuaus i lumdenaly

24  UIReNN82999nUINaAN1a LN 1AIR M d9Nan aLEf 8NN VD ITIUU

TR

Tuszuuresugudliihidiurenaseidnnseldndiduiouiaun 1995@nann
indn1smuaunisviha vlifingRnssudulnandddlihae dwanssvusaiaiosnin
90957uUlIAA§s Feonaviliszuuiinnsuaadssanlaluuisanznsyinauaiels
#ifin nsvaatiesnInvessuu e 9d e oaNTIINENTINIUVBITEUUAIUANNI DDA
daaliiAneudemeneszuuvessueudlninlg daiuluanuiseinerdnusiaslddnu

AUAILA BN UNANTENUYBInannadtni A IneLad o s nesssuUlnin s1eazden

HINANILANILARINITIN 2.3
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A15197 2.3 NauddeneltesnulnanmasliinasiNdsnaseanesnmvasszuu i

asvd1AnUIull

Jusoh, A. B.

UnAINud Unausszuulning ey (distributed

=2

power system, DPS) #isiluanniaslniiasda &
219V A SLUULA ANITVIALAD ETATN NF DUN
a 6 o % LYl 1

IAT1EARANTENUVDNAANFI N HIAIAI#D7995
nsea LC waznisnavausisenineeaswlaciu
ANN99lATN15181LEUDITANNITNAUAUBIAILNIT
NUIWUUNIEG Y (passive damping) haz i ueiu

NAAWSAI8N15INa89b MATLAB/Simulink

2006

Emadi, A., Khaligh, A,,
Rivetta, C. H., &
Williamson, G. A.

memﬁjﬁﬂLaua{]zymmmhiLaﬁsimwﬁlﬁmmﬂ
AduNLALTAnauredlnanntaliiinsda luszuy
T veseugudliinuseianang q wseununiu
dn1dnenIsuve9asulasdunaiiasuoLnes
savtalausIFTinsiuasaruANdIBNIsAIUAN
wuulvnnsiden nsvilissuuneuauandaiy
(feedback linearization) kagn15ILATIENTEUIU
wavesdyaruvuinlng Weusuduadesan
YBITLUU JIuTINTRRNkUUiIAuANlTINsay

Fulnanmaalnineasi

2013

Zhang, X.,
Vilathgamuwa, D. M.,
Tseng, K.-J., Singh, B.,

& Gajanayake, C. J.

e auesyuveugusiuuuleuseid
Inanddalwiaeds Jedmanoiadosnnves
seuv lagldvinisusuugsatiosnniiuniies
Tnie$ (power buffer) SaufunUALABS LiaUeN
N13RBUAUDITEII LA ELazInan wiould
N13ATUALLTWINUIEYDILUUTIADIARILIA USU
AUAAKTINUVRILYAN USIRUATUA UaznTzua
NswLfloNTBIULUALAES mmﬁgﬁ,mwﬁﬂiaﬁmﬁugq

LSIAUAT LazUSUNanIENISINADIANIUNIT
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AN5197 2.3 NauIveNNevesiulraniaslninassRdnasnatadasnnuasszuu i

(1)

o

ARIEEITY

a3z dIAY VeI

2018 Areerak, K.-N.,
Sopapirm, T., Bozhko,
S., Hill, C. I, Suyapan,
A., & Areerak, K-L.

aa A

dy o Y} al Y]
UNAMULUNAUD995wUAIN VLT LT UA YN LT 517
= :’j a d‘d o U U 4"
LS EINTTRALUUA LA UN T nannaaludAes T
AdNaRLENyTNINVBISEUU e liauainaiausu
@08 3N INLTIUTUAT (adaptive stabilization) Lo
YreannansenuInlnaniidebilineedi nsauly

o a .
A1N1591NLUUIIA09RAY (averaging model) Tu
NMsAUINERTIeEdmsumAllaguanian (loop-
cancelation technique) il sz uudiiafiasnan
melalnannidaluinaedn waziudunanionis
AATITAED SIS AE NLAT Q6

PUAIRYNIUNITINRDIAUNTE

2021 Pakdeeto, J., Areerak,
K.-N., Bozhko, S., &
Areerak, K.-L.

unaudiauesyuu i lilasnianssuanss
(DC microgrid, DCMG) 7iilnandalniiins &
dananeldnysnin lagdun1susuladasnineag
wmatlagUenian LR OAANANTENUINDUR LAUD
FRaU WUUINa8IN1Atinrans veszuu i

L aa

aNigauAeI5AAI (direct quadrature, DQ) ey
q

a a a 03 o U
sARa gUTNUADIULN U wmugdmsunisg

=)

AAFIEMLETHININGIBNYB UNALIILII NAGNS
lagududnszuvannsasneiadesninlanigls

NANVDITLUU

2022 Phosung, R., Areerak,
K.-N., Sopapirm, T., &
Areerak, K.-L.

aaada

unanudiauessuulni1ed 1 duR 7 i nan
A&eliinss §edenanataiosain Tnedinas
ussimadesainatamadadguyiussaug
LUURIYLTaUTUAT (adaptive tabu search, ATS)

Feuszgndrinugulioulunii (feedforward loop)
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o ¥ U

AN5197 2.3 NauITeNNevesiulnaniasliinassRdanatanesninvaassuulndi

(1)

o

ANIZEITY asedAyveull

YIUAANANTENULTIAUAN DLADUTNINLALS NI
UszanSanvasluanlannindsausy wandlmiiu
U 7 a v = o U dl
152UUANNTOSNBEN TN AUDIAA AN
ANUA UBNIINLNATNSNLAAINN1TILATIZA AT
91999 LALNAABIAIILANUADAARDINY DNNIEI
aunsndeganldiulnan 13 uIUnaIuYAnI o

wiatindgyausehvgau q 1o

91NN15d1529UTIMIITTUNTTUAELITEAsLA lueRnaudslagiuneItasiung

vaalnanmasliiasinidamadaaiosninlunisnsd 2.3 wuinaswadunidniseivey

o w

o a0 ndl o U = U b2 U
nsvieuazdaimadliiiasiluanizaisineuag g Jenanalainluanvesisasuiasiu
AananiingAnssudssuiaiiouluaamasliiiasdanignnisvinnunis lnslnanludnvaed
AziABuNLAUdAnavdNalRIzUUIAANITUIALEE TN N LN T TUTZUUTRIUBUA

TnfihfivansaunsaifionalasuransenuaNlaninaindsi WU Yanunwesionaliengnisld

A A

Nuduawazidevan s Wellnsldauluaansissuvmaiosnin drudrdnly

[ '
v ¥ = aa v v a

widetilunsidugilidddeddvausedugsienaianisvinaiesnimiiesainlyan

o w

AFUNAIAIFY WDNAINNTMINTLUULAANITVIALADHSAINEIFINANTLNUIN A FUTTOUL AT
o = [ 2 '3 a
Y191UY0ITBVUAIUANAARINT 0013 I Unsalnelussuuvasgrusudlniinaiy

Fevnels sewnifadnnuinduegsBandesfinuinisiinsienetiosninaesszuuliingg

InanduisaswlasduindnismuruIuluuIaseadaansndanugndoai ol

Y

a v LY

a1115an1nsalIavIalad s nvesseuulninldegawiugn euideninedtesiunis

figrtmuuuiaemuadinmansvasssuulnihideuiiawe luidedaly
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25  ewiteiRedesiunmsigainuuuitasmnsadinmaniuasszuuli
wuudiamadamansifundeslofiddnllunisedurowginssuvesssuunigls
AN172N13IUANN 9 RIUFNNISERYILS vibiaunsanInn1salnIsnauaueIvasssuule
uenanikuuassadamanidiannsoianlflumsliesgiatesnmaudinsdine
nansznUYessAsuuamniimeslussuulnin TnesieazBeavessideiaedestu

nsfigatimuuuItaemadinaansvessuulnihuanslafnigen 2.4

a av a4 Y o a ¢ ° a ¢
MINN 2.4 Naﬂ’]u’)f\]ﬁﬂ/]Lﬂﬁl?eﬂaQﬂUﬂqiwqf\]quLL‘UU"\H@@\TVH\W’]@UWﬂ’]ﬁ@ﬁeﬂaﬁiguu‘lWﬁq

ANZE IR avzaAY eIl
(p.A.)
1991 | Sanders, S. R., UNAINE Uauen1sig v uuuinaednieds

Noworolski, J. M., Liu, ml,a?i'ml%qﬁamuz (state-space averaging, SSA)
X. Z., & Verghese, G. C. | fsanansauszgndldlaiuisasuagssuunainvans
lngnudnigaenanifiusesansaings Snvadslasu
nsusulsslimngausdan1Tinssinageoniuy
Tunsd@ifi dygrasuniuvwiadnliiduluany
auufigiu uonani 69velinssianuas
panLuUYladIunI1edanainlaenss wisu
seefumsuszgndldlunisiesgiuageaniuusm

1 =

AIUANTBNNATHUAIR UG LR og1liUTEaVEA W

v
| N a

1997 Mahdavi, J., Emadi, A., UNANNT Yaue IS Aas aﬂﬁqﬁamuzﬁalﬂ
Bellar, M. D., & Ehsani, | @115UN15M g3 LUUTI809U09295UUa A
M. ﬁwé’aiﬂ/\lﬂﬂﬁ@uszuuﬁiﬁﬁuagjﬁ’uLam Feause
Lmqu@ﬂﬁmmgﬂﬂ?{mmﬁuLLazﬂmLasLu'mi
w¥ousisldlunisoonuuudimuauld Tagnudn
AU UEITBIUUUTIA0aT upg TudFunIs
UsEunuAILarAIua lun1saing uenanni &9
a1u150191Usunsy MATLAB 1l 911U 1A 99

@hgINnazeanLUUmImUALlaagsEEaIn
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= av a o ) a ¢ ° a s ]
M990 2.4 Naﬂ']u’JQEJ‘V]Lﬂ?J']sU@Qﬂ‘Uﬂ']TWEjJE\]UV']LL‘U‘UQ']a'EN‘Vl'Nﬂmmﬂqamim@ﬁﬁzﬂﬂleﬂq (p9)

asvd1AnUIull

UNAMNT UL ELBLUUTIAIN ARSI AANARS Y4
szuuelvled Tagli3sAndsuinfanuzialy
Wiednzinnuldiafiosnmussssuuiiiinainen
dunuaugAnavredlunanniasinitnida 1nan
wandindussudasiuiduazgatuind ou
uolnes 7 ifunszuaniuay nYouLaniua
n1snAae il edudunanisItasied saustale
§OLAUBLULLUININNITOONLUUTZUULET Ll

NANLALIAVIALERE TN

2004

Emadi, A.

memﬁyﬁuauamsﬁqaﬁmquﬁﬂaaww
adlnAans Vo uU LT Tlnamduisasuias
HUNT2UEnTIau6a (multiconverter DC) 118735
Anadeusndanuziluuuulugans 3deaeld
Jinsziszuvanaluglddeiu anamuia
waglinuieA NI Lesas NSeNLLAUIHAGNSGIN
SEUUAIDE19 WagdUgUIINIT91889d 11150 1Y
A5 URBNLUUAIATUANLAEILATIELEDETAIN

Y95TUUNINANLA

2019

Wang, L., Deng, X,
Han, P., Qi, X., Wu, X,,
Li, M., & Xu, H.

a

unanudiiausuuuiiassaiiedsuindaniug
WalUuwuuey 39294287 (piecewise generalized
state-space averaging, P-GSSA) dm3u293skUas
udsiideuseruninlussuundsnuuasending
gurnlng Tasnmalanuuwyaganandafu
FAnedsUigianiugiald Palvannsadias
szuvlanatggaaluazaneluunnisvingu
LUUTIABsaINIaaEeuan Iz dIAg uATAN 1L

AYAIYDI2995 b De1guaiugn
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= av a o ) a ¢ ° a s ]
M990 2.4 Naﬂ']u’JQEJ‘V]Lﬂ?J']GU@Qﬂ‘Uﬂ']TWEﬂQUV']LL‘U‘UQ']a'EN‘Vl'Nﬂmmﬂqamim@ﬁﬁzﬂﬂlwmq (p9)

AMENITY
Y

asvd1AnUIull

Azer, P., & Emadi, A.

a

unaudiiausuuuiiaosdiied Uindanuy
MU dmiuiesulasiuadduidvindumesa
vianeula WileunungAnssudanainveansfuuay
nszualninle sosfuszuuinisdulndaay uay
Ann1sainsenauazissiulingianvesssuula
wans9raeaduduaugniesilelIsuiisuiu

WUUIIABUTINATNNTINALIS PLECS

2022

Motwani, J. K., Xue, Y.,
Nazari, A., Dong, D.,
Cvetkovic, I., &

Boroyevich, D.

UNAMUT UNAUDLUUIIADINNAMAFIARNST VDI

v

sruudidnnseindidafilddyaiausuauniig
Wad lagldisusglianiugansueiind (harmonic
state-space, HSS) 1l @5 uremgAnssuidenain
ol unaznszualiluaniizlyigady
LUUAI8098 015N TUIHAYRIE THeTInaY
a1nvulaeg19dUszdnsaan twunzdimsunis
AATIEElgINNLarNITeRNLUUAIAIUAY 1nY
Han1531a0elATUNITELEUAIINYNADIAIENNT

Wguriguiusenawls PLECS

2023

Lyu, X., Wang, X., Che,
Y., &Li, L.

UnAud KLaueuUUTIa0INIAE AR RS
Y9952 UUTLT ou 05917 9B UEUR IWH way
Tassvnelvfwuuiatien (vehicle-to-grid, V2G)
TaeldT8iWaiges 19 9wain (dynamic phasor
model, DPM) tial#lunsdiasizinisiinnisdu
w93z UUTinNdnI wuusiasaunsaesuy
NOANITTULTINATRVD LTI ULaEATZLA LN
loegrausiugasdUuseansSam wuzdmsunis

WATILATYTANUALNITORNKUUFIAIUAY
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= av a o ) a ¢ ° a s ]
M990 2.4 Naﬂ']u’JQEJ‘V]Lﬂ?J']sU@Qﬂ‘Uﬂ']TWEjJE\]UV']LL‘U‘UQ']a'EN‘Vl'Nﬂmmﬂqamim@ﬁﬁzﬂﬂleﬂq (p9)

AMENITY
Y

asvd1AnUIull

Du, W., Neuyen, Q. H,,
Wang, S., Kim, J., Liu,
Y., & Zhu, S.

2
a o o

UNAULTUNAUDLUUTIADIN AN AAIENS LAY
9178 38a1a uUINn (positive-sequence model,
PSM) dmiuszuuumasselifiifiauaudienis
AuANLUUAgY (droop control) 1t aldlunns
AATIZANGANTTUTINaTR0 9Tz UU IR A1AY
WUUTNA0UNUNEEINTUNITIATISR AR TN INLTS
FUQINIUIALANLATNITANYINANTENUVDY

WEMeIATUAIUANRONG ANTTUVDITEUY

2024

Pakdeeto, J.,
Thanommuang, A.,
Areerak, K-L., &
Areerak, K.-N.

UNAMUT UNEUDLUUTIA0IN Al AAIERNS VDY

1ulASNSANSLLANTIN LT UA VLN IANS L wad LU

a

anflgossalil lngld3saAuasiSAadeusgl
anuzialy WisnUadhuudianadaia iy
LUUINBIN LT UAULIAT HAN15INARITUTUAIY

wiug1iaan1I8dang (transient) uaganIzasn
(steady-state) wonannd gelagiiarlunisauin
UounIUUUTNA0UTINATA Uara1UTasegang

N13IATIEMADNYININUALNITORNUUURIAIUANLA

2024

Pakdeeto, J.,
Thanommuang, A.,
Areerak, K-L., &
Areerak, K.-N.

UNANMUTL UNEUDLUUTIA0IN Al AAIERNS VDI

szvukUaaiuted dundn dlvanduiaasuuad

v

HukuuUA (buck converter) Tngldi5ARILaEAS

'
a a Y

Anafelsndan1uenaly nSoudunalinnising

Y

Ina (pole placement) TulguA Ueynraaaulal
W@ esnInALinaIntnanniaslninaasa wasly

ganaInuaydausuiilunisusuniniines

v

AUANTALNUILEL NANITTIADILALAITNARDY
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WUININISUTEUIURUUTIADILUAMDT 0819978 LT 9L LUUINABINNANAAIENS a5 Une
woRnssuwUnweIvaeuaudinilagndesdsdy wenluunilussdrnudiugudidalu

mythluuszendlddmsunisieszmatesnmiudduiialy

4.2 LLU‘U"S']ﬂENLLUGILﬂ@%iuiﬁ:’UUEﬂuﬂu@ﬂWﬁq

LUdassuuaneifinud Ay LlesainwgAnssuveauuninediudsuutaniy
seogaINseu lngaiuisaiiansanlusuvesaniugn1svisa (state of charge, SOC)
Faazanasilefinssngndsnuliunlnan MaasuulaemasuLunneionadinane
waAnssudmainvossruuiienansenuseiaissnnvesszuveusudliii esnszuy
muanidufesusumsvhnuitesnmseduusuniAdaussiugs 800 v A minszuy
AIUANLNAINITARIUANNANDUAUBIVRILTIRUAING I LA o1 mMUzaN 8199V AANTS
&ulm (oscillation) waztlugnmsviaafiosnmvasssuuld edmsldumnasdneussdulain
wuuasilalanunsnasounansenureanumeeifiAnan soC 18 demndielddnng
UszsnauuudiassvesnusnoiegsiglunsiinsingAnssuveseueudliiuunined
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LUURIA9LUMABS 8819918 (simplified battery model) (Susanna et al., 2019;
Yang et al., 2020; Thakkar, 2022) LLamﬂugUﬁ 4.1 msﬂszmmwmﬁaauwmLﬁ@%@ﬁﬁ’ﬂﬂﬁi
UszanauAmendamandiuiinisusudulds (curve fitting) dreaunisidadu el
AI15032Y ALY TYILUUTIABILUALAET BE 1B IUN ST BUL B U NNAN 5T 18 84

a01UN5a]

JUT 4.1 WUUTIA09UALABTOENdY

PNFUN 4.1 USTURUALNET (1,,,) @asadalafsaunsn (@-1)

Vaarr =Voc ~ Upan Rt (4-1)

e v, A9 WSIAULUSLHDS (V)

Batt
Ve 79 Ws9ulneasvasnuninos (V)
A9 NITUALUALADT (A)

lBatt

R

int

A9 AMUATUNIUNELULUALABS (Q)

naunsi (@-1) Tasluidle SOC getu agvidliten 7, gauas R, s Tumanssfudia
N SOC #as agvinlien V. duag R GR dwsuluiadeden 7, uae R, an
fvunnmsiUsuifsuaunndaduildannsruaunisuiudulda lngendonisdans
a01uN3aINIANBUTEURIUUALADT ﬁaﬁiumu%ﬁ’a%wmﬁwuéw’f&zgmﬁ’ﬁmauLﬁummﬂ'

SOC aylugag 14% §3 97% winiy 1 asa1nngAnssuvesuumned uenwmioainds

aananfianuliiludadugs ovdmalivuuiaesdianueaiaadou dmsunisussuiu
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LUURIABILUNABS 928Ni8e 19nTElTl SOC Wiy 97% isauaenadosiunsinlule
nuatilutisfinunnoiindsnugs duneunsaiuuusiaesunmeiegisiouandldiel
Funoudt 1 : adransanuduiusEulA s u-nsena (V-l curve) YoILUALADs
Tnesrassanunisalliuumaesdnendsnullilnanmensieudevudenuunnesiuuden
anmasluihassfifinnsfinamaslnihauiaitn 380 kW awisfimesvesuninedily

warnssieudentnfiimasuulusunsy MATLAB/Simulink LLaml’ﬂugUﬁ 4.2

Battery {mask) (link)

Implemants a genenic battery model for most popular battary types.
Termperature and aging (due to cycling) effects can be qu‘:(iﬁ(:ﬂ far

Discrete Lithium-lon battery type.
1e-08s
Parameters  Discharge
Power step
Type: Lithium-lon
P

Temperatiine

grosmoesoesoceoaay 1 Simudate temperature effects

H + i +Vido
<Voltage (V)> H -
H — * 5 Aging
i H

Simulate aging effeds

<Current (A}>

i MNominal voltage (W) 589

Constant Power Load Rated :apaut'.«' fﬂh} 155

Initiad state-of-change (%) 97

out.|_batt

i Battery response time (s) 1e-5

0K Cancel Help

U7 4.2 nssieufeniniiiduiieldasadulfusidiu-nszuavesuunaes

T MATLAB/Simulink

W5 lugUN 4.2 ANTElawazlInuvRILUnmas Az ndsaanluds Workspace uu
TUSWASY MATLAB 970U UUNAGINA1INES 1905 N AU FUNUS b UL A SIAU-NTE WAV

WURRe3 Aanandluguil 4.3
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V-I curve ( SOC=97%)

‘ Battery from Matlab/Simulink
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200 300 400 500 600
lBatt ()

700

Tu MATLAB/Simulink
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JUADUN 2: LBlANTINANUAUNUS LAUTAILTIAU-NTEWAVDILUALADT AU kAR TU

sUR 4.3 TN INa9na 11 US U ULAIAAGEANNTLT LAY LI BES 19 UUINADILUALADT

Y

T | ) a a A o o =
PYNIYNEADAAADINUNE AN IINVINVDILUALABDIND SOC INU 97% ﬂﬁLLﬁﬂﬂIUEUW 4.4

1

U

=
N

V-I curve (SOC=97% )

—_——

Battery from Matlab/Simulink | |

— — — - Simplified Battery Model

0

100
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300

i
Batt

400
(A)

500
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4.4 NFINAUTAILSIPU-NTLWAN LAINNITUSULEULAIPENNTTIT AU
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#9150 UIUN 4.4 1FUUTERanIN T INEULAILTIRU-NTELATBILUUTIABIMUAN BT 0E19 187
lpannmsusuiduldseaunisidadu lnedianutu -0.0669 WazARaWNURIN 624.947 &4

AUNTSRNEURINAMBERI A I UELNSA (4-2)

y=-0.0669x +624.947 (4-2)
Fupeud 3: WisuuduUszansseninsaun1si (4-1) way (4-2) Wilkldaves
V. Winffu 624.947 V uag R Wiy 0.0669 @ dwiunsdlil soC fidwiiu 97%

MNNMUTTINALUUTaRsLUAAeIlag1AE s MU ud LA saun s aduinli
aA1 V. waz R s?fa%gﬂi%lﬂumwmﬁma%ﬁm%"uLL‘U‘UﬁTwaaﬂLLU@LG}@%&JN&’mmugﬂﬁl
4.1 #ueg i soC Afarsun vonanddslddnmsfiarsunsd soc Wiy 60%
s Ineldnsguaunmsuiuduldaiomen 7, war R wufeitunsdl soc wihfu
97% VMIALAA1 7, Wiy 614.4 V uag R Wwidu 0.082 @ dwmfunsdll soc den
WU 60% ammmwﬁi’ﬁaaaLL.‘UG]Lmaéﬁmdn%gﬂﬁﬂﬂmuL%WﬁUizUUlWﬂwﬁﬁmiw

dnsuiigaivuuudnaewmneptinmansvesssuulii lneasnanineazideniuitedall

43 WUUIIADINIIAM AAIENS VDITTUVHIUEUR bWA 1L UALADS N 3 1ian

Aaslnningn

431 szuvsrusudluiiuuameiidivaniidslniinadiauuugaua@iilidfa
AIUA
dmiusruveusudlniuuamenilnanidalwinasuuugauadi Laid

muay gnihwnldiilensiesssiuas igatmuuuiasnsadinmansvosszuuludiily
sdiall wansdesud 4.5 Tnsundstnefinsandusuusassiummeieisieilgainiadod
4.2 vneiidamunudilefiseuvuiFestuas Seldgninunfinnsan uwusaedluideiliedy

[ ] o o

& ) ' A a ¢ aa v < o v W
fugudAdmsunsinludeseniadnszssuulunsalifmauauluadudnly
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LLUU‘S’]E%NLLUMWIE]%LLUUQ"\EJ
S1 =

——————————— )
| ; | ' - +
| Batt | lL L
| — Rint | > 1 .
: '\/\/\/I ' C = W R ¢ lepy
| I o _

| . —
: VOC (_) |CBatt —1 Vaan ':
| | -
I Il
| 4

JUN 4.5 szuulilihdmsuiigaumuuuinasseatineansnsainlaiifmniuau

INFUTN 4.5 Waadadiuniu R inihaknuivaaniluveseeudlii dwsulnanszuy
GET‘Umﬁau%mé’i’a‘[mamﬁné’ﬂﬂﬁﬂméﬁquqmmﬁ miﬁq'«nﬁmquﬁwaaammﬂmmam‘mm

v a a Y v A A a
STUUAINNT0AEVDUNGANTIULTINaTRvesszuunelidaulunisiudsuwlasvaslnand
Anduluwsazgavhau dmunstduuudiaedraniddluihasiidanudwiu leelvan
ﬁﬂﬂ’dﬂgﬂLL‘Vluﬁﬁ’JEJLma'\‘i?d”laﬂizl,l,alaiﬁaiz (dependent current source) (Rivetta et al,,

2006; Solsona et al., 2015) ﬁﬂLLﬁﬂﬂugﬂ‘ﬁl 4.6

+ + :
C = vy 5 CPE C = vy <¢ Iep,
(n) vdanlwaariaalwihasiuuugauad () Wan Masinihasiafldumasdng
nyzualidasy

g‘ih?i 4.6 [annnaalnidiaeea
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auN1sNIERATadannad i AIFIE L TaLEAS LA AIANNSA (4-3)

P

CPL

iCPL = (4-3)
v

H

Y

gl P, Ae masknihveduanmasiiiiaegia uag v, Ae wssiulninifgdaunssiuas

f1sanszuuliiluguil 4.5 mnvimsiesieiiasiiiienuuuinasmneadaeans

v J

gl uuUdNaeen WG suLUaIn1uiIal 1 edIINNANTENUIINNITATAT VIR UN T

(%

a & A ¢o Y ) 1 a ¢ = I P
'P]Laﬂﬂi@Uﬂﬁﬂqaﬂﬂ’]Eﬂujﬂﬁ]iLLUﬁQNu aﬁNEﬂVTﬂ’]i'ﬂLﬂﬁqgﬂLﬂﬂﬂﬁﬂqWNﬂjqﬂJ‘UUsﬁau LWE]LL?’fl“U

Jgymidanans uddeinerdnusiIudenldisanadsusglaniugnalulunis wigadm

v v

LUUaesAsineansvesszu Ui i san Imaﬁi’mﬂizmﬁﬁwmmLLﬂﬁﬁ%uﬁ’unm
srwazBunvesisnisdananuandlasd
432 wquiiuguisanaieuiglisoiusialy
3%%@5&1@%3‘33@1’1148%’3“ (Sanders et al,, 1991; Mahdavi et al., 1997;

Emadi, 2004; Emadi, 2004; Wang et al., 2019; Azer & Emadi, 2020) LANZEIUNTUNTS

[ a ad v

Usggndlldiursasulasiuiddididuid Bamnanegliduussavdouynsuyfiofidedoudy
fudsanuzvesuuuassmandinanani dseynsuySiesidedouainsaeiuiesivaziden
eswiolud

Tneludyanan 70 T 9 Adudugrasieau dedauvesdygianiu

7 anansadeuleglugleunsunSiesidedau (Gamelin, 2000) Ladaaunisi (4-4)

00

f@)= (x), (a-)

k=—

o 2z 4 o N Ay
lngi @=—" uaz (x), (1) P AUUIZANTY LTI TITOU

Y

'
J a a Y

TBAnadelsglianuemill agld (x) () vesdaauuiiulsaniugvesszuuTedudsy

Y

Y

ansuSiwidadauansamlannaunsn (4-5)
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), (D)= j' f(@)e ™ dt (4-5)

’ﬂIH

s
a

vad o < [ a a f a v Yad 1 a a a
AuandRndnluveansmdudssansounsuniesidadou (x) () ngldiSanafeuigl

anugily T518avidennedl (Neey 813509, 2564)

- AaandRvesdnnisitdsulUamnuia wandlanaaunisi (4-6)

dx
—(x) =(—) — jko(x 4-6
) =(5) - wal) 9
- ﬂmamﬁ’amaﬂmmﬁuﬁuﬁ‘mmmi@m wandledaaunsi (a-7)

(07), =224, (¥, (a-7)

- AuanlRreInsauNInsdadeu dmsuilsituaase (1) wandldnsaunisi (4-8)

(x), =, =) @)

[
£y (3 a 6

A15RITUILUVINRD99892995 kU Al UTRATA - VAR WUUEDIN AN L LIV T8N T NUS T

Y
s

wunsfUsznouanadsliiinszianss ddussueinfiisudugandngudaylaiun
finrsun 1esannliiinansenusionsiiaTesiiafiosnmuesszuu (Pakdeeto et al., 2018;
Pakdeeto et al, 2021) uuIne7i 1lun1sRigadnuuuTiasimsAdnAans 1095 UL
Aa Mslin1suszunA1uaUAUE (zero-order approximation) vesaunsu3Iesidedou
Tneidonfinnsunanizdulssanivesesdusznauiimiuiiyagiu wedannsodiunisld
Tngivuna1 & Tueunsuysiesifstouliivinduqud danaliuuudiaosildazlas
oedUsEnoUTinigs

433 nsfigadmuuuTasmeadinaansvesszuveusudlniiuunineIfig

ad

WenadeUsplanuzialy

1l o/

nsfigatvuuuaemadineansvesssuulnihlunsandslaidsnivay

a a ¢ P o o 2 o
AL N"ﬂqﬂ']Lﬂﬁflgﬁ')\‘i'ﬂﬁiuzUW 4.5 I@EJaqﬂﬁﬂaLLﬁﬂﬂu%aﬂLﬂaisﬁaWWLLa%ﬂ{]ﬂﬁ%LLasﬂaﬂ
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BNl E1SUNITIATIZII9TIUIAUAT 1 LaLlUUAN 2 MUUALARILUSADIULUDITEUU

. T , ) a '3 I a ¢ « »
Ao X=[i, vy V| dmsunisiiasiesiacasluluuei 1 aind S1 “OFF” way 52

“ON” a@nunsawanslanssun 4.7

Y

iButt KCL 1} L L +
— Rint No(}e 2 —
AMN—s——— N

i
CB(W

+ towo-
S2 =
Voo O 1 CT e 5 =
- Loop 1

Loop 2

JU 4.7 szuulnihnsainladiismung Wealind S1 “OFF” uay S2 “ON”
- #9153 Loop 1 ngldingussiuvetaesgenilazle

Vi = Ve = 0

.1 (4-9)
I, = ZvBatt

- #9150 Loop 2 Ineldngussnuvesaesveniazle

VBan = VOC - iBattRint (4-10)

- #i915041 Node 1 Tngldngnszuavasmosvonilazle

~lc ~lg ~lcp, =0

1 P (4-11)
"/,H vH CPL
RC v, C




61

- #9151 Node 2 Tngldngnszuavesnosvonilazle

LBare "oy, "l T 0
v _ lBatt _ lL
Batt — C C
Batt Batt

Wag1NaNnI1N (4-10) WedngUlumenvainseuanunmeivzla

i = Voc = Vi
Batt —
Rint
platy
. Voe—vV -
vg(m — [ ocC Batt j_ i (4_12)
Rint CBatt CBatt

NENNIN (4-9) §9 (4-12) \Juaunsouiusves i, , v, wag v,,, Wiunainn1sinsie
2035luguit 4.7 lulvuedl 1 fleadnd S1 “OFF” uag 52 “ON” ludrdudaluasidunis

WATeRsiuluuail 2 adnd S1 “ON” uay §2 “OFF” aunsauandlanagui 4.8

A Node 1
L l i, liR

il =

ﬂ Rin N]Zfifz - P J

AN ——o 2PN C= v §R Y o
l’CM H;" oy, - -
Voe O @ C,., T— Viar @

!

JUN 4.8 szuulwihnsainlifidinivau Weaind S1 “ON” waz S2 “OFF”



- #9150 Loop 1 ngldingussiuvesaesvenilazle

Ve ¥ Vy =V = 0
1 1

1, =—V —-——V

L Batt H
L™ L

- #9133 Loop 2 ngldngussiuvesaesgenilazle

VB = VOC - lBattRint

- #9130 Node 1 lngldngnszuavasaesvoniazle

Iy —lc =g —lepg =0

g 1- 1 PCPL
Vy =—1, ———V, —
¢t RC" v,C

- #9150 Node 2 Tngldngnssiavesnesvenilasle

LB — ey, "l T 0

_ lBatt _A lL

V. =
Batt C C

Batt Batt

War1Naunsn (4-14) Wednagulumenveanssuanunmneivgla

| Yoc = Vi |
VBau = C - C I
Rint Batt Batt
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(4-13)

(4-14)

(4-15)

(4-16)
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91naUNIS7 (4-13) f9 (6-16) 1 uaun1souiusaes i, , v, waz v,, J3ldu1annis
AATI995lugun 4.8 Tulvuan 2 1lealnd S1 “ON” uag §2 “OFF” a1ntuthaunis

[ S ! IS U v & o (J Y @ o &
ayusvosarinunuTeuTNiulagldiantunsivaey A, mvualndudadl

S1 =OFF, §2 =ON : h =1, h =0
S1 =ON , S2 =OFF : h =0, h =1

wliaun1seunusves i, , v, wag v,, fegluslvesileidunsiaaeuisaunisn (4-17)

9 (4-19)

: | 1 1
I, = (ZVBanj'hl +(_ZVH +Z"Banj'h2 (a-17)
. 1 PCPL 1 . l PCPL

S|y e ] Sy T |, 4-18
K ( RC " vHC] 1 (CZL RC™ v,C) " (418)
‘-}Ban:HVoc_VBanJ_ 1 iL:|.hl+|:(VOC_VBa”j_ 1 Q]hz (4-19)

Ri nt CBatt CBatt Rint CBatt CBatt

NAUNSN (4-17) B9 (4-19) ATV UBLNUAIENINTUNITEING 2 LB IALALUUINADIbY
sUsuudadunlaemvuali A =u uaz b =1-h =1-u Wednjvaunisivndazle

WUUIABIEINDAIAUNITN (4-20)

| 1
ZL:ZVBan_Z(I_u)'VH
1 1 P
v, =—(1-u)-i, ——v, ——<*L (4-20)
" c( )i, RC " v, C

) Ve = Vs, |
VBatt:( ]Ozc CB”]_C I

int ~—~ Batt Batt
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1 o =

d' & o a s A a Na o [
1N@UNIIN (4-20) L‘UuLLuumaaqmm%awzuwwmmwﬂmmsmlmmmuqu LUy

'
J a

fugudrdglunisiigatmuuuitasaniadamansaiieisaaisusglanueiiluaield

I
[y & a

NUSTRIUABUAUALY TUROUNITEIURAR AR

f1saneunsusiesddouluaunisi (4-4) lagldnsussunuasudiue
MVUAWAT k=0 MU AN 7, v, Wag vy, @1N150N5EUWONYRIBUNTUYTISITY

ug
U
IEEInnsR (4-21) 89 (4-23) dail

i, = (i), (4-21)
vy ={vy >0 (4-22)
vBatl = <vBatt >() (4'23)

0
a a Y

undnnsvesisaedsuigianusitlausadmuels (i), (v,), wae (Vaw), Du

Y
i

AUTANIULVDILUUINEDI FIUUAILUTANIULVDILUUINEDIAINAIANUITAAINUALA A

aunSA (4-24) a (4-26) Kail

(i,),=x, (4-24)
(VH >0 =X (4-25)
<vBatt >0 = x} (4-26)

definsanileaidunisaindlutesulasiuyiada-yaduuuassiianig dnwagnisviauly

Inuansihnseuauazventnssualuniseunsaing T, uwanslanaguil 4.9
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u(t)
A

on off

~—dT,—

A

T
JUN 4.9 Mendunisaindueisasuiasiueiinda-yaduuuansiianig

Ql' = o o & ) a ¢
"\]’]ﬂ?}ﬂﬂ 4.9 a']lniﬂLGU"duauﬂqﬁLLﬂﬂﬂﬂﬁqNﬂNWUﬁmaﬂWQﬂGUUﬂ']iﬁ’J(ﬂGUGUEN

295U UaeruvinUA-yaduuuaesfianig Laneisaunism (4-27)

I, 0<t<dT,
u(t) = (4-27)
0, dT <t<T,
defasandinaninszua ¢ fuandlddaunisd (4-28)
Z‘0”1 = d]; (4_28)

'3
a a

AndunsisamduUseansnsiesiddouvasilsitunisaing lagedeaunisn (4-5) Lile

fvualien k=0 agladaaunisy (@-29)

dr,
(u), () = Ti [ u(e’de = % =d (4-29)
s 0

N

p1feAnaNURY098nIINTUALULUAIRIIARINANNTTN (4-6) IneNansand k=0 fu

WUUSansEngluannsh (4-20) axldssaunisii (4-30) fs (4-32)
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(i), =%vgan _w.% ), (4-30)
<VH >0 — (1_<7/20 (f)) < L>0 _ RIC '<VH >o _ <fo§LC (4-31)

V.o .—
(VM)O:( > <VB“”>°j— L), (a-32)

R _C c

int ~~ Batt Batt

ﬁ’my’lLL‘UiﬁmuzleENLLUURT’]@EN@IWLiﬁElU%Qﬁﬁﬂ’]U%ﬁﬂUﬁ]’]ﬂﬂiJﬂ’]iﬁ (4-24) 919 (4-26) kNUAY
Tuaunsi (4-30) azle

(i), ! _m.%%

L

WanansauInay <VH-M(1)>0 ranfeAmuaNTRveInNUFNTUSYRINITANAINAUNTN (4-7)
wle

(), = 2{x) . (),

(V@) =2 v Jons (), @)

i=0; <VH ~u(t)>0 - <VH >0 <u>0 (t)
fatdu (v u(®), = (Vi ), (1), (6) Edumsvsssnuaduduaug) avld

— VBan _ <VH >0 + <VH >0 <u>0 (t)
L L L
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= X x2+x2d
L L L
(1-d)
fi=m—r -x2+z-x3

WiuUsanuyvemuuIaesrafsUsglaniueiiluainaunisi (4-24) f (4-26) unuas

Tuaunsil (4-31) azle

R S e

Vi )y C

c_ Fic RC  (v,),C

dofinsumatd (i -u(0)), avordoquantivesauduiusvesnisguainaunisi (@-7)

azle

(i (), = 240, ), @

i

i=0 ; <iL 'u(t»o . <iL >0 <u>o (t)

s (i, -u(®)), = (i), (u), () @wsumsvssnueusueue) awld

(iy >0 (iy >0 <”>o ) B (Vi >0 e

X, = -

C C RC (v,),C

X xd X _PCPL
C C RC x,C

X, =



68

o =) 1P

_Tem

*Cc ' RC TP xC

a a

1Al 5a0UE VR UUTIaRIA R sUS nlan 1 usi lUaInaunIsh (4-24) D9 (4-26) kNuad

Y

Tuaunsil (4-32) 2zl

. Voc —(v att 1 .
<V3atz>0: OCRA ijB >O B .<ZL>O

int " Batt

. Voe=x 1 1 -x
’ RintCB C 1

att Batt

' 0
1 a a a v

MR UUTIRINAdRAManineIsALade I alianuenaluneldnisussunn

Y

v
v a

Adusuaugvesssuuliihnsdlnlififaluanaslanaunisn (4-33) sail

(1-d) 1
[ Xyt X
. (-d 1 g
x2=(—)-xl——‘x2—ﬂ (4-33)
C RC x,C
V
i, =| =% X5 |1 X,
Rint CBatt CBa it

aun1sfl (4-33) 1 Junuudassnendamansvesszuuliihnfinsannsallidsmauay Fla

& o (%

nIsAtadelIgianiugiiluneldnisussanueiduduaud dmsun1Insiaaeuaiy
gndiesvasuuIaestana i taue i luiten 4.3.4
4.3.4  N13ATIVEIUANUYNADIVIUUUINARMNANAAIEAS
[ a % i o ¥ £4

WUUaemAlamansluaunisi (4-33) Iududensiaaeunnugneos
lnew3suiisuiunisdnaesaniunsaivesssuuliihniasannsalladdnivaulugun 4.5
Wugaudentuiimdasindy Simulink vuluswnsy MATLAB s1gaziBannisifiousiouiion
gunsaliing o uaglanildlunisdiaesantunisel wandlilunianwin n.l uag v. AIua1eu

ANNTENEINITEMTUNITNTIHOUAIHYNABIVDIUUUTIABALAAIAINITIN 4.1
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A5 4.1 Wswesvasseuulnihniasanluun 4.5

W15ALA0s A1 519821280
et nom 569 V wsslifihifnveauunine’
Oarrom 155 Ah AN AUDIMURLADS
Cpo 19.846 pF AAuUsEmnuLUAme?
C 2.287 mF ARIAUUIEINIRNUAT AU s 9 ug
I 3.45 mH Afawmilenthvensasuuaiu
R 1.684 Q ausunulnanillveseusuding
d 0.2888 Indnsuthiiainduessasuiasiu
f 10 kHz pudlunsaindaesasuuasiu

(%

TUNIATIAADUAIINYNABIVOIUUUTIADINNANAAIANS wNINTUNRYVINUA 2 N5E AB
SOC Wiy 97% uaz SOC Wiy 60% LilaNa15uILUUTIaBUUAABT MU 4.1 A
Voo waz R lownainnsusudulasisaunisiadununlanaliluiten 4.2 logly

wiansil A1 SOC Awgnldnvuae ¥, wag R, 7Land1eiy N130sI9deunugnaes

'
a o w

agvhmsdiinmdslnivesduanain 290 kw LUy 300 kW finan 1.625 s. dmsuisasuuas

s a

FugtaUn-yas wuuaeInanie nuualiigdnsudiiaingidavinnu 28.88% way

Y

1 o

ATERaTANe o NlElun1rIrEeUANgNABIvRIRUUTIABINIANinMmARSNTAIN LA
AuAY wandlilumsned 4.1

NSt SOC Wiy 97% vilvilar V. 11U 624.947 V waza1 R

[y

WA 0.0669 Q nan1snavauasvadnsewaiilvadueainuiealn (i, ) wsssuluiag

Y]

ARUALIIAUET (v, ) wazhsanuliinssuansannuuanes (v,,,) waniagun 4.10
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GSSA model
SOC =97% Matlab/Simulink
- 320 T T T T T T T
z 300 kW
T, 300 - 290 kW |
Ay
)
280 1 | | I L 1 |
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
1217 T T T T T T T
< 1189 /\/\_/\N
=
1161 x | | | I I | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
799 T T T T T T T ‘
S
~ 7657
m W
-
730 1 | | | 1 | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
548 " T T T T T T T
Ty 546 \A/\M
3 |
- { ]
544 I I 1 ! I I I
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
Time (s.)

'
al

JUN 4.10 nan1smevauessasseuulnihnsdnluiidiniuay Wer SOC =97%

[y

N3l SOC Wiy 60% vlilam V. windu 614.4 V wazen R, Wiy

Y]

0.082 Q wan1sMeUALDIBINIEIa b lraruvaaIawte (7, ) wssnulwiifgda

LseRuas (v,,) wazhsaiuliinnssuansannuuames (v,,, ) wanaiagui 4.11
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GSSA model
SOC = 60% Matlab/Simulink
- 320 T T T T T T T
Z 300 kW
L300 290KW |
&)
Q, 280 | 1 1 | | 1 |
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
1220 T T T T T T T
< 1188 ;_\A/\/\/\/\f
.-}
! ! L ! I ! !
1155 |
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
765 T T T T T T T
S
=
690 | 1 | | | | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
520 | T T T T T T T
3
s 517 _
S
B
=
514 ! I 1 ! I ! !
1.58 1.6 1.62 1.64 1.66 1.68 1.7 1.72 1.74
Time (s.)

'
al

JUT 4.11 wamsnevauasvesssuulnihnsdinliifmaiunu a1 SOC =60%

INFUN 4.10 wae 4.11 WAAINANITADUAUBIVDY i, , v, WA V,,, NIUNAAIUENITVITI

LWUALRDS SOC WINAU 97% Way 60% MINAIAU NANITADUAUBIVDILUUTIADINIY

ra o = ¥

ANAFA1EARSURI5 UL NN TR ALUIFIAIUANTAILADAAADIN UNANISITADIENIUNITIUY

q

lUsunsu MATLAB visluanizdinsuarluaniizaw luidedalyaziauanisiigaim

LUUTIaRINNAtinAansveIssulE MU lilvhuuawmes ndliaaiasliiasiiuuugauad

LY

niidaauaudnsuihlUdlunsiesgiaiosnmvesssuuduadudnly
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'
(4

44 WUUINRDINNANAAIEATVDITTUVEUEUA LT LUANaI N ATAaAUAY

WSIAUDIANA
441 szuvsrusudlniinuaes i divasiadwiiasiuuugauaiiden
AIUAX
dmiuszuvueudliiuuames Alinsmuguuansdagui 4.12 4l
ssdUsEneuuindfuszuUluguil 4.5 uiimsifissmunuitlesiouuuiBesiu Taoilaesgy
laun guAruAuwsIaulnia (voltage control loop) wavguaruaunszualnili (curent
control loop) Wiiszuulihfifdmuauarlifinnsanivandadumu ( R) ifesaninan

Aanamlidmasensliasizinginssudamainvesszuy salunaunaindimuauitlovinln

WOANTINVDITTUULANARIINN ST LG IR IUAY

LL‘U“UTS’]HSQLLUQLQE]%JLLUUQ‘WEJ
S
Y | | — +
[ I} \ j
Batt 1
\ R, | i L
— int » .
I | vy [ —
\ AN~ ¢ = V”:I_ * lepr
|
| | N > -
| | -1
| VOC () | CBatt T vBmz J':
| | =
| |
| f

U7 4.12 ssuulnihdmiuiigadniuuudnaemendinmansndsniuay

fsanszuulnfinlusui 4.12 msfigadmuuudiasmuadamansaiunsaeidoninug
a o a1 A a a o v v o 3 v v =
NeaiuTsaadeUsalianusiluneldnisussinaadusuaudanimde 4.3.3 sgasiden
a L3 o a s aa o w g
nsfigaumuuuTemadineanivesszuvgugudlniiuuaneIniivaafdaliiast

%

wuvgauARiimAIuANiaueliluiten 4.4.2
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4.4.2  ATNFIUNIMUUTINDMIANAAIENTYBITEULBTUBUA T ILUALA TR Y

WAadeUIgianuealy

[
a

fuguIsAnadeUsgiantusmilulaesueliualuiaden 4.3.2 uenani

B Y Qll

wuuTIaeaneadina1ansvesseuunstinliddimunuiienduisanadousgianiueialy

Y

a [ [y

AelansuszanuAduaugudwansl iudfaaunisn (4-33) Fanuimauiinertesivivan
R Tuaunisvesduusaniug X, asmeld dunguaiilanaidalinartnedu dwmaliaunis

wuudnaesvesszuulnihnsdinldfidiaiuauanunsadeulnilasaunisn (4-34)

(1-4d) 1
1= 7 Xt X
1- P
=D (4-30)
C x,C
N :LVOC—)%}_ .
Rinl CBatt CBatt

[ %
v A

aunsil (4-39) wansaunsuuuitaomnadinmansvesszuuliiinsdilaifiaamuey vl
szuuliitalugud 4.12 8uszuuliiifnsanfisdiauauitleseuvuiostuy Fahlnd
ﬁmmiﬁ’sLL‘UiﬂmugLﬁlmLamﬁ’m%UQﬂﬂ’JU@ﬂJLLNG%!IWWWLL@SQU@’JU@@JH%LLﬁIWﬂ’]LﬁﬂJ“Uguaﬂ
409aUn13 NMINFIUNILUUTINDIVBITEUUAINAIENTANTANLAIINIATIET 19V R 67

muAuiileffewuuRBIuAIUN 4.13 lnelisiwazdendadalull

JUN 4.13 lassasavesiaiuauiilefisdeuuuiseaniy
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91n3UT 4.13 mvuald x, waz x, WJududsaniuzassguaiun

wssrulniuazguatuaunseualniin Feanunsananaunis X, uwag ¥, leasaunisi (4-35)

Lay (4-36)

(4-35)

(4-36)
Toofl v;, fio usefudrsdeesitlaussdiugs uas i Ao nszuadsdsilvasiiudamieni
finsanguauauussivliihanansam 7 Iéfaumsi (4-37)

(VH _VH )va +xvKiv

[, =
i, =K, v, —K, v, +K,x, (4-37)
farsanguavaunseualiitamnsem d, Iéiwsamnnsil (4-38)
d,=(i; —i,)K, +xK,
(4-38)

dx — sz'vavH _KpivavH +KpiKivxv _KpiiL +Kiixi

v I Y = * Yo =
Aatluaunsvessimuanileluguves d wanslanaunisn (4-39)

*

d 1 . .
d' === F( KK, vy —K,K, v, +K,K.x ~K,ji+Kx) (439

lng?l K, uaz K, Ao windweivessnauauitleguaiuauuseiuluih

K

pi

way K, As msnidlweiveshimivauiiloguaiuaunseualni
A fo AEBAUDIFY L IMEUMANTDIFIAIUANTLE
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Msfigatuuudassnendnmanivosszuulnind fiansannsdffidaiuay @awisn
sudunsldlasnsunual @ luaunnsil (@-30) s d” anaunnsil (6-39) wazifinaunnsg
vaafnlsanuzvetsguarAnLsaulniwarguaruaunseualnid wdlulusuudiaes
Mntuazlduuuaemsadnmandidamnainvessruulugud 4.12 Aldnmsfigaifes

AadeUslianusluneldnsussinaiduiuaudausaleulinseaunisn (4-40) dadl

K K . K K
X, = _l 2 S— 72Xy — | == x22
L ArL ArL
KpiKiv Kpl. y 1
X, Xy, ——— XX, +—=X,X, +— X,
AL AVL AL
. 1 K K . K K
xz_E 1 114GC X, + ‘[4r - XX,
K K., .3 K. P. 4-40
T X, X, + P x12 ol ii X%, — CPL ( )
A},C A},C ArC sz
V. 1 1
Xy =—%—— X, — X,
Rim CBall Rim CBatt CBall
).Cv = x; - x2
X, =—x—-K, x,+K,x + vax;

aada o

d' J o a s A a
1NAUN1TN (4-40) W'UT]LLUU"U’]@@QVI’]\W’]ZL!G]ﬁ?ﬁ@i%@ﬂi%UUiWﬂ?VIWﬁ]’]iﬂﬂﬂﬁm‘i/lllm']ﬂ’J‘Uﬂll

9
[

wlovzusingminiiwesvesimunu (K, , K, , K, , K,) meluiuuiiass uenainids
wuIuvuSaeandinmaniluaunisd (4-40) eglugulsidudadu Wesandszneuse
natifiinsaauiuresiuUsaniug dmunsieseiaiosnmluuiseinerdnustadld
nouiuna1L91z99 Indudeserdonuudiasadiadu fausoazdeavesnisvhuuusaedli
oglusuiBaduazinausliluindei a.4.0
4.4.3 nnseanuUURIAIUANlavasszuUBuBUdlniuuAADS
n1seenuuuimuauileluuideineinusiarerdeisnisuuu dady
FeanunsoildlagnsuIsuiisuduyszAns veeaunisunsgIueIsEUUS UR UADY
(Beraki et al,, 2017) Tngdanuaudildluszuususudluduunneiutseanidu 2 du fe

CY

drurasnnIvanLssRulii 1AZTaussiugaduguuen (outer loop) wazdiuesfiamuAy
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nszualninilvarudumiernindugUlu (nner loop) Feseavidenveniseanwuudy

[

& L o ao X
AIUANYIN 2 d@IUNAU

1) N1599NUUUAIAUANGULIIAU
las9a99UAIUANLT IR Ul AT UAws R uaveTs U e UA LT

WAARAIIUN 4.14 Wanudvaeiinual G, (s) Migananuduiussening 1,(s) Au V,(s)
Tnelpssasianananazd 1, (s) Dudyaasordnaainiiaiuny waz 7, (s) Wudygyiud

Tadaunau

G (s) —o— Vu(s)

JUN 4.14 Tasaaigunivauwssnuninnagdausiiugavesssuueueus i

6 U ¥ £% % d'r.:l‘:l % LY
WaWAveIImIuAN G, (s) dunsamiaainaunIsaklsanusretwsanuliinnag dau sy
£ q' 5 -] U 1 1% U 6
FaUARIATEaNNI (4-41) Inwrihnismaidamuagaunsfangn aeldnadnsnisulasan
Uanwuansdsaunisi (4-62) uazidleviinisdngUaunisiuilsiduaelownes ¥, (s)/1,(s)

ilsfanansem G (s) Wiseunsii 6-43)

. 1
A4} 4-41
Vi (0) e L (0) (4-41)
sV, (s)= éIL (s) (4-42)
G,(s)= Vul®) _ 1 (4-43)

I,(s) sC
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a o

insmilsidunielenislnvesguamuauusenulninagdaussiugalansaunisi (4-44)

waryin1sdngUannsiduaunisi (4-45)

[KPVHKN)_G()
RACH -

Vus) 1+(KPVS+KiVJ-G (s)
S v

T.(s) (4-44)

T (s)= (4-45)

INAUNTUINTFIUVBITLUUSUAUABIUARNIFNENNITN (4-46)

2
w

T(s)= < (4-46)
() s’ +2lw,s + @

= [y

nmsiSeuiieududseavsvesnundmisves T,(s) luaunisi (4-45) fuaun1sunnsgu
vassruvsuduaasluaunisn (4-46) aglanisiinesvesiiniuauivlodmiunisaiuay

usesulaih PR vaussfuganansldfaaunisil (4-47) uag (4-48) mudsy
K, =2¢0,C (4-47)

K. =w'C (4-48)

2) NIANLUUAIAIUANGUNTEUE
Tassafrsguanununszualiing nadwudmdenhvosssuveusus
IWﬁWLLﬁWQﬁQEUﬁ 4.15 WauAreIMIUAN G, (s) Mmlaananudunussening I,(s) fu
d(s) Tatlassadredenand d (s) dudgraodnmvesiinmuaugunizua 1ntuazgn

Usugame 1/4, liduarigdnswinim d'(s)
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I1(s)

JUN 4.15 Tassaiagupivaunseialihnlvacudmiesivessyuveueuslng

WAUATDIFIAIUAN G (s) A@U50MILAINAUNIIAUTANULVDINTL AT braN 1UF7
WMReULENIR@NNISA (4-49) ntuynsuUasaUamalnisaanany aglaradnsnisulas
anUanguananaaun1si (4-50) wazillevinnisdaguannsiuileiduaelouves 1,(s)/d(s)

Tasfiarsanld 7, (s) wihdugudaiowdudyagrasuniu viliaunsann G(s) e

Aunsh (4-51)

- d(t) 1

[L (l) = T VBatl‘,nom - Z VH (t) (4_49)
d(s) 1

SIL (S) = T VBatt,nom - Z VH (‘S) (4_50)

V
Gi (S) = ]L (S) = Batt,nom
d(s) sL

(4-51)

insmilsiduanglowralavesguarvaunseualninlvaiudaumndeidr lanaunisy

(4-52) LLaw‘hmﬁmgﬂaumilﬂuaumiﬁ (4-53)

(KP[S+KHJ.(GI,(S)J
];(S)_[L(S)_ s A

== (4-52)
1,(s) 1+(KpiS+Kﬁ]_[Gi(s)j
K A

r
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K, s+K,;
T VBatt,nom

S2+ K VBatl nom 5+ KiiVBatt,lwm
AL AL

nswWssuiisududssansvesmmuinsimsves T(s) Tuaunisn (4-53) fuaunisunnsgiu

(4-53)

T(s) =

Ya3sruvsuRuaasluaunis (4-46) aglansiimesvesdiauauivlodmiunisaiuay

nszualnilvanummeiLandlae@un1si (4-54) waz (4-55) AUaIsU

2 é/ a)m Ai L
K, = (4-54)
Batt,nom
a)ji Ar L
= (4-55)
VBatt,n(}m

aunseenuuummuauitlevesgumuatusulwihuasnszudluilfanmahduussans
vy sluilaidunnelouslavesudazquarunuuiio uduussans fuaunns
1IASFIUTDITTULS UFUARY WiofiansanaunIseanuuuiinuANvesgULssduliin wud
aumsfildariuegiudamaunimmirwesguussiulili (¢) uasuuudinviaruivesgy

iUl (@,,) lusagnaunisdmsvgunssualiinvzduegiudnsdiunismiiesgy

Y

nszualin (£) waznuudisvianudvesgunszualilin (@,) adudiiddqiioldlunis

ni
v

AVUANGANTTUNITNOUAUDIVDITTUUAIUAN TuATeIneinusiivuali ¢ =095
¢ =0.85 0, =27x27 rad/s hag @, =2xx300 rad/s d115UTIUALLDUAAINITIHLADS
VDIFIATUANVBITTU UL U UALNT L UALGLT Uansien1sen 4.2 Tuiden 4.4.5
4.4.4 s biduladu

Waden i unndun1sfigaunuuuiasmnendaAansvessuUeTUEUA
Iniluunneswazn15eenlUURIAIUANYEITEUY B819lsNRINLUUTIAeINNALAAIEAS LU
aun1sf (4-60) WWunvuinaesildidudadu dsiunmsvhwuudasdidudadududunoun
= o & A 9 v o ° a ¢ o v a '
fanudndu Welvaansatwuuiaedduldlumsliessniatosaindiienguiunaiaizas
19 Twnwadednendnusilaldisnsvengeynsumdiaesdudunis Fulunsuszunamseu

a wa v 6 o Y & a £ IS 4 I (Y

U uRnIsvetsruY nenadnsanmsviiidudsduaunsaldeuleglusuwuudiuys

o LY [ Y v PN
AUV UUIRRIE Y UIALENLARIELNTT (4-56)
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{55(— A(%u,)5% + B(x,u,)5u (@56

oy =C(X,,u,)0x+D(x,,u,)o0u

Tagfl fudsaniug: ox =[x, dx, Sx, Jx, 5xi]T
5y a * T
FALUIOUNR: Ou :[ch2 0P, cSVOC]

fuusiendnm: Sy =[5x, ox, Ox, ]T

8asdenues A(x,,u,), B(x,.u,), C(x,,u,) Way D(x,u,) luaunisi @-56) wanald

et
K, 1 K K. -
— P a 1’2 = pi v _”x
AL 7 L AL 4L
K,K P K.
a(2,1) ZCPV X ot C?P?O 0 - ij 10 __A 2361_0
A(x,,u,) = r %2 0 : )
0°%o 1 .
— 0 _ 0 0
Bate RinlCch
_1 _va 0 Kiv O
- d5%5
K 2K K K K K
a(l,2y=——+ pitipy x pit> pv 4 pili _le B
( ) ArL 2.0 ArL 2.0 AL v_0 ArL 1.0 A,.L i 0
a 2’1 = — 4 pLrpv pLrpv l. piT v N pi x 4 i .
21 C AC 2.0 ACc 0 AC 0 AC 1.0 AC i 0
K K 7
Z LpV x270 0 0
_K,K, 1 0
AC - Cx
B(xy,u,) = ' 2.0 |
0 0
RintCBatt
1 0 0
- va 0 O J15%3




1

C(xy,uy)=|0
0
0
D(x,,u,)=|0
0

—_

S O O

0 00
0 0 O
1 0 0],
0

0

0

3x3
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(4-57)

4.4.5 msmfmaaummgné’awaaquﬁqaaammnﬁmmam%

wuUT1anIeamaaansnidudaduluaunisi (4-56) Sududaalinig

ATvdauAUgnAadlagiUSsuisuiunanisTiaetan unsaivesseuulninlugua 4.12

Augaudiontiilnidssauiu Simulink vulusunsy MATLAB seazideanisiliausioudion

6 1 v o L3 o w
gunsaliing o uaglaniildlunisdnaesaniunisal wanslilunianuwin n.2 uag v. Aua1AY

NDALATIZNGANITUUDITTUUNIEIRANIZNITIUAN 9 AT esilddmsunig

18990 TUNTUVDITEUUANITOUEAININITIN 4.2

M1317 4.2 Mdiwesvesssuulnihnfiatsanlugun 4.12

W1915003 A 518821980

V pattonom 569 V wsesulviiidavosuumine’

Ot nom 155 Ah ANNYRAAveILUALAET

Cpon 19.846 LIF AdifulszamesnuLunine’

C 2.287 mF ARAUUIEININUAT U s 3iug

I 3.45 mH Afanilenihwenasudasiu

f 10 kHz adlumseinduasasilasiy

4 10 maawuaqé’zyigmamm?iauﬁm%’uﬁ’;muqmﬁla

K, 0.73718 WsfwesvasmimuANitdmIuguaIuANLssaulnin
K, 65.8224 wfiwesvashauauledmiugualuauussiuliin
K, 0.19430 WfwesvashnuaNiidmiugualuaunszualnin
K, 215.442 wfwesvesimnuauledmiuguaruaunseualnii
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NNIATIVAOUANIUYNABIVBILUUTIRDIVNNANAANTITANTANBYNMUA 2 N3l AD SOC
I 1w [ a o w [d
Wiy 97% waz SOC Wiy 60% Lazazyimsiiumasiviivesdvanain 290 kw luidu
300 kW #1781 1.625 s. lnga1@uAIm1 513005619 9 Tun191991 4.2 Han15n0UaUDIves
nszuabiiilvaruvnainmiestiveiasulasiu (i, ) wsadulnihnfgdauseiugs (v,,)
LAz ULINIZRANTIIINLUANBT (v, ) AI3UN 4.16 uay 4.17 Tunsdlil sOC 1Wu

97% Wag 60% MIUAIAU

Linearized model
SOC =97 % Matlab/Simulink
~ 320 T T T T T
Z 300 kW
< 300 290 kW I
&
S}
Q"' 280 Il | Il | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7
520 [ T T T T T
<
L5001 T
480 | 1 | 1 | 1
1.58 1.6 1.62 1.64 1.66 1.68 1.7
| T T T T T |
E 800 =
;t 780 B
760 1 | 1 | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7
T T T T T
— 592L B
2z
= 591 _
N =
> 590 w
1 | 1 | 1
1.58 1.6 1.62 1.64 1.66 1.68 1.7
Time (s)

A o

JUN 4.16 namsnevauasvasssuulnihnsdinddimuay e SOC =97%
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Linearized model
SOC =60 % Matlab/Simulink
~ 320 T T T T T
Z 300 kW
~ 300 290 kW |
Qq
O
m 280 I | | | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7
540 F T T T T T “
< s0) /\/\\
= ]
500 & I I I L !
1.58 1.6 1.62 1.64 1.66 1.68 1.7

T
§ 800
;m 280 \// |
760 I | | | |
1.58 1.6 1.62 1.64 1.66 1.68 1.7
574 | T T T T T
~~
>
~_572 -
S
5 4
570 ! L ! L !
1.58 1.6 1.62 1.64 1.66 1.68 1.7

Time (s)

o

JUN 4.17 nansnevauesasssuulnihnsdlidfaiuau e SOC = 60%

NFUN 4.16 way 4.17 UNBNITROUAUDIVDY 7, , v, %8BT V,,, Wnsdifidaiuzn1syse
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Ideal Constant Power Load
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widsfesilfimansznuiionafetuanmadfiudr L fso1hldgnmsnaaiesninues
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53.3  HansTMuvaILUUAIniAudsTsuvATdluniseanuuuianIugy
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360 |- .
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Madunurldunisuaaiosaiwlugi 5.11 sziuldiniden o, vesquaun
wsaulwiuiivty seuuesiuulinaiosninanas Ssanunsadanaldneudurons
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2) NANTENUVBIUUUAINTIAUDSTINYIRTYDIgUAUANNTEUETNHA
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nszudlaiiiuty ssuuasiunliuaiosnimanas Ssannsodanaldaneuduresnsm
AfAnduau nansznudinanazidenaimnaiiinesdnarivintu 1885 rad/s, 1952.5 rad/s
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TUsunsu MATLAB anansauanssanisiaesaniunsallasaguin 5.14
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53.4  WANTENUVIIEAIULNITVITIULUALADIADLENLININVRITTUVEUEUALWTN

=

WUALABS
A0ULN1TVITIUUANBINIOAT “ SOC” UanitauTaunamnaanunnseuld
NUTBWUAMDT FaAmanaasuilasmunisdenasnuliuilaan vin Soc oglu
FEAUFI MUNEAUTIUANBITLANNINGIIUE TUn1nssiudumin SOC A1 MuneAI
I ANUNAINUIE TN INARYRIMUANDT HanTenUINNSWasULUAN SOC

YoUARBTANNNIAIANBLEUMILTNNTAERYTANRAFUT 5.15
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360 - Unstable region

o 2nkw N E & eW oo

240 LZBOSKW =
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3302
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300

34% 58 % 97 %
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vdanlnilidssiuiu Simulink vulUswAsy MATLAB mmmuamlﬁﬁqgﬂﬁ 5.16
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6.2.1 m'miLﬁaaﬁuLﬁmﬁwaim‘luIﬂsﬂauimal,aa% TMDSDOCK28335

vasalulasaaulnsalans TMDSDOCK28335 ¥adusev Texas Instruments

aa o

Tdanlulasreulnsaiaes F28335 nsena C2000™ 32 Un sesunsussiianadauadna

=

WATNITAIVANKUULIADTY d@1unsaileulusunsunieg Code Composer Studio (CCS) @4

Prglnswaunlusunsudmsvnumuauedy yenanddudnesndunnuaziondun

q

aa o

naedla U NosnRITA Wesawouraan wesnas1sd uUSuANLINITTad (PWM) uay
WBSANITHDAITOUNTY WToUNUIBAINTIWAY 512 KB uay RAM 68 KB auiieanasanis
Uszananadmsummegeuansauasiuguuessyuueueudlilin vesadenanianunsanans

léfé’qgﬂﬁ 6.1

5U7 6.1 vasalilasnaulnsaaesaussnuzgs TMDSDOCK28335

AnianTATddydmTUUen TMDSDOCK28335
1) lulaspeulvsamesuazanitnonssy
- 199w F28335 mszna C2000™ 32 Jn ves3unisUszananadyyIfdiatazns
AIUALLUULIADI
- Waandmenssu Harvard-based CPU (C28x) wianynddafifiuszansnings uaxdl
nireUszultananaiiey (floating-point unit, FPU) Tusin s035un15UTsN1aNa
AU IUAIAUALNTATUANLUULIANRI
2) MIEAUN
- uvaw e 512 Alalud dwsuinulusunsuy
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ASVEULUTWATULAZAUN
- 5995UMSHAILLUTRNTUAY CCS

- 9995V JTAG dwmisudvunwazlvanluswnsy

Bunp/ene warfTudnn

A

LY 13

- NRIRRIVALAYLEULABNAUYDY

- weseaseday1d PWM (Pulse Width Modulation) vianedasdyayias dmsunIuny
uewmslazgunsaidy 9

- fuwlasdyanaueusdaoniduidvia (analog-to-digital converter, ADC) 4119 12 On
U 16 Yo3deyay1ad (channel)

- fadanatuagatiu (CPU-Timen) vuin 32 90 9117 3 &1 seedulnun Prescaler,
Capture, Compare WLag Interrupt

miﬁlamiaﬂgmu
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- @ansavhauii Master/Slave Tuunslusinaea

- gunsaseAndnsinisiu/ds (Baud rate) I

Handuiiawiazaulaonsie
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- #9299V Brown-out bazAURaUNAYDIeERalaLNDS

Pragaumninnyiala -40°C fia 85°C

6.2.2 nmisiWeusisgUnsalsnsauasluguuaziusunsu MATLAB
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From
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Code Composer Studio™ v3.3 IDE Target : TMDSDOCK28335 Microcontroller
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1. SimPowerSystem™ of MATLAB 2. Code Composer Studio™ v3.3 IDE
3. TMDSDOCK28335 Microcontroller 4. Computer/Laptop

JUN 6.3 nsieudegUnsalansawistugy

1n3UT 6.3 uansnsideurevesgunsaiansauasluguais Tnsuesalulasaeulnsaiaes
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1n3UR 6.5 annsamanisalliinssuvaniinnisnaaiesnimi emdsluinvesivan
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Hardware in the loop
Matlab/Simulink
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%% AAUAATNITIABIVOITEUY

Voc = 624.947;

Rint = 0.0669;

Rload = 1.684;

L = 3.45e-3;

C = 2287e-6;

CBatt = 19.846e-6;

d = 0.2888;

%% Fraanadiivlnandienidsludiieng g

timeSteps = [0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, ...
1, 1.125,1.25, 1.375, 1.5, 1.625, 1.75, 1.875, ...

2, 2.125, 2.25, 2.375, 2.5, 2.625];

PcplValues = [50e3, 100e3, 150e3, 200e3, 210e3, 220e3, 230e3, 240e3, ...

250e3, 260e3, 270e3, 280e3, 290e3, 300e3, 310e3, 320e3, ...

330e3, 340e3, 350e3, 360e3, 370e3, 380e3];
%% flertunldlunisasivivan
P star_func = @(t) interp1(timeSteps, PcplValues, t, ‘previous’, 'extrap);
%% farnnaniiidlunissiassaaunisel
tsamp = le-6; % sampling time
tend = 1.74;
tspan = 0: tsamp: tend;
x0 = [0; 800; 0],

%% WanTU ODE
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dxdt = @(t, x) [
(d*x(2) - x(2) + x(3)) / L ;
(x(1) - (x(1) * d) - (x(2) / Rload) - (P_star_func(t) / x(2))) / C;

- (x(1) / CBatt) + (Voc / (Rint * CBatt)) - (x(3) / (Rint * CBatt)) ;
;
%% HaFniaLdon ODE
options = odeset('RelTol',1e-6, '‘AbsTol',1e-4);
%% WL ODE LitemAsay
tic;
[t, x] = ode15s(dxdt, tspan, x0, options);
odeTime = toc; % Laantun1sunaunis ODE
fprintf(ODE simulation time: %.6f seconds\n', odeTime);
%% HadNSUa iL, vH wa vBatt Aildannnnsuiannns ODE
iL GSSA  =x(, 1);
VH GSSA = x(;, 2);
vBatt GSSA = x(;, 3);
%% WABANTVBINAGNST L6
figure(10)
subplot(4,1,1) % subplot 1
plot(t, P_star func(t)/1000, 'k','LineWidth',1);
xlim([1.58 1.74])
title('SOC = 97%)
ylabel('P_{CPL} (kW)); grid on;
subplot(4, 1, 2); % subplot 2
plot(t, iL_GSSA, 'k, 'LineWidth', 1);
xlim([1.58 1.74])

ylabel(i {L} (A)); grid on;
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subplot(4, 1, 3); % subplot 3
plot(t, vH_GSSA, 'k, 'LineWidth', 1);
xtim([1.58 1.74])

ylabel('V_{H} (V)); grid on;

subplot(4, 1, 4); % subplot 4
plot(t, vBatt GSSA, 'k, 'LineWidth', 1);
xlim([1.58 1.74])

xlabel('Time (s)"); ylabel('V_{Batt} (V)); grid on;
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%% MPUARINITITNDITVDITEUY

Voc = 624.947;

Rint = 0.0669;

L = 3.45e-3;

C = 2287e-6;

CBatt = 19.846e-6;

%% fNUAAINIIITLABIVRIIAIUANNLE

Kpv = 0.73718;

Kiv = 65.8224;

Kpi = 0.19430;

Kii = 215.442;

Vo_star = 800;

Ar = 10;

%% Frenanadivlnandidnidsladiisng «

timeSteps = [0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, ...
1,1.125, 1.25, 1.375, 1.5, 1.625, 1.75, 1.875, ...

2, 2.125, 2.25, 2.375, 2.5, 2.625];

PcplValues = [50e3, 100e3, 150e3, 200e3, 210e3, 220e3, 230e3, 240e3, ...

250e3, 260e3, 270e3, 280e3, 290e3, 300e3, 310e3, 320e3, ...

330e3, 340e3, 350e3, 360e3, 370e3, 380e3];
%% fasuildlumsaiuinan
P star func = @(t) interp1(timeSteps, PcplValues, t, 'previous', 'extrap);

%% AIAIAINIBLUNITIIADIANIUNITA




138

tsamp = le-6; % sampling time
tend = 1.74;
tspan = O:tsamp:tend;
x0 = [0; 800; 0; 0; 0I;
%9% ety ODE dmdunvuiasamindnmaninsdlifisaugy
dxdt = @(t, x) [
(x(3) /L) - (x(2) / L) + (Kpi * Kpv * Vo_star - Kpi * Kpv * x(2) + Kpi * Kiv ...
* x(4) - Kpi * x(1) + Kii * x(5))) * x(2) / (Ar * L));
(x(1) / O + (- Kpi * Kpv * Vo_star + Kpi * Kpv * x(2) - Kpi * Kiv * x(4) ...

+ Kpi * x(1) = Kii * x(5)) * x(1) / (Ar * Q) - (P_star_func(t) / (x(2) * Q)

- (x(1) / CBatt) + (Voc / (Rint * CBatt)) - (x(3) / (Rint * CBatt));

- (x(2)) + (Vo_star);

- (x(1)) - (Kpv * x(2)) + (Kiv * x(4)) + (Kpv * Vo_star);
;
%% Wfiaun13 ODE iilemAmau
tic;
[t, x] = ode15s(dxdt, tspan, x0);
odeTime = toc; % t1a7lunns solve ODE
% WanINALIA1 ODE
fprintf(ODE simulation time: %.6f seconds\n', odeTime);
%% Hadwswes iL, vH uag vBatt Alaainn1suAaunis ODE
iL GSSA = x(, 1);
VH GSSA = x(, 2);
vBatt GSSA = x(:, 3);
%% WaBANTVBINASNST LS
figure(10)

subplot(4,1,1) % subplot 1
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plot(t, P_star func(t)/1000, 'k, LineWidth',1);
xlim([1.58 1.74])

title('SOC = 97%)

ylabel(P_{CPL} (kw)); grid on;
subplot(4, 1, 2); % subplot 2
plot(t, iL_GSSA, 'k, 'LineWidth', 1);
xlim([1.58 1.74])

ylabel('i {L} (A)); grid on;

subplot(4, 1, 3); % subplot 3
plot(t, vH _GSSA, 'k, 'LineWidth', 1);
xlim([1.58 1.74])

ylabel('V_{H} (V)); grid on;

subplot(4, 1, 4); % subplot 4
plot(t, vBatt GSSA, 'k, 'LineWidth', 1);
xlim([1.58 1.74])

xlabel(Time (s)); ylabel('V_{Batt} (V)); grid on;
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lsunsunw@dmsudnassaniunisalmemaiassawisluguluvesa TMDSDOCK28335

// Usgnalwddiui

#include "targeth"  // Ina header

#include <rtdxh>  // laus13 RTDX Heanssening MATLAB/Simulink ffuvesa DSP
// fmuaA1YI I UM SdNRIeg iU 10 ps

#define Ts le-5

// Ysemaiiwlsdyaavesiiniunuitte

float VH;

float Vref;

float iL;

float d x;

float iL_ref;

// fMUAATNIIIELADIVBIAIAIUALIE

const float kpv = 0.651795, kiv = 51.4575;

const float kpi = 0.1717754, kii = 168.39045,;

// FuusiudanuaaaedouLarHaTILTsTIAUALTTle

float int v = 0.0;

float int i =0.0;

float err_v = 0.0;

float err i = 0.0;

// dosdoans RTDX gunmdmsusuteya iL, VH, Vref 390 MATLAB/Simulink
RTDX_CreatelnputChannel(ichan1); // il
RTDX_CreatelnputChannel(ichan2); // VH
RTDX_CreatelnputChannel(ichan3); // \ref

// %osioans RTDX wewmndmiudstoya d x ndulugla MATLAB/Simulink

RTDX_CreateOutputChannel(ochan1); // d x
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void main()
{
// R target vaauain ezdsp™ F28335 (TMS320F28335)
TARGET _INITIALIZE();
// eldaugos RTDX saviun
RTDX_enablelnput(&ichanl);
RTDX_enablelnput(&ichan2);
RTDX_enablelnput(&ichan3);
RTDX enableOutput(&ochanl);
// guwian (real-time loop)
while (1) {
// 8rudioya iL, VH, Vref 310 RTDX
RTDX read(&chant, &L,  sizeof(float));
RTDX read(&chan2, &VH, sizeof(float));
RTDX read(&ichan3, &Vref, sizeof(float));
// === qUAIuANLSIAY (@Uuen) ===
err v = Vref - VH;
int v +=kiv*Ts *err v,
iL ref = kpv *err v +int v;
// === gupvaunszia (gulu) ===
err i =iL ref-iL;
int i += ki * Ts * err_i;
d x=kpi *err_i+int j;
// Franugn1svhanuestesdeals RTDX
while (RTDX_writing != NULL) {
#if RTDX_POLLING_IMPLEMENTATION // 14380 RTDX_Poll() ifledwinnaniug

RTDX_Poll();
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#endif
}
// delioya d_x nauluda MATLAB/Simulink

RTDX write(&ochanl, &d X, sizeof(float));
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Abstract

Currently, the trend of electric vehicle (EV) usage has
increased. Almost all electrical systems in these vehicles might
be power electronic circuits. The controlled power converters
as the closed loop system behave as a constant power load
(CPL) which affects.the system stability. The operated system
might be unstable under the rated power. The controlled bi-
directional DC/DC converter may be uséd for-high-veliage DC
(HVDC) bus regulation as a constant. Thus, this.paper prasents
the constant power load effect assessment on EV Systems using
the simulation results via the SimPowerSystem block set on the
MATLAB program. The considered system in this paper has a
rated power equal to 380 kW. For the evaluation process, the
capacitance ( C') and inductance ( L) of the filter circuit are
varied the state of charge (SOC ) will be also changed in order
to observe the HVDC bus response. The results show that the
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system will be less stable operation when the values of C and
SOC are decreased likewise the increasing value of L.
Keywords: Electric Vehicle, Constant Power Load, Bidirectional

DC-DC Converter
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Abstract

This paper presents the derivation of a mathematical model for a battery electric vehicle
(BEV) system in which a bidirectional buck—boost converter is used to regulate the high-
voltage DC bus. This converter operates in two modes—step-up (boost) and step-down (buck).
The proposed model was developed using the generalized state-space averaging approach,
which climinates time-dependent variables, to obtain a time-invariant model that would
accurately represent the averaged dynamic behavior of the system. Tn addition, a simplified
battery model was integrated into the overall dynamic model of the BEV system to enhance
accuracy. The proposed model was validated by comparing its responses with those provided
by SimPowerSystem simulations in MATLAB/Simulink. The results confirm that the
proposed model accurately reproduces both transient and steady-state responses, indicating
its effectiveness and suitability for future applications, such as stability analysis, controller
design, and performance evaluation under various operating conditions.

Keywords: mathematical model; generalized state space averaging method; battery electric
vehicle; bidirectional buck-boost converter

Nomenclature
SOC -~ State of charge of the battery L Inductance of the converter
Vo Open-circuit voltage of the battery c Capacitance of the converter at the
oo Nominal voltage of the battery . i, C bis side
"an  Capacitance of the converter at the

Qs o Nominal capacity of the battery battery side
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Internal resistance of the battery

R

d Duty cycle of the converter

T Switching period of the converter
£

Switching frequency of the converter

£ Resonant frequency
@, Natural frequency of the voltage loop
@, Natural frequency of the current loop

. Damping ratio of the voltage loop
Z Damping ratio of the current loop
A, Peak of'the carrier signal

K P-gain of the voltage loop

K I-gain of the voltage loop

K P-gain of the current loop

K I-gain of the current loop

Battery current

Current inductor of the converter
vy HVDC bus voltage

Battery voltage

i Ripple current through L

Av, Ripple voltage across ('
Av, Ripple voltage across C,

ati

Introduction

In recent years, electric vehicles (EVs) have
rapidly advanced worldwide because of the
increasing need to reduce dependence on fossil
fuels. Fossil fuels are a major contributor to
climate change and various environmental
issues. The advancement of EV technology also
aligns  with clean energy policies and
environmental protection initiatives put forth by
many governments. The global geal of reducing
greenhouse gas emissions and mitigating air
pollution in urban areas has positioned EVs as
a key component of modern, sustainable, and
environmentally friendly transportation systems
(Gnanavendan et al., 2024; Jiang et al., 2024).
Currently, EVs can be classified into several
types (Sanguesa et al., 2021; Ehsani et al., 2021),
including hybrid EVs, plug-in hybrid EVs, fuel
cell EVs, and battery EVs (BEVs). Among
these, the BEV powertrain is commonly used to
represent other EV configurations because it
adopts a fundamental electrical architecture and
relies on electricity as the sole energy source.
In terms of electrical architecture, BEVs
typically possess a high-voltage DC (HVDC)
bus with a voltage of around 800 V (Jung, 2017;
Poorfakhraei et al., 2021) to enhance power
transmission efficiency, reduce system current,
and shorten battery charging time. This

configuration improves the overall system
efficiency and ensures a faster dynamic
response, as shown in Figure 1. The electrical
system of a BEV (Figure 1) consists of several
major components. The battery pack serves as
the primary energy source, supplying power to
the traction system and other onboard electrical
systems. The bidirectional DC-DC converter
boosts the DC voltage from the battery to
a higher bus level suitable for the electric motor
drive system. The inverter converts the HVDC
bus power into AC power to drive the traction
motor. In addition, an auxiliary power converter
supplies energy to low-voltage subsystems,
including infotainment, lighting, and comfort-
supporting equipment. Power converters in BEV
systems are typically controlled in closed-loop
configurations to regulate voltage levels,
particularly in the motor drive stage (Emadi et
al., 2006; Khaligh et al., 2008). As the motor
drive typically maintains the motor speed
constant, it behaves as a constant power load
(CPL) with a negative impedance (Emadi et al.,
2006; Areerak et al., 2012; Areerak et al., 2018).

Previous studies (Emadi et al, 2006;
Phosung et al., 2022) have shown that CPLs
considerably affect system stability, which is
primarily analyzed through mathematical
modeling. Mathematical models are utilized not
only for stability analysis but also for controller
design and studying system responses under
various: operating  conditions.  Therefore,
deriving an accurate mathematical model is
crucial, as it enables more effective dynamic
behavior analysis. Morcover, the use of
mathematical models can substantially reduce
the simulation time.

Figure 1 shows that the main power
conversion component is the bidirectional
DC-DC converter. Several types of bidirectional
DC-DC converters have been previously
developed (Wang et al, 2022; Tuluhong
et al, 2025), including bidircctional Cuk
converters, interleaved bidirectional converters,
bidirectional ~ flyback  converters, and
bidirectional push-pull converters. However,
the present study focused on the bidirectional
buck-boost converter because of its simple
structure and high energy conversion efficiency
(Wang et al., 2022; Tuluhong et al., 2025).

Previous studies (Mahdavi et al., 1997)
reported that the dynamic models of power
converters are generally time-dependent
because of internal switching devices, which
complicates the analysis of system stability and
controller design. However, time-invariant
mathematical models have been developed to
facilitate system response analysis, controller
design, and system stability assessment based on
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Figure 1. Architecture of a battery electric vehicle

classical control theory. In recent literature,
several modeling approaches have been widely
adopted, including the harmonic state-space
model (HSSM) (Motwani et al., 2022) and the
dynamic phasor model (DPM) (Shah et al.,
2021; Lyu et al,, 2023). Both approaches are
mherently complex. The HSSM is based on the
concept of linear time-periodic systems-and:
employs Fourier series expansionto characterize
the harmonic components of system signals in
the frequency domain. In contrast, the DPM is
derived from the generalized averaging
framework and utilizes phasor-based | state
variables to eliminate the effects of time-varying
switching dynamics. Nevertheless, the dynamic
phasor model is difficult to apply to small-signal
stability analysis. Both methods suffer from high
computational complexity, as their resulting
state—space representations are typically high-
dimensional. In addition, a positive-sequence
model (PSM) has been introduced (Shah et al.,
2021; Du et al., 2024). This approach relies on
the assumption of a balanced three-phase system
operating at the fundamental frequency, yielding
a time-invariant representation. Despite its
simplicity, the PSM cannot capture harmonic
order and is therefore unsuitable for applications
mvolving DC-DC power converters. Therefore,
the present study adopted the generalized state—
space averaging (GSSA) approach (Sanders ct
al., 1991; Mahdawvi et al., 1997; Emadi, 2004)
to derive the mathematical model. Mahdavi
et al. (1997) have shown that the GSSA
method employs a zero-order approximation,
considering only the DC term while neglecting
higher-order harmonics. The GSSA approach
effectively eliminates time-dependent terms
while maintaining high accuracy because

higher-order harmonics do not affect the overall
stability of the system (Pakdeeto et al., 2018;
Pakdeeto et al., 2021). In addition, higher-order
harmonics do not affect the controller design.
Previous studies have confirmed that these
harmonics do not substantially impact stability
analysis and are typically ignored in advanced
controller - designs. ' Therefore, herein, the
zero-order GSSA method was adopted to
remove time-dependent variables. The derived
medel simplifies the analysis and reduces the
computation time for obtaining system
responses. Moreover, the present study
employed a simplified battery model integrated
into the proposed system model to evaluate the
behavior of BEVs under realistic operating
conditions. The proposed model also considers
the state-of-charge ( SOC ) of the battery, which
is a key feature of the stability study. The
accuracy of the proposed model was validated
against the simulations using SimPowerSystem
blocks in MATLAB/Simulink. The results
showed that the model accurately captures
both transient and steady-state responses.
Furthermore, the computation time of the
proposed model is substantially lower than that
of the SimPowerSystem simulations. The main
contributions of the present study are
summarized as follows:

* The derived mathematical model reduces
the computation time required to obtain system
responses.

= The proposed model, which incorporates
the SOC from the simplified battery model, can
be used to analyze the future impact of battery
dynamics on the overall system performance.

This paper is organized into six parts.
Part I presents the background, motivation, and
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Figure 2. Scheme of the considered BEV system,

significance of the study, as well as a review of
related literature and previous research. Part IT
describes the considered BEV system. Part I1I
details the derivation of the mathematical model
of the electrical system using the GSSA method.
Part IV focuses on model validation. Part V
compares the computation time required to
obtain system responses from the proposed
model with that from detailed simulations.
Finally, Part VT concludes the study.

Considered BEV system

The considered BEV system with a rated power
of 380 kW is shown in Figure 2. The critical
clectrical parameters required for practical
hardware design under the worst-case operating
conditions are summarized as follows. The
maximum current flowing through the inductor
is approximately 996 A: therefore, the inductor
current rating was conservatively specified
as 1000 A. In addition, the maximum voltage
across the capacitor on the side of the HVDC
bus, under transient overshoot conditions, 1s
approximately 850 V. Accordingly, the capacitor
voltage rating was selected as 1000 V. Similarly,
the voltage rating of the capacitor on the
battery side was specified as 1000 V because the
battery-side voltage is inherently lower than that
of the HVDC bus under normal operating
conditions.

The system consists of the following three
main parts. The first part is the battery pack,
which serves as the main power source,
providing a nominal voltage of 569 V and a
capacity of 155 Ah. The second part is the

bidirectional DC-DC converter, controlled by a
cascaded proportional—integral (PT) controller to
regulate the HVDC bus voltage. In the present
study, a buck-boost converter with two power
electronic switches operating alternately was
employed. The converter also includes an inductor
and a DC filter capacitor to reduce current and
voltage ripples. [t can operate in two main modes
(Tuluhong et al., 2025): in the boost mode, the
converter steps up the battery voltage to the
HVDC bus during driving conditions, and in the
buck mode, it retums regenerative braking
energy back to the battery. However, herein, we
primarily focused on the boost mode, as it plays
an important role in system stability for future
analysis. The third part is the load or “motor
drive system,” which includes a speed controller
represented by an ideal CPL. Low-voltage loads
at 12 and 48 V were neglected because their
effects on the overall system are smaller than the
traction motor drive load.

The converter parameters ( /. and ()
depend on the ripple current ( Aj, ) and the
voltage ripple ( Av,. ) (Erickson & Maksimovi¢,
2001). These parameters can be calculated using
Equations (1)—(2). In addition, (', represents
the battery-side capacitor used to reduce the
battery voltage ripple, which can be determined
using Equation (3).

1 = TV v

A M
L

L

T 28 R(-d) @




155

Mathematical Model Derivation for Bidirectional Buck-Boost Converter

_ A,
Ay @

“Bati

where T is the switching period of the
converter, defined as 1/, where f is the

switching frequency of the converter; d 1s the
duty cycle; V, is the nominal battery

Bait, nom
voltage; and R is the equivalent resistance
corresponding to the CPL, which can be

calculated as R=V;, / P, .

The control system employed in the
considered BEV configuration is a cascaded PI
controller. It consists of two main control loops:
a voltage control loop that regulates the HVDC
bus voltage and a current control loop that
controls the inductor current. The parameters of
the PI controller for both loops were designed by
comparing the coefficients of the closed-loop
transfer function with those of a standard
second-order system (Beraki et al, 2017;
Pakdeeto et al., 2024). The operation of the PL
controllers in both the voltage and current loops
is governed by Equations (4)—(7).

K,=200,C (4)
K, =a,C (%)
260,41
L . S (6)
['E{m.fmm
@’ AL
K, = S @

Bart nont

where K, and K are the proportional and
integral gains of the voltage control loop; @, is
the natural frequency of the voltage loop; and £
is the damping ratio of the voltage loop.
Similarly, KP,. and K, denote the proportional
and integral gains of the current control loop;
), is the natural frequency of the current loop;
¢, is the damping ratio of the current loop; and
A, 1s the peak value of the triangular carrier

signal.

Derivation of the Mathematical
Model

Herein, the mathematical model was derived
using the GSSA approach under the zero-order
approximation. In this method, the state
variables are expressed as coefficients of the

complex Fourier series (Gamelin, 2001). This
approach eliminates time-dependent variables,
yielding a time-invariant mathematical model.
In addition, a simplified battery model was
incorporated to enhance the accuracy of the
proposed mathematical model. The model
derivation assumes that the bidirectional buck—
boost converter operates only in continuous
conduction mode. The derivation of the
mathematical model for the considered electrical
system is presented below.

A. Battery model

The battery plays a crucial role in EVs.
Therefore, the analysis of battery dynamics is
essential. Herein, the battery model was
incorporated as a part of the proposed
mathematical model. Generally, the behavior of
a battery changes over time and can be evaluated
by the decrease in its SOC when supplying
energy to the load. Tremblay & Dessaint (2009)
reported that the realistic characteristic of a
battery is defined by the relationship between the
terminal voltage (1) and the extracted capacity
(O, in Ah). However, the objective of the present
study was to derive a simplified battery model
that is independent of time variation and suitable
for future stability analysis. Hence, a simplified
-1 curve independent of time was adopted to
determine the operating point of the system
because an ideal voltage source cannot reflect the
effect of SOC . A simplified battery model
(Susanna et al., 2019) was employed to improve
the accuracy of the overall mathematical model,
as shown in Figure 3. This simplified battery
model relies on a linear approximation.

i.l?an Rim
-—b

Vor C_) vlimr

=

Figure 3. Simplified battery model.

As shown in Figure 3, the battery voltage can be
calculated using Equation (8), where v, is the
battery voltage, i, is the battery current, V.

is the open-circuit voltage of the battery, and

R, is the internal resistance of the battery.
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Vi = Voe 7i1a,mRnu (3)

The values of ¥, and R, were obtained by

comparing the linear equation derived through
curve fitting with the results of the battery
discharge simulation. Herein, the case where
the SOC equals 97% was considered in the
following procedure.

Step 1: The I'-/ curve was obtained from the
battery simulation while the battery supplied
power to the load. The battery block was
connected to an ideal CPL, and the load power
was gradually increased up to the rated value
of 380 kW. In this simulation, the nominal
battery parameters were V, =569 V and

Bart nom
S0C =97%.

Step 2: The obtained J'=T curve was fitted
with a linear equation to obtain a simplified
battery model that accurately represents the
approximated battery behavior at SOC =97%,
as shown in Figure 4.

V-1 curve ( SOC=97%)

~——— Battery from Matiab/Simulink

— = — - Simplified Battery Model

100 200 300 400 500 800 700

ilhm &

Figure 4. Curve fitting for the simplified
battery model.

In Figure 4, the dashed line is the =] curve of
the simplified battery model, obtained by fitting
a linear equation with a slope of —0.0669 and a
y-intercept of 624.947, The corresponding linear
equation is given in (9).

y=-0.0669x + 624.947 ©)

Step 3: The coefficients in Equations (8) and
(9) were compared for the case where
SOC =97% , yielding ¥, =624.947 V and
R, =0.0669 Q. However, the validity of the

battery model is limited to the SOC range of
14%-97% because the battery behavior outside
this range becomes highly nonlinear. Within
this SOC range, the converter duty cycle was
found to operate between 0.275 and 0.509 under

worst-case operating conditions. Therefore, the
present study considered only the specified
SOC range to ensure modeling accuracy.

B. Ideal CPL model

This section discusses the ideal CPL, which
accurately reflects the system behavior under
varying load power conditions at each operating
point. The ideal CPL is represented by a
controlled DC source, as shown in Figure 5
(Rivetta et al., 2006; Solsona et al., 2015). The
current of this power source is defined as

Vo, = Popr | ;> Where P, is the CPL.
—
P
. 4
= v, [ ool | ‘
(a) ()

Figure 5, Ideal CPL model

After applying the battery and ideal CPL models
to the considered BEV system, the equivalent
circuit under open-loop control is shown in
Figure 6.

CEL Model

Simplitied Battery Model

P,

-}

Figure 6. Bidirectional DC-DC converter
(open-loop control)

C. Bidirectional DC-DC converter

To elucidate the operating principles of the
bidirectional buck—boost converter, its operation
was divided into two switching modes. In the
first mode, switch S1 1s off, and switch 52 is
on. In the second mode, switch S1 is on, and
switch 52 is off. The converter operation in
each mode was analyzed (Figure 7) by applying
Kirchhoff’s laws to derive the differential
equations of the state variables involved in the
switching states. This representation is referred
to as a switched model, which serves as the
GSSA model. The state variables of the system

. T
can be defined as X=[i, v, v;,,] -
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Figure 7. Operating modes of the
bidirectional DC-DC converter

The circuit analysis in Figure 7 provides a
switched model that describes the relationship

between the derivatives of /, . v, v, ,and the
switching function u(r) , as expressed in

Equation (10).

. 1 1
L = Zv&n/ = z(l —u(f) vy

_— _ P
vy =E{1—u(t))-z, —V”‘z, (10
H

-
5 7(’0("7",&//}_ 1 i
Batt — L
Rm CEM CBm‘f

After the switched model in Equation (10) was
obtained, the GSSA method based on the
consideration of a periodic signal f(r) with a

period time ( . ) was applied. The periodic
function can be expressed as a complex Fourier
series (Equation (11)), where @=27/T, and
<}C>'L (£) are the complex Fourier coefficients of

the state variables to be determined, as
calculated in Equation (12).

o

J©= Y {x), e (1
k=-w
l i

{x), (0 = [ rwe i (12)
1-T

To analyze the switching function of the
bidirectional ~ buck-boost  converter, the

switching pattern was represented as shown in
Figure 8 and mathematically expressed in
Equation (13). After the application of GSSA,
the complex Fourier coefficients of the
switching function were obtained from Equation
(13) at k=0, as shown in (14). The d value
was then calculated as ¢ /T .

(i)
A

Figure 8. Switching function of the
bidirectional DC-DC converter

9 l, 0<t<dl -

u(t) =

\ 0, dT <t<T (13)
dI,

(u)u (l)=% _! (e’ dt :%:(i (14)

To derive the state variables using the GSSA
method, two properties of the complex Fourier
series described in (Sanders et al., 1991; Wang
etal,, 2019) were applied as follows:

¢ The properties of the time-derivative are
shown in (13).

d h f
L =(5) “rol - a9

o The properties of multiplication are shown
in (16).

(), = X (%) (16)

If & is set to 0, the model excludes high-
frequency components but can still accurately
represent the dynamic behavior of the system.
As for the switched model in Equation (10),
i, ,v, and v, can be expressed in terms of
complex Fourier coefficients, as shown in
Equation (17), where (iL>0 . vy )0 and (vb.m)“

are defined as the state variables of the model in
Equation (18).
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Figure 9. Cascade PI controller

V= (VH >() =X, (17)

1 (1=, 0)
<!f>0_L‘3m17 I (V)o
3 (]_<“)O (1]) Fert
{vh, s a I &
. o IV(J( _<vﬁm>g 1 .
OW“{m%”}%ﬂ%

After (u) B (#) from Equation (14) is substituted

into Equation (18), and the “multiplication
property from (16) is applied, the mathematical
model of the bidirectional buck—boost power
converter (open-loop control) becomes Equation
(19) using the GSSA method under the zero-
order approximation.

(-d) 1
& by -x2+7-x3
_ () E
~";:?'Xﬁf(i (19)

= Voc =% _L'x
¢ Rm[ CB[FH Cﬂm’f ;

D. Cascade PI controller

The cascade Pl controller structurally
consists of voltage and current loops (Figure 9).
From Figure 9, x, and x, are the state variables
of the voltage and current control loops, as
shown in Equations (20) and (21), respectively;
v, is the reference voltage of the HVDC bus;
and i, is the reference current flowing through

the inductor. In addition, ¢~ can be expressed as

shown in Equation (22).
3, £V vy (20)
% =i~ @1

pit >t py

4N\ @ v
dA=A( K Ky, - K K v
A,,( H it Ve 22)
i K,ur"Ku-‘Tv e K.Pv iL jt KﬂxJ )

E. Considered system mathematical
model

The dynamic model of the considered
system was obtained by integrating the
simplified battery model, ideal CPL model,
open-loop bidirectional DC-DC converter, and
cascade PI controller. However, ¢ in Equation
(19) was substituted by ¢ from Equation (22).
The complete dynamic model of the proposed
BEV system is presented in Equation (23).

3

= C C A= C X
Run “ Bart le “Bart Bar

i +

X, =X, —X,

t==%-K 0+ K x +K 1,

v y e

K K . KK, . KK, : K
.\"l:—lxnL LBy —— =+ =X, =, XX, X
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Voc 1 1 23)




159

Mathematical Model Derivation for Bidirectional Buck-Boost Converter

The proposed model in Equation (23) represents
the mathematical model of the considered
BEV system derived using the GSSA method
under the zero-order approximation. However,
the mathematical model in Equation (23) is
nonlinear. To enable the use of this model as
atool for future stability analysis based on linear
control theory, a linearized model was derived
using a first-order Taylor series expansion
(Daengdon et al., 2025), which provides a local
approximation around the system operating
point. The resulting linearized equations can be
expressed in the state-space form of a small-
signal model, as given in Equation (24). The
detailed expressions of the system Jacobian
matrices  A(x,,u,) B(x,u,) . C(x,u,) . and

D(x,.u,) are provided in the Appendix.

J(Si{ = A(X,.u,)8X + B(x,,u,)ou

l()‘y:C(xu,uu)5x+D(xU,uu)(§'u @4

State-space variables:
Sx =[x, 6x, ox, ox, ox ]
Sl

Output variables: 8y =[dx, &x, Exa]T

Input variables: du= [5\3 5Py,

Model Validation

To confirm the accuracy of the mathematical
model expressed in Equation (23), the dynamical
responses from the proposed model were
compared with the simulation responses from a
power system block in MATLAB/SIMULINK.
The system parameters are listed in Table 1.
For model validation, the voltage of the HYDC

S0C=97%

bus was regulated at 800 V, and the ideal CPL
was changed from 290to 300kW, with the
SOC value varied at 97%, 60%, and 35%. The

system responses of i, , v, , and v, are

shown in Figures 10-12, respectively. In
addition, for the buck mode, the system response
at SOC =60% is provided in Figure 13.

Table 1. System parameters

Symbol Descriptions Values
V;M_M,,, Nominal Battery Voltage 569V
Qyuron Nominal Battery Capacity 155 Ah
C Capacitance (Battery Side)  19.846
e of the Converter uF
C Capacitance (HVDC Bus 2.287
) Side) of the Converter mF
7 Inductance of 345
: the Converter mH
: Switching frequency of
£ the converter TOEHE
m Natural frequency of 2nx27
4 the voltage loop rad’s
- Natural frequency of 21x300
v the current loop rad/s
- Damping ratio of 0.95
=) the voltage loop '
Damping ratio of
& the voltage loop 085
Peak of the Triangular
4 10
\ Wave Form
X Parameter of the Voltage
4 Loop P-Controller DA3418
Parameter of the Voltage
K, Loop I-Controller S
K Parameter of the Current
-~ Loop P-Controller 0.19430
X, Parameter of the Current 215,442

Loop [-Controller

6554 model
——— MatiabiSimulink

300 kW
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The simulation results (Figures 10—13) verify
that the proposed mathematical model of the
BEV system in both boost and buck modes,
derived using the GSSA method under the zero-
order approximation, is highly accurate.
However, the present study primarily analyzed
the boost operating mode, as it directly affects
the stability of the BEV system and is an
important topic for future research. The
simplified battery model used herein was
formulated based only on the boost mode. As a
result, the accuracy of the model in the buck
mode is limited to the SOC range of 40%-60%.
To improve the accuracy of the model in the
buck mode, the T~/ characteristic of the
simplified battery model in the buck mode can
be further considered in future work.

As shown in Figures 10-13, the proposed
model responses closely match those obtained
from MATLAB/Simulink simulations under
both transient and steady-state conditions. The
errors of v, in these figures are negligible and

approximately zero. When the load power
changes from 290 to 300 kW in the boost mode
and from 10 to —10 kW m the buck mode, the
PI controller effectively maintains the HVDC
bus voltage at 800 V, even as the SOC of
the battery decreases. Moreover, the-speetral
analysis of v, in Figures 10-13 shows an

amplitude of approximately 10klz, which
corresponds to the switching frequency, of the
power converter. Another frequency component
appears in the range of 180-200 Hz, which was
attributed to the zero-order approximation used
in the GSSA method. Nevertheless, these
frequency components do not affect the stability
analysis of the system or the controller design.
This is because the frequencies in this range do
not coincide with the resonance frequency of
the system, which is approximately 56.66 Hz
and represents the dominant frequency. The
resonance frequency can be calculated using
Equation (25) (Li, 2009).

i

2::@

= 56.66 11z (25)

Time Saving

The wvalidated mathematical model developed
herein is not only accurate and suitable for future
applications but also considerably faster to
compute. To compare the performance of
the proposed model with that of the
MATLAB/Simulink power block simulation,
these two simulations were conducted on a

computer equipped with an Intel(R) Core(TM)
15-9300H CPU (2.40 GHz), 16 GB RAM, and
Windows 11 (64-bit) operating system using
MATLAB R2022a. The comparison of
simulation times is presented in Table 2,
and the percentage of time reduction was
calculated using Equation (26), where 1
is the time required for simulation using
MATLAB/Simulink, and ¢ , is the time
required to obtain the response from the
proposed mathematical model.

Porr =1
% ! — _exact math xlOG% (26)

exact

saving

Table 2 indicates that the proposed mathematical
model offers 87.089% lower computation time,
indicating its excellent computational efficiency
while maintaining response accuracy. Therefore,
the model derived herein is an effective tool for
future studies, including stability analysis,
parameter  sensitivity  investigation, and
controller design.

Conclusions

The proposed study presents a mathematical
model for a BEV system operated with an
internal - bidirectional  buck-boost  power
converter. This converter can operate in both
buck and boost modes. The proposed model was
derived using the GSSA method under a zero-
order approximation to ecliminate the time
variable. In addition, a simplified battery model
was employed to represent the effect of SOC
and to improve model accuracy. However, the
proposed model is valid only when the power
converter operates in the continuous conduction
mode. The main advantage of the proposed
model is its ability to substantially reduce the
computation time required to obtain system
responses. The proposed mathematical model
was validated against the MATLAB/Simulink
simulation. The results confirmed that the
proposed - model accurately provides both
transient and steady-statc responses, making
it suitable for future applications, such as
stability analysis and controller design.
Moreover, the GSSA model requires an average
simulation time of only 10.228 s, whereas the
cxact topological model implemented in
MATLAB/Simulink requires 86.894 s. As a
result, the GSSA model reduces computation
time by approximately 87.089% compared with
the exact topological model.
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Table 2. Comparison of the simulation time

Operating mode ~ SOC (%)  Exactmodel(s)  GSSA model (s)  Time saving (%)
97 64.230 9.241 85.613
Boost 60 64.502 9.937 84.594
35 73.368 10.227 86.061
Buck 60 145.474 11.509 92.089
Average 86.894 10.228 87.089
Appendix
The Jacobian matrices of the linear model in Equation (24) are as follows:
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