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RATAPON PHOSUNG : ADAPTIVE STABILIZATION OF AIRCRAFT ELECTRICAL
POWER SYSTEMS USING ADAPTIVE TABU SEARCH ALGORITHM. THESIS
ADVISOR : PROF. KONGPAN AREERAK, Ph.D., 381 PP.

Keyword: More Electric Aircraft (MEA)/Constant Power Loads (CPLs)/Adaptive
stabilization/Loop-cancellation technique/Adaptive Tabu Search algorithm (ATS)

More Electric Aircraft (MEA) is a crucial concept and solution of modern aerospace
engineering for decreasing gas emissions, optimizing global aircraft performance and
reliability, and reducing maintenance and operating cost. However, the stability issues
should be taken into account in detail when the electric system is applied with aircraft.
This is because most electrical power systems (EPSs) on MEA are the power converters
under closed-loop mode, acting as constant power loads (CPLs). These CPLs can directly
degrade the MEA EPS stability. The destabilizing effect not only results in poor
performance until controllers fails but also may cause damage to the entire systems that
lead to an aviation accident. From this mentioned reason, both stability analysis and
instability mitigation are drastically required to predict the system’s instability operation
and to return the unstable system to a stable operating state. For this thesis, the stability
analysis technique via eigenvalue theorem, phase-plane analysis, and participation factor
analysis are performed to investigate the stability margin of a single-generator-single-bus
DC distribution MEA EPS. As for instability mitigation, the active compensation on feeder
side using loop-cancellation technique, eliminating the instability effect of CPLs directly, is
selected. Unfortunately, only the instability mitigation cannot make the system operate
stably until the rated power is achieved. Hence, this research thesis will study an adaptive
stabilization for studied MEA EPS. The adaptive stabilization techniques can be
categorized into two approaches. The first is adaptive stabilization using the equation
derived from state-variables-averaging mathematical model, wherein the adaptive
stabilization equation is established by system model. This referred equation, i.e.,
simple equation, can provide the feedback gain of loop-cancellation technique
depending on the power level of CPLs. However, when this technique is applied with
the complicated system, the simple equation cannot be achieved. Thus, the second

approach, namely adaptive stabilization using the adaptive stabilizing equation



obtained from stability assessment, is the better choice. This is because it is high
flexible and is appropriately applied for most EPSs. Unfortunately, existing adaptable
stabilization approaches cannot improve the DC bus voltage regulation performance.
Moreover, the nonadherence of DC bus voltage response to the MIL-STD-704F
standard may be occurred. Consequently, in this thesis, adaptable stabilization
equation’s coefficients will be designed using adaptive tabu search (ATS) algorithm.
The main objective of the proposed design technique is to provide the best possible
DC bus voltage performance according to the MIL-STD-704F standard. Furthermore,
the MEA EPS is constantly stable under all operating conditions. Good agreement
among the results of theoretical analysis (derived via eigenvalue theorem,
participation factor analysis, and the phase plane analysis), MATLAB simulation,
hardware-in-the-loop simulation, and experimental rig are used to verify the design
results derived from the ATS algorithm. The results demonstrate that the proposed
adaptive stabilization methodology can maintain the stable MEA EPS operation for all
distance and flying time with good performance under the defined aircraft standard.
It can be, therefore, confirmed that the application of an artificial intelligence (Al)
technique for adaptive stabilization presented in this thesis is an effective and high
reliability method. Moreover, it is also suitable for practical application in the aviation

industry.
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1.1 anudunuazanudrfgusslym
ludagduuuidAnnazuullduveiainssunistuadeluy (modem aerospace
engineering) Reafuirsesduildlwihunndy (More-Electric Aircraft : MEA) (Weimer, J.A.,
1993; Emadi, A., and Ehsani, M., 2000; Areerak, K-N., Wu, T., Bozhko, S.V., Asher, G.M.,
and Thomas, D.W.P., 2011; Ni, K, Liu, Y., Mei, Z., Wu, T., Hu, Y., Wen, H., and Wang, Y.,
2019) L&5uarudeuiunldlunistaunasesdunidedidudiuauuin a1fiduy
wiasluueda A330 (Airbus A330) waglude 787 (Boeing 787) Wudy Tnsuurniude
Fananduuwainiifesnisazildsuunamdsnundnluniosduguusn (Conventional
Aircraft) @sl@unannszuunisna (mechanical system) ¥ UUUILLUAN (pneumatic system)
syuulansedn (hydraulic system) szuuluiin (electrical system) luiduunaandssugos
nszuvlniifissszuuieasiady Wesnnszuunisnadanugeeindudouly
ﬂ’l'ﬁU"Wiﬂ%JﬂH’l (Ni, K., Liu, Y., Mei, Z., Wu, T., Hu, Y., Wen, H., and Wang, V., 2019)
Tudhuresszuuduuinuazszuulansedniinnissilnavemdsnuldine sandenisnsiadu
AnuRanges Jso1alugetRmnvuzinniesasaeauayyinliiier duinnnuainle
(Rosero, J.A,, Ortaga, J.A., Aldabas, E., and Romeral, L., 2007) ﬁaaLMG}ﬁjqUﬂiiﬁmNﬂa
fauudn uazlensesn varsedredsldgnunuiisisguasainialiin enfegragu
nstuisusaiemasesaioseus fuel and oil pumping) lenfendanuansyuunna
%Qmmuﬁé’w%uL%@LW%QIWW’] (electrical fuel pump) a5z uulnin szuutesiu
Asins1zestisundnadosdu (Wings Antilcing System : WAI) WATIEUUAIUAY
anmeneniegluiedlagans (Environment Control System : ECS) fiunfldfsyuudiauaiin
zgnunuiisnogunsalvinainuieuseliii (electrical heaters) wazyanouinsaleos
(compressor) Aldn&as1uliin aud1du Fansgduuuulansedn (Electro-Hydraulic
Actuators : EHASs) %QﬂLmuﬁéf’aEJﬂ’lﬂ%’él”JﬂixﬁM%&ﬂﬁlWﬂﬁ (Electromechanical Actuators
- EMAS) iudu dmsuaandnenssuduwuuusnvesssuuliiniduuedesuildlniunnty
Fuszuusimhelnihnszuaadu (AC distribution system) HawuuAaLaAd 400 Hz vwa

LAy 115 Vac waguuuuSuasumanuiladans 320-800 Hz vunausas 115/230 Vac



(Wheeler, P., and Bozhko, S.V., 2014; Ni, K., Liu, Y., Mei, Z., Wu, T., Hu, Y., Wen, H., and
Wang, Y., 2019) Imu’%@’wﬁ:{mamm'%'awuﬁmmﬂmuuazqwiaﬂmaﬁ Ay wesUaniy
(Airbus Group) wazus¥nluds (The Boeing Company) handmenssusanaanly
Dudunvvveaadesdumnddluedesiuiuin snfegiatu andeenssuveadesdu
wodTa A330 (Airbus A330) wazluds 767 (Boeing 767) Wudu uazsounldiinsimundy
sguvdmneuuNay (hybrid distribution system) Fldlninszuaadunaziniinssuansy
S9UAU (Areerak, K-N., Wu, T., Bozhko, S.V., Asher, G.M., and Thomas, D.W.P., 2011;
Areerak, K-N., Bozhko, S.V., Asher, G.M., De Lillo, L., and Thomas, D.W.P., 2012) 1% u
A3psdunedda A380 (Airbus A380) wazluds 787 (Boeing 787) tudu wid 1 nsy
anndmenssuveaniostufignianldausidutagtuuasinsiuuiliunsldanuedis
sovlassudislueuian niluindeduardiunisnmsidusyuusmieliinssuanss
(DC distribution system) \ilaaannlanssaugmsianuuazanuiidedevesssuudiginiy
szuudmihelifnssuaaduuasuuunan uenanisslisidusesendugunsailumsunize
dsliidweniinisnldiidmdnuuazamisaaniidsnugdslussuuldiduedied
agnslsfinunisisyuuliiurlduuedesiuinndunenainazivsslevdlumane o 47
Faftnaawddnasy feiusadiuresiamiuaiosndidasiinfinnsanetsasdendnie
leannszuulniindds (Electrical Power System : EPS) fildanuuwniosdulasdiulug
Fruflduusznoundnidursasudasiumdeifinisaaununisyieu endiegiadu
2vsulasiuidsidendetuynaemsareTRIsTUUMmUANAN WM Aneluaslagans
warsasulasiuidafidendenameslniihdalvimihilunis Sadufiendliedeaduium
18 - 121 vizelsendimade (Rudden) Wudu Fnsasuvasiuditinsauquisnaniingg
wansngAnssuiUIeutaloulnann1dslvinaed (Constant Power Loads : CPLs) (Jusoh,
A.B. 2004; Rivetta, C.H., Geoffrey, A., Williamson, G.A., and Emadi, A., 2005; Emadi, A,
Khaligh, A., Rivetta, C.H., and Williamson, G.A, 2006) fianunsaanneuiadesninlagsiu
%aaawulﬂﬂwum%aaﬁulﬁ (Kim, S., and Williamson, S.S., 2011; Areerak, K-N., Bozhko,
S.V., Asher, G.M., De Lillo, L., and Thomas, D.W.P., 2012; Gao, F., and Bozhko, S.V.,
2016) Fensvrmadosninduliifsarilfaussougnisaiuquanasaunsediagade
nsmuANIsEUUIIITY uwienaneliiAnanuidsmedelasadvesssuuiitnlugifiendy

¥ | va

a1t s Uimenianisduld Amuanuideinerdnusisdiiauewuiminisundeym
FINANIMIBNITATIEDEININTIUTUS (adaptive stabilization) Nio1AuENN1T9E199181TD
AUNTAS AN BTN IMTIUTUAILUNITANNAIATE AT IVUE T UNITUTININSVIALED 85N
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Jevilszuulniidnwluanuddoineninug dufe szuuliihddsuunieadudldlin
unduiidssvusmhowuuliinssuanss (DC Distribution More Electric Aircraft Power
Systems) @nnsavhauldegdiafiesnmeasntianisinaunielissauigaliiihdiedcn
yesszu agndlsimunsaaaiosnmidsuiusimeuumiisleglutiagiultannsaviili
aussnugmImuauussiutalmihnssuanssdiauld Bsluninduenahliaussouzmaniugy
wsadudaluiinszuanssvesszuvanadldilulyniuuinsgiu MIL-STD-704F 16
AIVRNARINET 199 11T AN TnusIlaUszendlduunmensussvmnsvInEtesnm
BN %’gwa Iwéﬁdﬁﬁ wazAnde (Phosung, R., Areerak, K., Sopapirm, T., and Areerak, K.,
2022) #35n1sn1etyy1used w§ (Artificial Intellisence Technique : Al) u1l4Tu

o

nszUIUMTRBNLUUAINIIEnesvesgUlaulunt (feedforward loop) MiltidAtysie

o

=

@fysnmuazanssourn1InIUAuLTIfuveslnanvesszuuliimdue T dufgd
Inaanaslniiasiuuiudy wiauIlazaogen N385 @ne TN IMTIUSUAL Taseuide
IngrdnusaglditnsmelygidseRusiionin 9anoINUNITAUNIUUUAYTIUTUAT
(Adaptive Tabu Search Algorithm : ATS) (Puangdownreong, D., Areerak, K-N., Sujitjorn, S.,
and Kulworawanichpong, T., 2004; Sopapirm, T., Areerak, K-N., and Areerak, K-L., 2012;
Pakdeeto, J., Chanpittayagit, R., Areerak, K-N., and Areerak K-L., 2017) mﬂixqﬂﬁmu
nsoenuuudnUszansussaunisairaatiosnmidsuusaieviliaussauzniseunu

wsiudaliihnssuansanngavinfiasdulUlduazanadosniunsouninsgiu MIL-STD-704F

L

melddeulunisfiadosnnaaenszeeniaway srazianinisdu ddeldindumuiseiide
ponnluefmatfaiigtu useddifinuisela 9 dudumsludnuaguiifussuuliihmgs
vAzeadu Wnaeilyguseiugisnsdu q ey BnnsAuvuuuIuuindaneiiu
(Genetic Algorithm : GA) (Narongrit, T., Areerak, K-N., and Areerak, K-L., 2010) &
AFn1sAuniuuunIsindouiiveangueynia (Particle Swarm Optimization : PSO)
(Chonsatidjamroen, S., Areerak, K-N., and Areerak, K-L., 2012) ﬁa’lmia‘ijﬂmﬂizqﬂﬂ%
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123 iflefinw Auat wasieduaisesdnuiAeafunisfigadmuuuiiasm
adlndrandvoeszuulninmssvuaIesdudildluiuindudifissuusinuisuuy
T nszuanss wuuadestndaluinfonazdaner Fudunvusiassiiamisailuldly
MTIATAERYTAIN NMTUTIVINTVIALEDLINN LAz sas1sadesmmasususivesssuula

124 iefnw duain LLazLa‘i‘m%ﬁqaqﬁmmilﬁmﬁ’umﬁmﬂ3‘1)?Laﬁasmwim
91AEITNITUATILAEDNYINNUUULTAFUAIENBYUNANDIZIT ATANITIATIEALUUTILAS
fi3end1 MnsEiiUszneunisiidnsin wardsnslemsiaiosnmuuuld Sudadu
NUNNTIATIERsEUUIE sesszuUliiinmE e Sesuildlniannduitlss uusivne
wuulninszuanss wuuesessudalnidenastanen

125 flednwn Aunl uaziasuaineesdainuidviunsvaweuuuueniin
éfwwéaﬁhﬂimﬂii'fl,mﬁﬂgﬂsmLﬁﬂ%ﬁwﬂv\lﬂﬁwé’wum%aﬁuﬁﬂbﬂw%mmsﬁuﬁﬁ
sruusmsuuUlninsswanss wuueSesidaliifeuasdaaen

126 iilesenen Waun wagaisesdanuilnidmiunisaiaatosnmdeuiush
y0358uU A §suuedosduildlnfunduitdssuusmunouuulnfiinssuanss

wuuinsesiulaliiifednazdaned AgeanesiunsAuMLUUAyYIaUTUsa

13 deanaadosdu

131 szuulwihfidnelusnuddeinerinudidussuulnihmduunseadudld
Thanntunariissuusmunisuuulniinnssuanss wuuedestndaliiinionas Tamon
(single-generator-single-bus)
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137 n1sa¥eaunisesiaineresndnsivetsdeundufiuusiudsuiliniy
sefuiddlufivedivan dwviunisaiaadesnmdsuiuiesssuulnindidnwazende
é’aﬂa%ﬁmmiﬁumuwmyL%QIJ%’Uﬁﬂumiaaﬂquﬁ’lé’mﬂizﬁw‘émq 1 Y03aNN1TaEeed
agluguvesaunsinaluilen

138  mddeineninuderlifinnsanesueiinfiistuluszsuy

139  msdassaniunsaivesszuulifiniidnwazerdeyauden SimPowerSytem™
UulUsunTd MATLAB uazinailngnsuaslugy (hardware-in-the-loop : HIL)
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142 wesudaliindsdastamdawiundnanisifiasanasinuliiuerudiseu
Aenffniniy

143  nsieuresasulasdumdslussuulnifidnerasfiorsunlugiu
TnunnsinszuaseLiiad (Continuous Conduction Mode: CCM) 1t

144 WUUTIA899992995L389n550anIAR T LUULan TN AlElun1sT1a09
annunsaluulusinsy MATLAB iWuuudnasauuuilendu (functional model)

145  mshwuudasdidudadulunuddeInenidnusazendedsnisinlmiu
Badusooynsumdiaeisudunis

146 N15ASIABUAINNYNABIVOILUUTIABIN AN AAIANTIT DAY
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Fosagrafoainiu lurugdinismsraeuanugniesvenanisinsziiaiosnin
NSUSTIMINISVIALET AN waznisadnaanesninidsusudiazendea
N1991803d0 UN 1Tl N IUYAUGDN SimPowerSytem™ uulusunsy MATLAB
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sushalaszrianssiuliihnelusazussiulwihiitienedesdudaliia niawuan g,
uansswazidenannislusiuvumlvveanvudiasmadamansfigniiliidudady
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IannaalnirasiINdmanel@iosnIW 9UIFENNEVDINULUUTIDINNANAAIEASIBY
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N5 ALER TN 1NY 9Tz U U AN Tagazuusaantdu 5 Widonazulauaniuaiany

a v a 0O v AaAaa
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deltidundnnisuazuumsdmiumsinidesuatosamlutagtuesluswandely

22  uideiingadasiuaniiinenssuvasssuulniidsuueiasdu
i3eadunndudlutiagtuigauszasduaziimunevdnileandununisiiny
ann1slidonas and1U1395nY7 anvurauazimiinesnaiosdulaesiy nasnau
aANansENUang q Minsdeduiadey duilvanilnenssuvesszuulnihidunaiodu
lunsiamuazuusanegwsoiles teliszuulrliiidsuuaiesduiidnuidely
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=
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- ay dd v o o w a4 a
A1519% 2.1 deAgtesiuan1tnenssuvessyuuliiimasuuasestu

ya o

AMZHINEY

A13¥ANAYVDINUIIY

Weimer, J.A.

N a o Y A4 a o
unanuddnauakwIfnneiueIsiunlylni
wnfu Myjatiulunistdusslesdainssuuluiiies

1 a - 1d 1 [ [ « a
pgrnfgiollunrasndsnunanuuiaIosly
LAEAMNLANLTINUARINGIU 4 SEUUMELTUAD
spuulniln szuuionufin szuuning wagszuy

=

lonsean Fanurdandanursatduldlamreniswaun

a s a

walulagdanynsaindnias

2000

Emadi, A., and
Ehsani, M.

3

unaNdudusLulAnnazwuIltulunISRRILN
309 1p3eduiildluiinuniy Adesniseyidey
NISINAIIUINNTEUUNINE Sruuladn szuu
Jaundn wazszulensednluadesiugausnluidu
Asldndanuainszuulniinfiosssuuiionmingy
Fafeidunisusuussuaiauianiinenssuves
szuuliiidsuuAIesdufionduaufntve
29581anNseilndinds nsfuindeu n1saauaw
wazlulasinswalsos uenannidadauowide
NuiTeiaslesunisimuineluauinn a1filgy
n1spanLUUaaIURAENIIN N153RNTSNAIULNTn

LaZNITNTIVABULADNY TAINVDITLUY Lﬂuéfu

2007

Rosero, J.A., Ortaga,
J.A, Aldabas, E., and

Romeral, L.

unaMudiausdguninig 9 vesnislduszuy

a a

Tuufn sruunena wazsyuulansedn Lﬁ‘j‘ULLWaI\‘]

v

WS991UlUNISTUAADUTZUURAN 9 UULATDITU

JUKINNIYAKSIN SevlFRaLuIRn Aoy waiu
Boandealufldluduiniy wazldinaue
g01UnenNISUANLUULINYDISsUUINHImasuu
w3osduildlnianntuildssuusminawuylui
nszuaaduAiini uineil 400 Hz wazilan

w1V 115 V,




12

A15197 2.1 9uddenevesnvandnenssuvessuulninidauuasesdy (f)

2011

Areerak, K-N., Wu, T,
Bozhko, S.V., Asher,
G.M,, and Thomas,
D.W.P.

unANLEt AU NS IR AR S NLA AT
fanansznuresnisilasuulasamisimesiidema
RolanusnImaosszuulninmssuupdesduiily
Tfundudiflszuusimunouuunauilaln i
nszuaadusaudulniinszuanss sy
anrdnonssuvesszuulnimas il Sunswaun

fe119NTTUUIMUNgLUU AN ST kAR U

2014

Wheeler, P., and
Bozhko, S.V.

unAudiauedTauIn1svesannenssuves
syuulih i dsuuadesduiildlnianniufionde
AuAIMtILasn1sUszendldaumealulad
dannsaindiids lnean1UnensTUAULUULINVDS
sguulilfinmasuuinde s Dudldlnfung wiy
syuvdmhelniinszuaadu seunlawauiudy
sruudmhewvunay dmsuludagduuaslusuieg
Igiuualiufiagldauszuusmingluinssuanss
uaﬂmm‘fé’qlﬁuﬁLauaizé’fummmsﬁqﬁ]ﬂm

WUUINAaRIvasszuUlninmMasuweIasdudnee

2015

Gao, F., Zheng, X,
Bozhko, S.V., Hill, C,
and Asher, G.

unanutliaueaarinenssuvesseuulnii g
vupsosdufifissuusmutsuuulniinszuans
yun 270 V Boghasiden Snmadainauenisadng
LUUDIa0MaEILATIERLED 8T A NYeIsEUU LN

AAIUULATDIUU

2016

Gao, F., Bozhko, S.V,,
Asher, G., Wheeler,
P., and Patel, C.

unanulthiaus s svaweLssunnsuiomnan
frauauuUUngUTaad st uRld Wil g uis
seuuT gl uulNAINSELEARSIVUIA 270 V WUU
vaneedesidalniiwasvaior wieunauan sl
Wiufauseansamueisnisaenanlunisvae
LsadupnIsluanzUnRuaran s fitiauRanged
yenaniifninausnanassldluniveuadosand

lasun1susuU§aInIsnsaanan
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Q{I a o dl ¢NI ¥ U o U d‘ a 1
A5 2.1 NITeiingtesivaatnenssuvessruulninmasuuaiesdu (n9)

TN AR #152dAYY999UTY
(GED)
2017 | Gao, F., Bozhko, S.V., U‘mﬂaﬂmﬁﬂﬂLauamsaaﬂLLUUﬁaﬂaU@maam’%aqﬁu
Costabeber, A., AN uiitszuusmnewuU Ny Lanse
Asher, G.M., and Yum 270 V wuuransp3essudalniwassaaen
Wheeler, P. WEOU I ALONANTATIVED ULARETANYBITLUY

lunsalfAmsiiinesvesiintuguuuuAzULlAn
a (% = o ! ! g v
wWaguluduidewnanduiuvesnasitenldeu

WardnsIaNISLUIAaa AT NS unUas

2019 | Ni, K, Liu, Y., Mei, Z., | unauiidniausiieatumaluladluiinddauay
WU, T., Hu, Y., Wen, | 8idnnsefindmasiidudiuddglunisudndu
H., and Wang, VY. LAnEeAIaduildlninunngy Immjuﬁuﬁ'%
dnaueludiuvesssuvdsnaalagssuulninnigs

[ [ ] a ~ v <
VUMAN SIUNIDTUNELNEINUAINULUUNLAY

pdRveLAIosdunlgInihunulineday

mnmsﬁ’wmﬂ%ﬁﬂﬁﬁsmmmLLamm%’a&guwﬂuaﬁmuﬁa{]mﬁuﬁLﬁ'm%aqﬁu
anndnonssuvesszuuliinmdsuueiosdudslunised 2.1 wui indesdujuusnvie
gAWsN (Conventional Aircraft) 9in1sLEUMEINAINUNANIN 4 ssuumeiupe seuulnih
(electrical system) sguviaLufn (pneumatic system) syuulansedn (hydraulic system)
LATTEUUNIING (mechanical system) dauanslalugud 2.1 (1) egndlsfnia el
famansenudedawanden rnulasafovaslasans Allddonaoniensdin suinuasimin
voun3esdu aussauznIsinulazauindefevesszuulaesiuvuaiesdy Juili
wAnazuuluredmnssunsduadelng (modern aerospace engineering) iieafu
AosTufldlniuantu (More-Electric Aircraft : MEA) Té§uanufisaniuldluntsiam
wdostumdsdidudiuiuinn orfidu wissdunasiia A330 (Airbus A330) uazluds 787
(Boeing 787) 1Judu Tnsuwnnudasinarnduwndaiigosnisldunamsnugesainsyuy
Fessruuidealunistuindoussuusing 4 vuedosdusity Ssruuieafignfinnsanie
szl fiuansladslusud 2.1 @) Wesmandsnuliindundnuiiazen fnuninuas
ANUEANE UGS Snvadafinns3%e (advanced diagnostics) LLazﬂ’liWEJ’lﬂiaj‘f‘?uQQ (advanced

prognostics) Mia113an5393uANLRANTveIgUNsalneluszuulade deiugunsainiena



Hydraulic system

Pneumatic system _
Primary
comtrols

De-icing
system

controls.
Engines

Central
: hydraulic unit
Diverse Electric power
LSS Er‘lu‘lr‘r._ﬂr‘!|'|'|r.:.-||'|1."!| d.s::ibftio:
contro

Generator

Mechanical system {start-up)

Electrical system

(n)

Electric power
distribution

Landing
gear

Generator
(start-up)

()

U 2.1 anUnenssuveansesiu (n) wsesdugausn (v) insesduinldluihunnauy

(@uAuaTn http://www.aertrcsolutions.com/infographics)
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fuudin waglensein warwesedsldgnunuiidaegunsaimalulih endiegragu duthiy
Wi lalnawoumdeseus (fuel/oil pumps) é’fummﬂuﬂiauLé’uﬂzﬁﬁwaagﬂﬁ 2.2 findsann
ﬂﬁﬂiz‘U‘U‘Vl’NﬂafwgﬂLLMHﬁﬁDS%NL%@LWﬁQIWWW (electrical fuel pump) vosszUUlNA
sruudosfunisinsizvesiiudavulnniesdu (Wings Anti-lcing System : WAI)
fauanslunsourdulsdiToaveagul 2.2 AUndldszuuiuuin szgnunudisnegunsal
wia11uSounlaluia (electrical heaters) wag@aduii m3adanszdu (Actuator)
Auanslunsouldulzduauesguil 22 anduildsduiimiesnseduuuulensedn
(Electro-Hydraulic Actuators : EHAs) azgnunuiishenslamdudwidednsedudnaluin
(Electro-Mechanical Actuators : EMAs) 1usu lnsaarinanssususuunsnvasszuulni

o w

& sduildlnianntudussuusmngliinss uaadu (AC distribution system)
WIUUUAMNAAT 400 Hz uIALSIY 115 Vac wasuuudiuilasuanunlddas 320-
800 Hz uAlseY 115/230 Vac Tnguisminaniasesusionnasuuazemlsunsal dagy
wasUan3y (Airbus Group) Lazu3emlude (The Boeing Company) taunaninenssy
fananvhunlfdusunvuveaedesdumdsluedosuiuunn endregiadu daardnenssy
YoupaasduLeiTa A330 (Airbus A330) warlusa 767 (Boeing 767) iudu uazseunlaiingg
wWarunduszuudminswuunan (hybrid distribution systern) AldlW#1nszuaadunay
TWihnszuansasani 1wy wresdunesdfa A380 (Airbus A380) wazluds 787 (Boeing 787)
Husiu usdmsuaninenssuvaaniesdudigniunldnusisluiagiunasinstivunliy
nsldusgreaifiosauiddusuian filudondvduaziunisnmsdussuusiniie
TWnseuansa (DC distribution system) Lilasa1nliaussaunisiausas At deie
vosszuLiiganinsrunimiielifiinssuaaduuasuuunay woninisslisidudosode
gunsaflunsvameidsnilduenfinduhldininiwasamsoanidsnugyidely

szuulodung9d

'
a

NnmgrasananiwuiniliiuliuvesnsideiRnfuedosduluiagiusgariy
ufinmsfnunssuulnihidsuuedosduildniunntuiifssuusminenuuliiinssuanss
(DC distribution more electric aircraft) #slassadrsnuusafuandunuunanoeiestuin
T wazdaiien (multiple-generator-single-bus) ﬁummiuﬂsauLé’uﬂzﬁé’mmgﬂﬁ 2.2
fiuszneuluseiniesiudaluiivan 2 4a (Starter/Generator) ivithildsdnefidslaidinly
Hilvanavuauuiaiesdu wazynvosunamdsudisos (Auxiliary Power Unit : APU) Bn
1 g0 vrwdhiidudmdsnudsesiiuieiestulunsdinieafudelufimanits 2 4

WRANURAUNRAUNSENIlla1unsavinausialule willasmewmIaenlaludnasnaniisuin
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Flight Control External
Electronics Power
Cabi
Starter/ . g
it Pressurization
Systeln Starter/

Generator

' Actuator

Wings Anti- k
Icing System

:
'  Remote Power
: Distribution Unit

PSS S L ]
! Oil/Fuel

+ Pumps

Auxiliary Power
Unit : APU

JUN 2.2 daveunsesiugansnuaziazosiuildluihunniu

(Ni, K., Liu, Y., Mei, Z., Wu, T., Hu, Y., Wen, H., and Wang, Y., 2019)

Part 1 Part Il Part 111 Parttv _ _ _ _ _ kv
|_ _________________ | [—————= l,. - -—— .|i' DC Bus
I | —
| ) I | Active Front-End || ! | I| I(T‘L Ideal Pepr,
| Generator Bus R I Converter Bus | I Taeah, -
| sa s | |
| A

| Ry Ly !
| " WWA— _
| Ry Lyc | | R,
| F "1 = 5 t

Cy

-y O P |
1 i controller |
4

i T e e 1 4
« [ Tolage Vi |l i [ Droop )iV ] ) Pl
Vh | compensator, I| controller '_? controller ]- controller
q

| i |l ] 7 Vi

I I

| i'

Part VI : | Droop Controller Voltage Controller Current Controllers

(st L e e e T S T

Voltage Compensator

Part VI : Conventional Control System

sUN 2.3 szuulnlihiduwasesdunldlniunntusuuesesiudaliiineuas dames
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Wie wazlaseadranugiumioununnusenis (symmetrical infrastructure) 69w
NuITEInedinusIaulanazyautunazfnw ssuulniihmdsuuesesiunldlninunau

wuuiAsesnlla il ufeduaz dainen (single-generator-single-bus) Asuandlusun 2.3

= <

Feazwiuladn sruuAIUANKUUAAAY (Conventional Control System) uandlanslunseu

Aoy

Nundduveegud 2.3 azlifinruaAuuuunzy (Droop Controller) &y uinnlunisuys

e

o w

maalninvsensenalninilaannesesniidalndnsazias ol iiANULI L ALLASLINEIND
ABAUABINTITVDIENANN 9 vuATedulngadEN1SANUAANANBALANIZYDADIANA
(output characteristic) vesuaazunasdtslugurawssiuan iudiuusenauresszuy

FINGANTIUNITVINIUVRIFIAIUANFINAIR A N AT LT userulnAmnnIsiaiednnes

1935 5BansERanIantLuukenyn (7,) wazialaluiinssuanss (v,) meanngangin

[

NuITEInetnusIdadnauenuInislunisualalyminlonisussendalddrvaiyey

Ao

ussAulnifin (Voltage Compensator) Muanslasslunseuiiundiliesvesguin 2.3 oanvse

Josnululrnsssulnidvesszuunn

%
1 Y

nldndnuiianuadrefuialddoasudn szuvlnifauladnuily
NATeInerdnusie szuuldiiidiuuedeuildluiunniuiidssuusiming
wuulifinnszuanss wuuedostuiialufiieruasdaiiien éﬁ’ummléﬁugﬂﬁ 2.3
(Gao, F., Zheng, X., Bozhko, S.V., and Hil, C.l, 2015) §3Usznausae 6 dufe daud 1
wiosrlalnindslasdasidaudinnanis (Permanent Magnet Synchronous Generator

and L, : PMSG) agvinntinanlunisudnlndnseiaadu

s,abc

with its parasitic parameters R

s,abc

aenisiasundsnunaldundsnulnidnuinseseudtaiuiig (gas turbine engines)
AN 2 19955589NTLHENANTUILUUBENTN (Active Front-End rectifier : AFE) agvinminnlu

nsudasindinsznaaduvaaniaanidalndrluidulndansznansuioidunnasane

o W

Aaslninlifuluansing 9 vwesesdu @il 3 Fauiuussgnisanuliiiinssuanss (DC-link

v o

capacitor : C,) YIutfiann1snsgiiionassusenulniinssuanseilaainieasissanse i

[ A

mavihuwuuwenfinlvidsudyaansuiSeunnngadu dwi 4 angdsmasliimamulngi

NTEIEAT (DC transmission line : R, and L)) @1l 5 Ians1g 9 vosszuulniiniaivu
w3090y FeUsznausieg gAAuyseq (capacitor bank : C,) anAudIunIY (R,
ninlanduiuaugasf (Constant Impedance Load : CIL) &slgunuszuudosiunisinie
g'o' I | a a o w Y = I a o
oaundsvudnaieslu wazlunanniaslniiasd (Py,) Tadunginssunisiieuves
9suUasiumanfinisaIvgn endeg1aty 19swlasiuiauedilufd 2wsuuasiu

J <

MR T dunT wazr9asnlastiundsmdilued Riinisatelvanuowasiniinse
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Wandaduniu iudu wazdiuil 6 ssuumivauuesszuuliiinmdsvuiaioady
(Conventional Control System with Voltage Compensator) fusznouludig danau A
nszualivl (Current Controllers) fanuauwssnulii (Voltage controller) fiauauwuuagy
uazivaeussiuliin faimihilunsmuesusiulinedwnvensesBsnszuananii

wuusaninazissnudalninssiansdiiaiuazaonndosiuunggiu MIL-STD-704F

23 uiseiifieadasiuvanmasiniihasifideasaiadosnin
srerruinvtiheaneluladdidnnsedndid sl whliuurenasuUamusdedia
N13AIUANNITHNY wionansnenisrelmanidsiniasialussuulnihddsuuesesdy
A iandudinduedieteiios nelnandndasiinudnums dumamuiumunde
Bufluaudfnaufiaiuisaanneounisnulsveszuulilaenss aunseileszuuLAn
msaadesld Gannsmaaiosnmihiliifisuddsadeaussour i uressEuumUAN
Wity wionanelfiAnmudsneselassadswesssuulnesiufitinadonulaoniuves
tindunazdlasasnelunieduld Meannafnanauidsinginusiddinuduai

o

a A LY o o A ! = o :.’/ I a =
J1U7 EJ‘V]Lﬂ‘EJ']ﬂ‘UI‘Via@ﬂ’]ﬁﬂlWﬁWﬂﬁ@’)WﬁﬂNa@]@lﬁﬂEJ?Jﬂ'TW‘?J@QiS‘UUVLWﬁ’]ﬂ’]aQGNLL@IU@@WQUOQ

Ly

tatiu Feanusavanadulsvimiinssanssutazauldsluafn e taalaninisan 2.2

9

dl a o dl dl ¥ U o L2 U dl ! 1 =
A5 2.2 NdeifgtesiulranmasiiinsiNdmadatatesnmn

= nl'al a (4 Ya v o o a o
UNANUN AMZHIY #138AAYVDIUIIY
(A.A.)
1976 | Middlebrook, R.D. UNANUNUNEUBNANSENUABSEUULHAI A

duLlpaui19nNAvDIlann1adniAd7 Faluan
[ 1 Q!ll a v I I a = & a =
fanadazilanwaziduAduiuausinaunse
ANANUANUNIURARUABTEUUIAYSIN NUBNIINAY
AANDULEDYTAINVDITLUULAD SIASHATINASEUUL
[~ a ¥ [ g./l = = = o
AU b T U B E Y A9 UNISANYADYSAINT T
o I3 1 dl' = d' a wa d'
AnudAg uegen tiendnidesgauuReud

YAz UURANISVIALEDITAIN
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AN5197 2.2 NaudteneItestulnaniadninasnNdsasata@desnin (519)

ViinRun AMLKATY A1952d1AYVDIUITY

(m.A.)

2004 | Jusoh, A.B. NP AUONANSENUYDINSVIALER TN AR
nlranfdelnlinnsi 30NN ALY
2993NTLBUTIIMIMTUIAER S A WEouTE LY
NARI8NIINABIENUNSEl

2005 | Rivetta, C.H., unaTEenIsUIEREANYessEUU L

Williamson, G.A., and masludesihduidewnnnadufinaudidaaures
Emadi, A. 1asBlEnNTedndmduariastuindsutomesfid
QREGPITGH
2006 Emadi, A., Khaligh, wmmﬁﬂ%auamimmaﬁmmwmaaszwlﬂﬁﬂ
A, Rivetta, CH., and | fdslussuuenusussuilounamnaduiiunudidsay
Williamson, G.A. 9929959 aNNTOTINdMd Ayt UIAS UL OB
s
2012 | Areerak, K-N., wmmﬁuﬁwLauamim@me\mmmaﬁmmwmaq
Bozhko, SV, Asher, | ssuuliinimdsuuedosSuildlnsinunntuidisyuy
G.M., De Lillo, L., and | s1ineuvunay suilesnanmeasulasiuidied
Thomas, D.W.P. DuituarATiufgfsinsauaNnsviiay Jeasd
wgAnssudulnanmdluiass nioutuiaue
A1siasuLlasamisdmesiidmaneiaiosnin
YBITYUU
2016 Gao, F., and Bozhko, memﬁﬁ%auamimwaauLaﬁaimwmaﬁsw

S.V.

T 1dauunIosdunlgnduinIuiniszuu
19Ul INTEWENTI WUUNAIELATBIN LA LT
TR 91 891191n NS ANTUYDIDUNLAUT AUV
Tnaaniadlnd1asdilage1dekuuanandnig
a I3 = 5 o Ql'
AMAAIANSUDITLUY DN aunIsilasunlag

AN DS N ANNARDLENYTNINYBITLUU

(%
Y

NNTdTIRUSTATIUnTTILaruIdeasluafnauislagiuiliieiteiu

navananmadlndaeiiidinanor@dosn1nesseuutniinadlumisned 2.2 wuin




20

'
a v o w

amaﬁu,ﬂaawummﬁﬁmimuﬂumiﬁmulaidwwLi‘;Ju

6§ 0

19asoiannseindmaslaeianiyetng

aa 3 aad aa IS
U

L o w a @ aa = 1
wsulasduianedilund A3.0usd AZ0wed uaze®ilued luan1izegda (steady-

a wa

state condition) agilemdslnihasiidmils FeazduegiugeufuRnurionaunavesszuy
J =

(operating points or equilibrium points) Fedulnandangn WalngfngsuIsuLaiou

Inanmasiniiasia Inglnasludnvasiasiinudnvazantfvewswuliiuasnszualniing

wUsndufuduanduguil 2.4 Fsasshildd mnussiulwihfianasesluen (1) Jafisnnty
nszualiinaeduan (7., sxfidranas Tunisnsetuday mnussdulnindianasenlnand
Aanas nsvualifimesvanteiidufiuntu Sedamarilinisasuwlasmanudiuny
vodvanssnaniiAdnauviona mdniievilde Inandslnihasiidmsausdusausumu
s edufiuaudRnau (negative resistance/negative impedance) Aasyuulngsia agalsianu
nsldarulnanifulvanisasutasfundefiinisaarunuifissodraifen
Inglafiansaunnisyhausiniuiussuudeanglifiinidwagi99snses (Filter Circuits)
vionanlein aasvailiunasane (feeder side) vamunenfufuisasnsilivan (CPL side)
Fauandlugud 2.5 (n) agliidamasioladssamuessszuulniusodidla usdeddedannsly
susdsluiligiulidesduluoniaeiu Fedn salwilh srusud wieszuuaualy
NSYUIUNITHANTBIN1ARAAINNTIH IManasasuUasiuiiiinismugunisieuazsedy
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TnanwiinfiarlUannourinudunuinduuinteasnses (damping) N135anases
ﬂlﬁﬂ’J’lllgf’]uVl’m“UEN’N"\]iﬂi@ﬂﬁ]%ﬁﬂﬁﬁ@ﬂﬁiﬂimﬁ@m%@ﬁﬁ@m’]mﬁ@jd%’{u wndeyayraudi
nszieutuiAnnisgoanainganisufsinuiuagdonaniizii ssuulniihdidaia
nsvIaaiiesnin dsntsuanaiosniniuliifs widseaseausinugn19IuTe
szuumUANLY wonaneliAsmuiBsmedelasiaimessuulnesuiivilfdeatu
AnanuariwieriliAngtRveynanistuld fafumenisaifliasiniunaonszesnis
LarsEeiIaiinstu wazuenanivanidslilinasinardsmaldedeszuudsilananluly
drestuudn Ssdsmavilissuuiimmulaidudaduietu nanfevivsruudussuuitliduiedu
Fewginsieseiadesnmdmivssuuliihidiidoudelnaniasutasiuideia
nsmuaulagodouuuiasmuadamanivesssuuTedinnudifyedads Tnsang
seuulninidsuuadesduilussuulndiuuudase (stand-alone system) wasiilvannse
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Feeder Side CPL Side
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Elevator

JUT 2.6 daudsznavveunsostuiilulnanmdslniagg

(AUAUANN https://tuemaster.com)

gndrog199u Undnuwntdes (Aileron) AlgTedulniaToadutdged18-927 LUINBINA
(Spoiler/Air brake) #a.lugunsalvisinusienuioanaiusilun1sdu wiade (Rudder)

dmsuldtaduiianialimnsestuiuiagng - v31 Uniiwanussen (Flap) Fudugunsaliiia

v v

wseentidn wazdIuAtuANLEITEAU (Elevator) MiniAlddeAuiaTesiulvnu-Lag
@Wawanslalugun 2.6) 1 Uudu dvduluiiden 24 waziaded 2.5 Falduaue
N15USTANITIUNTTULALINUATSIUBAATILN 8T DIAUBUUIIABINIIAMAAANS LAY

AN INUNNTIATIEAEDYTNINYBITEUUINAINFT anudeu

awv o d a\ ¢ o
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ANS197 2.3 mu‘i%’aﬁLﬁm%qﬁ’umiﬁgﬁ]ﬁmLLUUf\i’waaqmmaﬁmmam%

= d'd a (4 ya o o o a o
UNANUN AR A13881AYVIUIY
(A.A.)
1997 Mahdavi, J., Emadi, A., ‘memﬁu"ﬂLauamiﬁqaﬂwuww\fmaq
Bellar, M.D., and NIANAAIENSYDI9SwU AN UBUU TR
Ehsano, M. JRsuUasukuuyad uazaskuasiuwuude-
yad lussvudadnemaalniinseuanseiae
TAnaduUsgianugnill
2004 | Uan-Zo-li, A., Burgos, RP., | UnA1uUUILEU8N1TAS19UUUTIA0IAIY
Lacaux, F., Wang, F., and | 8anedeuuuliidudadureeasiseanseud
Boroyevich, D. WUUNNLATEUEDINAE
2004 | Emadi, A. unANUEIENeNITRAUNILUUTIa0INIY
ARlAAaRSAILTIsANRAsUT Tan s lduas
a 6 = U ad &
NFIATITLENYTAINVDIIATHURINUAFLUU
Aaala )
ATNINITVUIUNY
2004 | Emadi, A. UNAMULUNAUDNITNFIUMILUUTINBINI
a 6" v ada | Qll a a Q:I
ﬂmmmamﬂmaJmﬂmﬁmmawigmamuzwﬂﬂ
LATNISIATIZALEDYTAINEINSUITLT U9
nszhantananuuaIuaNlakazLuuAIUAY
Lalanarelnandig1uniuvuiruiuluan
RESTRERES
2009 Areerak, K-N., Bozhko, UNAIU LU NEUDNITAS1WUUTIaDILAY

S.V., de Lillo, L., Asher,
G.M., Thomas, D.W.P.,
Watson, A., and Wu, T.

M RIGRREA AG IR RE R CREEAIKTES R RETRY!
\n3eaduildlnianntuitssuusiminglndi
LUURANAIENITWUAIRAINAE N B UN
A191¥ 99 A1ua1RU wEouRamdunis
MIIVHOUAIUYNABIVDILUUTIADILAY
HANISIASIERAILNITIIADIANTUNITAIUU

AaNTLmBskaTNaTIlAaINTRIUURNS
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M5 2.3 AeTNgITestuNsIgAUmILUUIaemeAlnAans (d)

4

UNANUN
(A.A.)

a o/

Y
AUSHNIVY
v

A152AAYVIUIAMY

2011

Chaijarurnudomrung, K.,
Areerak, K-N., and
Areerak, K-L.

mnmmﬁﬁ%auamsﬁqaﬁmuumﬁammq
adinAtansesszuulninmaue dunda
Usenausie wiasaielninnsyuaaavaiuna
935 BaNTThaaaLuUAIUALNELS (Three-
phase controlled rectifier) 2995n309& 8y QY 0UAT
warilramdulnanidsluidasdii ae35aA
wSemtssidumslianesiiadosnmienguiun
AILT129 NITASIVABUAINUGNABIVD
LUUINADILAZHANITILATIEHALDIAEN1TT1809

#07UNNSIUUADNNIMDSAETUSHATY MATLAB

2011

Sopapirm, T., Areerak,
K-N., and Areerak, K-L.

‘U‘Vlmmﬁu"ﬁLauamaﬁqaﬁmww”maww

'
aaa

AnnA1ansvesszuubniimde B dundn
Usznaulumy 29asi5senseuaanunawuuusng
(Three-phase diode rectifier) 2993039388y y104
7% warlnanduleaswiasiunuudnvuiuiu
TAEDIAINITHANNATUAUTENINNIDAAILAY
%mmﬁaﬂ‘%gﬁamuzﬁﬂﬂ waauIANdunIs
M3I3A0UAIINYNABILALDIAENITTIAD

A0NUNNSIVUARLNIMDSAETUSWLATY MATLAB

2014

Wheeler, P., and
Bozhko, S.V.

‘U'Vlﬂ’J’]ﬁJ'ﬁuo’]LﬁU@isﬁUﬂJ@ﬂﬂ’]iﬁEﬂﬁ]ﬁ%’]
wuuassvesszuulnimduuadosduiily
Tlirunndy FeUsvnevluday 4 sedude
FEAUNIENINVDIRUNTAl SEAULTINGANTTY
syfunuURasdy warsysuaanilnenssy ndewsta
daveandnenssuveaedosdufidnisldauly
dagtunaziinualduiagldiunisiauidely
au1an dude szuulnihmdsuuiniesdudily

TN Tundszuuamunewuu i N e wan s
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M50 2.3 AeTNgITestuNsIgIUmIL UL IAlnAans ()

Unenun ANTHATY A15dARY VDI
(n.A.)
2015 | Gao, F., Zheng, X., UNAMULUNAUDNITANGIUNILUUTI0IN S

Bozhko, S., Hill, C.I, and | aminA1a@nsve9s5euutnfinasuuasoa0unly
Asher, G.M. InAunYundssuudrnitewuulndinsswans

a

wuunsesnndalnidsadaieanaeizaaad
Usznauaae wasosnndaliingdasdavina
WULANATIT 299515 8INTELANANLILUULBNTN
WanAUA1uUNIUY haginanniaalui1aan?
wEoussl @A ueN1ATI9EBULETITAINYDS
sruuidnulunsaiffiuazlafinnsiansananvds

o w

Maatndfdineaulndinsewansa

2017 Pakdeeto, J., Areerak, memﬁyﬁ’mauamiﬂqaﬂmwmﬁaaww
K-N., and Areerak, K-L. | atlnanansdygyiuvuinlngvesszuulasaie
Adalniinszuanssvuindnfivsenoudie
1995 Uasnun sl fAruvvdaesiAanig
(Bidirectional converter) N%SLLUa\‘iﬁuLLUU‘lﬁJaﬁ

wazluanniadlnilienesi Ingefeisaalsiuiy

Tradeusglanugmly

=l =

31NN1581533UFMANITsUNTTULAEWITunudaRn Ut sdagduimifetdesiu
NMIRGIUNUUUTIADINIAIAAIANTVDIIATUUAIRNUMAINIINTT 2.3 Feausoaguidu
LHUANIEAUVDIN TR UUINaesvesssuulnihmauuasesTuinldlniunduuas

U NETUISluMsigaluuudNaeweRtnansiaaeun 2.7 wag 2.8 aud1u

a L3

mmmumwiugﬂﬁ 2.7 ENUI miwqaumLLUUai’waawaﬁzuulmﬂfm"wé’wu

A v a Y

w3padunlglndrunTunuseenidu 4 seaufe seauil 1 sesuantnenssy (architectural

=

layer) 1usgiufinuuiassianuazidenuazdudeutiosfan JeavanldlunisAnwuayide

q

e <

v v =

an1Unenssuvesszuuliiinmddaeuluaniizegduintuy asludanangdmsuldly
(% (Y < (% a o A (% [ .
N15USUTUINLALDDNLUUTEAUTZUUIUNAN TUVUEASEAUN 2 Seaukuuandu (functional

layer) {Wun1sigauniwuuItaesfidseguuiiugiuveswuuiasskuueisiilifinisaing
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doa 1 nanzAumIasIdaULas NN ans i lugan ek udnte
avnsaimaluszuy

= Yo - P . o w
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Yo 1 uppniandhidamnmmiaoumuaiun e uiaLai
o 3 . . .
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S e 4 A s 4 P
R mamian suannayiand i lumsadaridon sy
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3 Aeids : oom oA luranmau 9 sini idiaan
> ar % =
| o e -
$ . IZAVBINGANTIN nppnas N LT
&
3V < T = = T
;;? & voa :annesuenganiauearzu laialuamo:
~ & & Vo oA Yo w
& % vanjuas luaniizagal snnadamnedviiuns
39

L
s ¢ o ATNIVADUNAIALAZ WA T HDADUININ
szavuuulaniu

Worae : hirnansoiinsantanave g 9 16

Won :wnzdmivlElumalvnnanas
aonuuuI=uY

oo

szavaodaonssu

Vordg : hidnnioaBemgani oz Uy

Tuamzaing1d

JUN 2.7 seAuveamsiigaimuuudnaasuesssuuliihmdsuwasesdunlglniunnay

3§ﬁ1aa‘€’mﬁqﬁm1uaﬁ’a"lﬂ (Generalized State-Space Averaging method : GSSA)
do « duFmsivnnzd mivmsigoiuuusias wosrzvudsdeudasiumasliih

¥ 4 1.
A3 zudas 3 Smlad s s a i wsGeanszuafiiimsauaunlaua: hifimsawauola
Tuszundadomas ihas sud adumilal o 1480 Ane
¥ a a_ e 5= o = o Sy s e e
doide : dioviwnlgus oy Tihidmals wuuaesii ldefimmududounas
9INAB NI TATIZ 11903

o
el
D

1m?e|u1.m"laiﬁ]uﬁ 3!&‘” (Nonlinear Average-Value Method : NLAM)

= Cl o = 3
MINTIUWIUVDVDEDIN TN UAFITAT 2 e < e <y CO
= : lﬂu’:l’ﬁﬂ]‘iﬂﬂ'lﬂlm‘]]maﬂ\ﬂ’llFﬂll‘]ﬂ.l”]iilu

=]
L S

3
U
(Mathematical Modelling) 14

Y Sy sis g1 ' = =t
Bie : LunTan o 1Az A l&lﬂﬂﬂqul!ﬁ:’ﬂﬂwﬂ‘m'}‘iEI.!"\L{I‘Hﬂ‘JEl.I q 1u

o

e = = o
“lNEIWI.ﬂ'iIﬂ’JﬂINﬂW'mﬂ‘lﬂ-ﬂU

=

J5@77 (Direct Quadrature method : DQ)

Y8« A anfisnndmivssnullihd@ e SamuavdugaanymhlFwd
a= R e, 5 e P 3 1o
Fmsoulane uazih ldfur=uuifianududouladvaasd

foide : Limuedmivmsfigninuuuhassmerliamanivessz uudwonlasiumalnih
nizudas wazszuvdsemas s suaadunilava

JUN 2.8 ununmaguislunisiigadmuuudiasameadinmans

Y

(non-switching averaged model) wuuinasfiliauIsnesurengfnssuvesssuulninias

Tuvaugyinsiuldegagndesusiugmsluannetinguazluaniizeddd deduwuudiaesly

Y
14
v A (Y

52AUTINNU1LANSTUITIUNSAIATILAEDYTNINBLALZATIVFADUNAINVDITEUU SAUN 3

JEAULTINGANTTU (behavioral layer) WuszAunaunsafnwinayidefmavesninuias



27

110 9 (200-300 kHz) FanseuAguAILdaIndreRsLUasiuidalasdiulng Faru
wuusaeeiildddvdyananisnevaueivessruunuae dununzdmsuldluniseenuuy
Fanseauuunadnl (passive filter) dnsunisrdnensueiindvsennudlunisadndfidaun
Tuszuu waliderdede finnuanansalunssrassaanunmsalldlutiesvesinandy 9w
[esneududoureauudnaes wagseduil 4 sEAUNENIMYeIgUNIal (device physical

layer) WWusAuninuuinassdinnuazdenuasaududeuniniign dgnldiiensiadeuuas

I
U =

Annevinginssluddnvostudiuviegunsaineluszuy faduisldmmeiunisadng
wuudaesvassruuliihmatlae sy

Nnusunmluguil 2.8 aznuin Basiigatmuuuiiassmeadamaniiiteidey
LLumﬁaaamamﬁmmam%ﬁ%uaaﬂjﬁunm (time-varying model) lUiduuuudianinig
Adiam1an$ilituegAuiaa (ime-nvarant model) fog 3 33ffnunldfundia
wnsvane 357 1 15end 3'§¢ht,a?1'w'%gﬁamusﬁ'ﬁﬂ (Generalized State-Space Averaging
method : GSSA) BBz dmiumsiianavesgunsalaindlussuudssremasliin
Wy 299suUasiusuuda 29asklasiusuuyas wagaasuuasiuuuudn-yad Oudu
uennidsanasaldifuisenisnszuanianauuuaunulduazuuumuauldldlussuuds
Pemdslainsuuaaduniaalddnde uidlotisnisiindssgndldfussuulaiiimgs
anuwavgybinuudiassesszuuilunuudiassduduas (high-order model) Fewnse
M31ATees 357 2 fe Fewedswuuliidudaudu (Nonlinear Average-Value Method :
NLAM) 18133715 sureuazuuudaesildlifudeu uriiteidodo wuuiiaoeiléi
anudanguiesuazdesiiansandunsdl q W dwmsunisiigaimuuudiaesvesusazssuy
Feoraviliiinauianatnldie Tnedsnsildgnimaldlunisadeuvudiansues
293i3BsNTEIALUUINLAL A R IWAd 3371 3 Ag 38AA (Direct Quadrature method : DQ) iy
Bnsldsumudenogrunsvarslunisairauvuitaowesssuvdssemddlniamia
ondeE Ty 299s3BInsTLaa AUV ndvessr UL uueTesuLazsasu Ay
dslwihuuuaesiiemadmiuszuulassneiddliinnszuansaunaidn [Wudu 1iesand
AnuBangugeannsatihuUszendldsnAuisnsdu q e farunsussgndldsmiu
FrnedeUigianugmllunsauvuiasmenasifenssuamumatuuniuauls
warliiannsnmuauldidvandussuUasiuuuuda Wudu fafunuideimendnusils
fiasannisigainuuuiiasmisadaaansvesszuulniniidnvilussdunuuiledsu

IngodeisaATialnlikuuTIaamentinmansTliTueg AUIA1 B8 oN1TIATIEN AT

1% a dy a g.’/ (% ] (% o a L3 = a v
miengufeashiihinugu SnvsdanmngdwiuilUidlunsieseietiosnneessyuudniieg
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AnSUT19azBnIuITeNNEIT09NUNITIASIEAaD e s A NY eI UL N aElaSunIs

PJausluiiten 2.5 sl

2.5  9UIBMNYITDINUNITIATIZILE DY TNINVDITZUU IWTHA
Msfinduvesivanidsliiiasilussuu i de e sudagyilissuuiinng
Tldudadunutundd wadsanunsoannauiadesninvasssuulndnmdsdaesiuladneie

FITUNITNTIVADULAZNITIATIZALAD YT INEIULUUTIaDNsAdnAan S duduansndu

'
a o

2819110 ystievineyaufiRnuveduandanantiiissuuinnisuiaatesnn way

ANALINALAL AR TEUUNITARTUALLT FatuadTeInednusIsdnwAuainauidely
= = v A a Yy o a s A =

aRnaudadagiuiliieitesiuuuimiinsiwseiaissnmeesssuuliin Geaunsaunans

I~ a o 4 a o Ql' d‘ % Y d‘
WuUSHFTNSs N TULATIUIT8NE109bARInNS197 2.4

= av o ¥ LY a (4 a
AT 2.4 NN YeIiuNTIRSIElatssnnYesszuU i

o

i a 4 va o w a o
UNANUNW AUSHIVY #19581AVBINUIY

2011 | Weijing, D., Junming, | unauddnausnisitasigiadesnindyqyiu

Z.,Yang, Z., and v lngdmsussuulniimasuessasunlniime

Zhoamong, Q. WNINTMANTITEATT NITIATIZATTUIUIE Uaz
= a a

N BN VDAY YUDNNAINITOUTEUIUVOULYN D

nsiladesnmuuuiBaduiiuanilaidudeyuen

ANA9ADY

2012 | Areerak, K-N., UNAIN LU RAUDNITAIAAIYAVIALEDETAINYD
Bozhko, S.V., Asher, | szuulninnmasuuiasostuntslnirunndundseuu
G.M.,, De Lillo, L., and | 91U LUURNEN B UMIDINID1N995bURINUNIAY

Thomas, D.W.P. Hdufduazfgidufdninisaiugunisyinay

o
Y

FeazdingAnssudulnanmiaslniinsda wiauis
YNauan15 A UBUAIATNISITMBSNdINas D

LVENYTANUBITEUU
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AN 2.4 UIFLMNLVBINUNITIATIEMEDETAINYBITEUULNT (D)

a o

v
AUTNIVY
U

A138ANAYVDINUIIY

Griffo, A., and Wang,
J.

UNANLUILEUDNITIATIZRLED TR By EY 10U
vunlngresszuulnihmaseduadlusyuuli
UuLATRITUNszuUTmUNBuUUNEY Tnaiansanli
WORNIIUTDINATBIENNTOTNAAWIMUAVEITZUY
Inidsuueniesdusiundunildmanmaslvinas
wuugauAfR Feazyudulunisuszunnveulunved
= a a i % o W § o a

nsfladesaniuudaduiiuanitaiduieyuen
A o v aa A o R

nenwnlalagorfeisnisniauelasiusgiuuas

1S

2014

Riccobono, A., and

Santi, E.

UNAMURUNLAUDNITIATIEAADYTATNYDITEUY
FIMUIYAID N AL UUNTLWANTIA LN UNVD
Anawausawazinaeivesluaian wieunslailSeudey

NANITATIEIED SN N LA NN 9EDS

2016

Gao, F., and Bozhko,
S.V.

unANuduauen1sTinsEdafe sy gy
AN veIsruU N masuueIesiuldldi
d’{ Aa o 1
wndundszuudmiiguuuliinssuanssouin
270 V drpinaugivesiiniiauga uwaglduiiaue
= ! a 4 v P
HanTsiAsuwlasAIIs i oTvasiIAIuANTIdING

FOLENYTNINYBITEUU

2018

Pakdeeto, J., Areerak,
K., and Areerak, K.

UNAINT U@ UeN1sad1auuUTIAB LAY
NNTAASIEMADETATNEYYIUVUIALENVDITLUY
lasetrgmadlndinssuansavuindnaie
NOYHUNANIILAY wiouvariiun1snsiaay
AIUYNABIVBILUUTIADIUATNANITILATIEN
EDYTNINAIENITINABIERIUNI TN UUTIUSIA Y
MATLAB
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A15197 2.4 UATBNNSIVINUNITIASIZMEDETAMUBITEUULNAN (6D)

a o/

UnAnun AMLKATY A1952d1AYVDIUITY

(A.A.)

2021 | Suyapan, A, Areerak, | unanuillauilausnisiiasigiiadysnindy gy

o

vV

K., Bozhko, S., Yeoh, |au1mildnuasdey ey rauvurnluvg laeld
S.S., and Areerak, K. | M9 unAILa1¥994arn153LATIERITUTULI A

dususzuulninmdauunsesunlg i WiunTund

)=

szUUIUIeLUUINHNNTSLERSIVUIR 270 V WAy

nsasEnesNMBUTURINIEIsqUENEN Wioums
BUSUNANITIATIEMANY TN TNYBITLUUMINA IS
N33R0 UNTHVUABLTAAD T UALYANAGBUAT

NI URNT3

2022 | Phosung, R, Areerak, | unpuiléinauenisinssdiaiosandayao
K., Sopapirm, T., and | 3uIAtan<enguiunatatzasuesszuulwinmas
Areerak, K. R IURINTNISUTTININISVIALER B TAN AR
gudsulunthsuiuisnisAumwuumyiBauTus
Belunindudlddimszdtsulsanusiidmana
AzaLALesTT ULl INNguiunAtaasie
N153AsIERAIUTENRUNITHEIUTIN d1UTU
NSEUTUNANITIATIZAAD I TAINYBITEUUAINGT?
¥01AIN1TI1a 0@ IUNITUVUADUR MBS LAY

YANAFUITIINTBNUURNS

PnUsTAssunssusaznuiseluefefisidestunsinseiatiosnnvesseuy
Iilidadansneit 2.4 amnsaasudulkunnmsiesgiadesamueassuuliinmasls
Fa3UR 2.9 FsangUagnuin mylnwiiaiesnwvesszuudidnnsedndideiidenldlu
Jaguanunsaduunsenidu 2 8fe Bn1siwsziatiesnmuuuludunseisnisieszi
@iosnndaruvuinidn (small-signal stability analysis) Lag3sn15iasIzsianiasnIn
wuuliifudadunsedsnsimssiatosandyyimauining (large-signal stability
analysis) lng35n153tAsgsi@tosninuuuideduasedeisnisviiduldadu
(linearization) Wiawdsuuuusassilldudadulnduuvusassidudadudmniuldiu

a ¢ = e = Y A a Yo o
MIlAsIzAatissnmuesssuuiiang Jeuszneulusie 2 wumeiidealdiulutagiudie
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SEUWBT : NYUIUNANDIZAA (Eigenvalue Theorem)
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(Large-Signal Stability Analysis)
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AN 2.5 UMYV DINUNITUTIENINISVIALEDETANVBITZUU AN (619)
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sruusdliiin agldanunsamannisassaiosaimdsuiivesseuuld wuanned 2 fe
nMsassadesnmdasuifiondeaumsaiaatiosnmdsususiildnnnsiessiadosam
(adaptive stabilization equation based stability analysis) lngann15a319@ngsAIMLTIUT UG
dmsuuumsiaregluguresadanvesfiulsisudldnusedumadlnihoodan
WuReafuuuInied 1 ieswsaunisdenariduaunisindludioa (polynomial equation)
AlFurainnisTiasizvindusiaiosnin (nstability line) NIUNQuiUNAILIIZ A
Tnsuwimsiiidesiiaie mnssuulniifidnuniinsasudasifnvosssuuisidudemn
aunsasraadesnmdsusudalul dusulusnuideinednusazaniiunisadisaissnin

' a

FeufuilagondaunisildannisinmeiaiosnmiengueiunanagaazazSen
LumInisadnaaiesn U Suifingandn “33nsuuusaiy (conventional design
method)” \flesanszuulifinfidnulusnuideinednudidussuulnihidsuuaioaduild
lannduiifiszuudmensuuulniinssuanss wouedestuinlwiifomasdaie do
anutudunaziinisasunassyduidslilihvesnanidsliiasianuildnanlin
radu egslsinunisadaaiiosnmdalufmeuuimsiieglutiegtullannsasiili
aussougnsmuauLssiuElifinnssuanseituld Bsluninduenavinlvianssausnisniunm
wsuddlihnssuansswasssuvanadbilulunmunnnsgiu MIL-STD-704F 14
MEWANARINET1IU9AY 93T I 1MLl sEgNALELWININTUTININIGUA
Ll@REININYDY SN a W34t nazame (Phosung, R., Areerak, K., Sopapirm, T., and
Areerak, K., 2022) ﬁﬁﬁ%m‘mmfliy@’lﬂizawﬁ (Artificial Intelligence Technique : Al) 11

o

#lunszuaunsesnuuudmsilmesvesquileulunih (feedforward loop) Aififudndinyse
@igsnimuaraussournsAuANLIIduresluanveassuulnimduedidurans
Tnannaslii A IuuIuiy L WaLILarADYoANISES1NET 85N INTIUSURT (adaptive
stabilization) Ingan1Adeineinusadlditmematiygussivgiisondn saneTfiunsdum
WUURTYIUSUAT (Adaptive Tabu Search Algorithm : ATS) unUszendlglunisesniuuy
duusyavdvesaunsairaatosnmideiuiaieviliaussaugnisauauussdudaliin
nsvuansangai ez dululduasaenadosnunseusnasg i MIL-STD-704F aelditeuly
mMsiiafosnmeasnszezniuagszeziiaiinsiu fedeldindunuidoiidesenainly
ofnauiedlagiiu uagdtlifonitela q dudunisludnvasduifussoulniamduy
w3osdu ey useiviitnisdu q ety Bnsfumuuuiuuindanediy
(Genetic Algorithm : GA) LLascﬁ%miﬁumLLUUﬂﬂiLﬂﬁauﬁmaaﬂduauﬂﬁﬂ (Particle Swarm
Optimization : PSO) fiansnsatunyszgndldfunumanisaiaaiosnmidsususaile

Jausluinednusilouiu
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3.1 UNUN

nsfigatimuuuiaemuadineansvesssuulilihiduuasesdunldlnihunniu
wazlissuudmunesuuliihnssuansafianmisaesuienginssunianainvesssuuldedi
gndieawiugh Iauddyegderenuddesuatosnm ldeadumsinsshatesam
NISUTTNINTVIAEDETAN wazn1TasIuadesnImeusui Amuauideingrinusisla
UgunisuuasinuaflvesUria (Park’s Transform) uuszendldlunisasisiuudiaes
vasszuulihndnwindlunsalnlddseaiuauuazlunsanddiaivau wieunsaniunis
ATIVADUAINNYNFABIVDIMUUTRBIlALIABN1TTIAeIEN LN TRIVUABNTIADSHUYAUARN
SimPowerSytem™ uuldsunsy MATLAB tieaidunisiiuanuudediowasduduninugnsies
vouuuaamlasunsigatvuluuni ludmveinmsesnwuudinivauvesseuu g

A a ae & 129 a Y = | & =

vupsssdundnyituazlasunisesuieliegnsaziBenluiidedn 3.3.4 lnellomluuni 3 ae
g & o w o I 9 o w a ¢
Junugrundfglunsilvlddesenuasimundmiunsimaeiadssnmaesssuuli
masuwassdunldlihuntundssuuimhowuuliinssuanss Baaglasunisiiauslu

unil 4 sely

3.2 szuulAImMasuuasa 0 unid Wi uIndunissuuarnulgwuu

I nszuans

spuuliifAidnuilunuideinednusamisauansldfegui 3.1 Fsusznouse
6 drufo drufl 1 w3esrudaliiindlasdasdauiiindnanas (Permanent Magnet
Synchronous Generator : PMSG) ¥inuthiinaslniiinszuaadusonisiuasundsanunasnn

=

way L Ao

s,abc s,abc

v @

Fawu (turbine) voua3asaud (engines) Il undssulnii lned R
AUFIUNIULAE ATt venadndwmed n1eluSostndalifng dasda
FAAULIEND12T MUEITU @l 2 29951 38ansRan At wuULeniin (Active Front-End
rectifier : AFE) azvmudafilunisudasiifainszuaaduainiadosmndala i

Tidulddanszuansaioluunasdromaslddalddvivande 9 vuiadesdu
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il 3 suiudszgniessnuliiiinssuanss (DC-link capacitor) vivthitaanisnszilones
LLiQﬁuIWﬂ’mzLLamqﬁlﬁmﬂN%ﬁmﬂizLLamﬂuﬁ'}LLUULLaﬂﬁWTﬁﬁ'gUé@mmﬁiwL%EJ*U
u1ndedu Inedl ¢, Ao Anugluivesduivdszanisdiuluiinssuanss daufl 4
anadsrmdslnilanaagaulndanszuanss (DC transmission line) Inedi R waz I, Ao
AT ukaEAImEEItvesasdsdsliinsruanss audidu dd 5 Tnansng 9
yoeszuulniimdevuiaiesdu Jausznoudieg §iatAuUseq (capacitor bank)
TranAMUAIUNIU (resistive load) VialranduiiLaugasRa (Constant Impedance Load : CIL)
Feldunuszuuileafumanszvesiuduudnaieddu warlnanfdsiningi (Constant
Power Load : CPL) Faduduusznaulasarlngvesszuulnihidsuuedody o1fiwy
YnidnufiBea (Aileron) lwsnannael (Spoiler/Air brake) waide (Rudder) Tnifisianussen
(Flap) wazdiuauAuLwIszau (Elevator) udu Tnedi C, R, uaz P, io ANulves
sanuUszamenuliiinszuanss anusummuedan uaziddliihvedluanfiaslnilin
muadu uazdInil 6 fmuauvesszuulilinidwuesesduiadusimuauuuunnnes
UULALAA (vector-controller on dg-axis) Mvimihilunisauguusafluiiinszuanssiing
aseudLfuUszameiuliinnssuansaazusiudaliinnsuansdiiamniiiuazaenndos
fUNIMIFIU MIL-STD-704F 9nfindnasndnasiuazifiuin szuulnifidnwilugud 3.1 9z
Usznausaelnanmdsluiina TnelnanUseaniasidnuaziiumaudunmunse
Suiuaudfnauiiansaanneuaiiosnmuesssuulaenss saiunsdneiadosnnves
svuulihidsunadesdudaduadmsnduegiann sgnslsinunisieseiaiosnnves
szuusdudesfianiuuusiasmendadians ﬁﬂﬁuluﬁﬂﬁuﬁmlﬂ%ﬂﬁnﬁqmiﬂqﬂﬁm

WUUINARINIARANERSYRIsTUUINHNNANY Beaglasunmsuinaus N luden 3.3
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9 Active Front-End [C'PL

P,
Generator Bus L Converter Bus Rectifier o
5,0

Ideal
CPL
_ :
1 R,
I PWMMabc v, “1 12
| Vel LL|Cs
: Vi - TT
| & d
P2
| a’m — — + V: V. +E 4
| Ly L 1 = >
' e
| I 1 ¥ L
| e
| d fi controller |
| i TP * g +
| « i [ Voltage | V[;[ | Droop Ve PI + - PI I +
| Vs j’|cﬂmpcmamr| | contralier I> +_f _.| controller r f‘ controller
: | AL :
|
|
|

Voltage Compensator ~Droop Controller Voltage Controller Current Controllers

Existing Conventional Controllers

5UN 3.1 szuuliihmdauuesosdunaulafinw

3.3 NITHEAUNILUUTIABININAAAAIEATYD95zUU IWAINIdIUU
\n30sduiAne
finsunuuitasmisadaaiansvesszuulnindnunluguil 3.1 aznuindy

wuUIaesfituetiuian Suileanannginssunisiauresaiestndaliiiddasda

Y

giauimanaswazgunsaladndnisluisasiseanszuanianiiwuuwaniin Fevinli

a

n1sfineiTeneaiuadosnmvssszuuiiaugeinuasdudeuluegiwin Faiuly
NI dnussmniunsigaiviiuuinasmisadineansiaeldisn1suUasn@g
(DQ transformation) eyl lduuuTassiilifuegfunarfiiiedenisinseiisasde
padmuSiugunsliih Tngazduduanmisfigatimuuusassandemansussszuuly
nsdlitlifinnsaua duife fauaulunseuiiufidnfuandugud 3.1 azlignuiun
firsanlunssuiunsainauuuiians Mntuagduiunisesonuasianludusuuiiaes
ysndiamaniuessruUiiinisniuen dwsunsuasiinasdituguinannsulasmeseanin
(Clarke’s Transform) A1skUasuSunamslifitvuuny of lWeguuunu dg wagnisudas

Y93U15A BeanunsoAnuwiaanlann (Sgwa Insded, 2563, efite aswiiug, 2564)
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331  msigatmuuuiasmadinmanivasssuulunsainlifinsaiuay
nsfigaimuuuiaomandamaniiliduegfunaivesszuulnihigs
vua3osduildlnianntuiifssvudmineuuulniinssuansefenguinisudasifives
Uhinazdosagmelfaunigiudwiolud

1 ¥
A a

1. 75107 (harmonics) fiAntusismsluszuvazlignfiansan

2. yumaoy (overlap angle : w) v03gUnsaiaintloddfin1elulsasises
NITUANIANTLUULDNANADITATTRENI 60 891

3. 29351589nsELanN1AntILUUL N ANaAesuela lruan1sUINSELE
sielilas (continuous conduction mode : CCM) Wity

4. ueunagaveawnasgliiinssuaaduanuanodidniuazauna

dusuusnfinsanedosidaliindlasiaviausindnns devinsudas
Weguuwnuifilaee1AuisnisulaswesUrinvglauuudiaamisndiamiansves
w3esriinlnihddasdavdaudimananasuansladsaunisi (3-1) (Gao, F., and Bozhko,
SV, 2016; Suyapan, A., Areerak, K., Bozhko, S., Yeoh, S.S., and Areerak, K., 2021)
Mnturinisuasaunisdananilviogluguasasiiiifiug iy Seilildasauyauunuian

vounzeetllalnihddlesaviaudmanansiivandlanilugui 3.2

R w
4y -2 7
a ' L, L 'L
4, ol R, 1, o .
a’ L, L' L' L

dlo R e avwdiumureseainawmes (stator resistance)
L, Ao avwwieauuunud (inductance on d-axis)
L, o Anumilenthuuwnuda (inductance on g-axis)
¢ fo Winddoules (flux linkage) vaswindnn1ns
w, D m’mL%’JLGTN;;;JVINIWW’]‘(J@GI?LG}@% (electrical rotor angular velocity)
I, A9 NIZUAALALABTULLAUA (stator current on d-axis)
[ Ao NITUAEALADTUULAUAT (stator current on g-axis)

v, fiD LIAUALALADTULLAUA (stator voltage on d-axis)
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v, A WIIRUAmMBTUNMALAT (stator voltage on g-axis)

d-axis q-axis
RS Ld Rs @e¢m Lq
4/\/\/\, Id Y Y Y\ ; .
@, Lgly <_> Va oLl (:) Iy Ve

a < o a a Y a 1 13 aAa
EUV] 3.2 ’J\“l"\]ﬁﬁﬂmuaeﬂaﬂLﬂﬁ@ﬂﬂ']Lu@lWﬂVMIﬂiua“ﬁuﬂLLlIL‘Viﬁﬂﬂ']'JTUULLﬂu@ﬂ’J

Tudsusou1aztdun1sas1aLuuTIanImNAfinf1ansU99199515 89N 1L

aantwuukenfinniaindleddiivianun 6 dlugunsalaing dwanslalugun 3.3

a A o

Inggunsalaindanariluanmaivinlisuudiaewesssuulnihmduuasesdundnyidy

1
Va v =

o P~ [ v gj Y o v aa s (3
wuudnaesnduediunal seluidedsdadmannislunisuvasifivesuisaunussandldly

=

)

NSANAREY

o

TusainduesEindaang1n Fwihlvlawuudasamendineansnliduegium

WASNUNZANAUNSANYLENYTNINTYBITEUU

Idr
e
+
| S d S d S;
11'.!1,(.'
Vin,a ~—
R [in,b
I"in.h Tnlcb ‘fd(-
Vin,c ——

JUT 3.3 199si58anselanAntiuuLeniiv

N < v a v = ° v
mﬂg‘d‘w 3.3 "UgL‘WUVL@'J'] WATLIYINTLUANIANUILUULBANW AL IAUIN

Tunisudasvsunalndinszuaaduluiduvsunaliidinsznanse lneanudunusseniig

SRS UNG (V,, 0 bazussnuliiedng (7,) 19419931380 ssuaniantinuuuiandi
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wanalasaunisn (3-2) luraeianudunusseninanseudliinduns (,,,) waenssualil

in,abc

@IANA (L) VI35 BInIEhanIantLuuLanfinwanslafaaunisi (3-3) dusuilandu

nsennTauE (switching function : M,,.) @11sauanslansaunisi (3-4)

abc:

in,abc = Mach;Jc (3_2)
in,abc = Mabcl de (3_3)
Vin,a in,a
bil® Vin,abc = in,b LAY Iin,abc = in,b
Va,

T
Mabc:%[Sin(a)t+¢can.) sin(a)t—z?ﬂ+¢wn) sin(a)t—%jtgbm'ﬂ (3-4)

il m Ao Awviinisuegian (modulation index)

4., AD WaNUa9aswUaiu (converter bus)

nilandunisalntluaunisi (3-4) vinnsudasiladtunisaindlveguuuny
A aglaflandunisaindveaisasiiesnssuanianinuuuieninnlivusgiuiaiuanslas

AN (3-5)

M _ E COS(¢ - ¢con.) (3_5)
“o 2| —sin(p—-¢,,)

M,

dle M, {M

} way ¢ Ao yuwanldlunsvyuwnuAa?
q

fsAuduiussenitusnuliidunauazuseiulniiednnves

219953 gansan AT uULenAWluanns (3-2) Wisldniswlasrmfendeniswlaseslisa



51

2P AN UFURNUS VRIS IR U N A1V I799515 89N L LANIANUILU UK NANUU LN UARA

LAAILARIFNNTTA (3-6)

\

in,dq =

= Vin d
9 V4, = {V
ing

fsaauduiussendtnsrualiihdunauaznszualiiordnnves

M.V (3-6)

19955 89nSEhaN AN LU UL NANTIUANNISA (3-3) vilaldni1suUadnmivesuisa
Az laAUFURUSVRINTZ LAl A1V 9799915 99N TLLAN AN UILUU KON AN UL LA UARA

LARILARIFNNTTA (3-7)

I, RV

c dq in,dq

A ind
e Iin’dq:L }
ing

IINNITIATIERANNITN (3-6) kag (3-7) Arengufiiugiunialnii

)

(3-7)

iUl anuduiusvewssiusaznszudliihsznindunawasiodnaiilizegluzuves
gnsdnTiuLariunserseiuivaun1sensdvomtowtatini dsiudsaunsadeu
19TAUYAVR T BN TEhan ANt uukeniuuinudAdlugUvemdeuuasluiin

leiwsgudi 3.4
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Lg § T Vol
2 Myl ey
+ ; ; +
Vi}l,d E ‘ ‘ E Vdc
— 5 .

ﬂp ] _Mq 1 E
+ 5 ;

V{'n,q E E

JUN 3.4 299915 8ensElaNAMILUULENIIULLNUARY

t.gen?" con.?

ﬁ qun
’ Y VoM

JUT 3.5 UWHUNNRARBSEmMTUNITUUaRAT

dmduinunimanmasniswlaififvesszuulniiasuuinsesiundnw
wansladagun 3.5 Fezwiuladn Wevinisivualiyuanldlunismyuunud@ (¢) wihdu
Yunyuvadlsnes (rotor angle) voamzadninluidalastarioudindnans (4,) awld

FINTUNTAIP VDI IINTL AN AN TNV UL N AN UULNUAPILEAI LA AIFUN1TNA (3-8)

M, :ﬂ[“’?@} 58)
1 2] —=sin(5)
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e & Ae yusiawlaszritussiulifinnielu (interal voltage) waguseaulniliiga

(terminal voltage) vasmsasiuilalniidslasilaudauilwnananas

15l nsulaswesUdaliiemdananisiauvesaiesiudaliin
delasaniauiminomsuargUnsniaindlod i 6 f melunsasSesnssuanantinuy
wondinadlstiauesndrsdiu eilsilssauyasgsheuuunuiiivesszuulniinds
vuinIeadufidnynlugudl 3.1 1Wureaslilfinnszuanss fauanslusuil 3.6 Jsdredo
nMsiasERsasieng fugrunialiit fduauiseinednusiddingussiuves
a3yl (Kirchhoff’s Voltage Law : KVL) wagngnszhavounasvanil (Kirchhoff's
Current Law : KCL) 11A512#2950 U7 1 3929500t 3 (Loop 1 — Loop 3) wazluad 1 &

Tuafl 2 (Node 1 — Node 2) nugay Feanunsauanslas@uniss (3-9) e (3-13)

R Ly Myl Nodel R, L. Node 2
_b'\/\/\/’__’YW\ 3 ,'_____-'_'V\/\z_h , ::_.:_::_::_'
Id d \~ Idc 4 - IC [a
COeLq fq C_) "\ Loop 1 Vd (— Vie f\ Loop 3 * Cpr= Vy Ry Iepr
~ ~

a)eLd]d(

JUT 3.6 wasauyaetssuRinuAaesssuuliiiamdeuesesulunsalinlidimsenuay

- 33189 Loop 1 fengussnuvataesseni

~o,L I +RI,+L, 1, +V,=0

- R M
==+ od,-—1, (3-9)

- 33189 Loop 2 fenguinuvataasteni
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oL, +RI, -w9, +L 1 +V, =0

: M
[ ——ap, -2y My 2 (3-10)
L L L

q q q

- AR3729 Loop 3 Mengusnuvadnasyeni
-V, +RI +L I1+V,=0

[ty R, 1, (3-11)
L L L

- AAT1e% Node 1 Argngnseuavadnasyonil
[dc _Cdc Vdc—]c =0

3M
SN0 (3-12)
2(jdc i Cdc

- 33129 Node 2 faan)nIzuavetmasyeni

y F,
Jc—Cbe—ﬁ—ﬂzo
RL b
A A (3-13)

Cb ‘ RL Cb Cb V;)

[
1 [y =1

NMslEIBnsudasimITINdungiug el lunisiwseiasauys

agedguuLnuUAAIlugU 3.6 uafii1uin agvhlilauuudiaemuadamansnlivueg

Y
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Aunal dauanslaluaunisi (3-14) Feazdunaladn luaunisves 1, 1, uaz ¥, 9

WS M, war M, Usnged lneam1sdwesainaniTusdiuaiyusiianasening

Y 9

wsagulnArnelunazwsasulnidrdviveanIasnndaludl (5) Aswansluaunisn (3-8)

(%
[ RY)

° | A v ° AV vo a P4 adaa ] | Y
AITUNITAIUNMIAT § LialkuUTaeenlasun1siaaauIInNTsamaunsaldnusalule

=< o a a

Jafiaudndunazdrdgegiain Ineuideinerinusazussyndldnguinisivaves

Y A

A8l (power flow) LBATUIUNIAIAINATT TIFINITOUAAITIBAZLDYALARIRITON

3.3.2

I,=——=1,+0,l, -—v,
d d
M
[q a)e Ic _ s ]q _ q y a)e¢m
q Lq Lq
IM 3 1
V="Ml +—4] —— ]
2Cdc 2Cdc i Cdc (3 14)
1 R
[c :L_Vd¢ _L_C[c —_I/b
po L1y Fm
b c b
Cb RLCb CbI/b

}74
[

3.3.2  pasAulmAIyadianasEndnusaulniinglusazussaulnianga
vagasasiulialuidrengelnisivavasiiaelnia
n13A1INMIAT 8 Tuuddeingainusaredun1siasieinisivaves
masliimstlalninssuaaduuesgun 3.1 luannvedsa wiilissmeszuulniihidauy
A a ae [ =% o qw o v a v
wsosunfnwilussuulnihauwlaaunadvihliamnsoannnududoureinisinsizila
lngeden1siasansivavesidalniiiigawAmaiionsingy lngununniiannisiva
vosidalniinanunsauanslafagun 3.7 uavaunsaigauaun1snisivavesiiaslniiisag

[

paAnNINugIumaliiileadl



Generator Bus Converter Bus
|- ) >
R‘; Ls P Gen.
YYY
AVAVAY Ocen
E gen. Vr, gen.

SUT 3.7 UWHUNNNITIATIZYNTS Iravesiaslnimilana

N S=VI'=P_ +j0

gen. gen.

Pgen, + ngen. = V, ZO

. Een.l(é‘_y) I/t, en.l(o_y)
Pgen. +.]Qgen. = 40( 5 7 L

Pgen. + ngen

. V, en.E enl(y_é‘) V,2 ené(j/)
P JQun, = =557 -

. V, en.E en. COS(]/—é) V,2 en. 008(7)
[Tgen‘+_]Qgen.:|: = £ Z - Z

. V; gen.Egen. Sin(j/ - é‘) I/tzgen. Sln(]/)
T Z | Z

56
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AItU @un15n15Wavesnasliinanslaasaunisn (3-15)

V, snEen cOs(y=6) V2, cos(¥)

t,gen.”— gen. t,gen. — P
gen.
g ‘ (5-15)
I/t,gen.Egen. Sin()/ - 5) _ I/t,zgen. Sln(]/) _ Q
7 7  Xgen.

io E,, V.., Zwag y Ao ussuliihangly useduliiied suieduiiuaud

tgen.

wazyuadufivaudvaunsostlaliindslestaviawimana1ns Inefindslniasaendng

(P,,,) wazdsliiisuonfiniedne (Q,,) veuaiesnnidaluiddasiaslawimanans

gen.

ANUNTOAIUIUMNLANNAUNTTN (3-16)

B()ad + B{)SS

gen. 3
(3-16)

gen.

E_V
= ——ge")'(”ge”' cos(5)+

N N

d' & = ¢ d' o a a o a 1 3
D X AD GU‘L!']@IiLL@ﬂLW]‘L!"?]'SUENLﬂﬁ@\‘iﬂqLu{ﬂlwmqaﬁﬂiﬂﬁuasﬁu@umL'Viaﬂﬂ'nﬁ

e P, Ao masdlndrnaivunvednandsazlianuiidunasinvesniaslninues

v o

Inaadadumu (P, ) Auidsliiihvedivanmasliihasi (p,,) dsiuandldluaunsi (3-17)

v [ o

luduves P, Ao Madnihagydunislussuudaedawiduiadnihgaydentavuain

loss

ANYNMVBIANBAINES (P, ) Feanansaunanslansaunisi (3-18)

V2

B :PRL +Bp :_b+PCPL (3-17)
R,

P =P, =I'R (5-18)

NAUNSA (3-15) Deaun159 (3-18) anusaAwinawaslalaelgionis

JeAmaA1ansvoadifu-s1duinlasunisleuluswnsuadesldly m-file vuluswnsy
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MATLAB fananslélunianuan v. Fainlilden & fwmgaufunisinluldnmeaeuniny
gndesvauUTIaemNAdineansluivediall
3.3.3  MSATIVEBUANNYNADIVIULUUTIADMNANAAENS
nsATRABUAMNYNF DB UT R AdamansTlituegfunaives
szuulwihideuuniesdui@nuilunsdilifinisaiuauazendenisiuieuiiisuszning
NamoUauDIlAANLUUTIaemsadamaniluaunisi (3-14) Faldunannismisataas
yosaunsiIeileritu odeds yos MATLAB funanisiassanunsaivessyuulifinlusud
3.1 feyauden SimPowerSytem™ yulusinsa MATLAB fuandlugudl 3.8 iilefia15an
wAnssuNITILLaznaTavessruuaelfideulunisvitaudis q wagldinuald
wisdmesdmiunsdassaniunisalvesszuui@nwiuanadinsied 3.1 lngamsiines
fananndusmwisiimesvesszuuliiisduumedosduildlifunfuiifssuudmieuuy
TWihnszuanssuuin 270 V 398198au1a1nunanuidess g 11 uwazamey (Gao, F.,

Zheng, X., Bozhko, S.V., and Hil, C.I, 2015)

*v
PWM Mabc
Wm (Input) R Vo §
i 1 T Mabc
' el ]
w J o4+ 1 ',
A
m "
B8 _l-l. —
'
il ‘ L
Permanent Magnet ﬂ“_“
Synchronous Generator | | I
il - tional Model of
'_:I Active Front End Rectifier
Theta l labc
<o o =
|-— ]
Rotor angle, Vs_dq, = .
Is_dq, and Te g
1d_sm B S

U7 3.8 yauden SimPowerSytem™ uulusunsu MATLAB wesszuulyifihidauy

dll a Al Al a
Lmawuwﬁﬂmmﬁﬂmmam‘uqm
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M15299 3.1 Mfiwesvasszuuliihuuesesdundnyilunsailudinisaiuay

Wiiwes A1 pELHERL
R, 1.058 mQ AUAUNIUVDIUARINALALA DTV ATOIA TR L
L 99 pH AuwtigIvesnaInanmesvanasaailialii
L=1L, 99 pH AnuwtigiuuinuaivesaIeillalilin
v ¢ ! [ = o A
y 0.0364 V.s/rad  Wandwweulevauivina1isveansosinialui
5 1 3 dl' o a
p 6 Tuslianveunsesinialuih
o, 2mx400 rad/s  AnuAdsEslnihvesaIailialiiin
c, 1 mF anugliivesiuiuuszgnsiulniinssuanss
R, 6 mQ AuMuUMUYesEgdaiaalliinsewanse
L 2 pH ANUmteIvesdsdImadliiinsslanse
c, 0.5 mF anugliihvesddunuysglih
R, 10Q AIANUYNUYRdlan
m 0.75 ArtinnsuagLan
Pepp oo 38 kw fifafaalniwedranmasiniiageg
Py 7 kW Afpiaelniihvedivananuiumuy

SUT 3.9 wanawan1sneuausvessiullininnAseufAuysEannein

i nszuanss (V) nszhalndinlnacuargdsnidelnii (1) wazussaunanasom

o

Y v =3 = LY Y ° a a o |
aaaiuUszansewsswiudalniinseuanse (1) dwmsuniseuiisusudyainseniing

aadaa L%

LUUTIA0IMNANAAIENSTLATUNITREUAI8TTAAITUTUA Yy rau it bAannIsdnaes

a01un1saiflegAudian SimPowerSytern™ uulUsunsy MATLAB lngnan1smnsiaaay

mmgﬂéfaﬂﬁﬁmimﬁammaﬂﬁwaﬂm@ﬁwé’ﬂlw%mﬁa (P.p) 970 10 kW Tl 14 kw

wazan 14 kw 1y 12 kw fnan 1.0 Junft wag 1.5 Juft anudsu
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2050 "
I Exact topological model
I """ DQ model
2025 I
S 10 kW | l
Y 2000 ————— - - .
= 1‘ 12 kW
\ 14 kW o
1975 |- | s -
!
1950
0.5 | ils 2
207 i - .
Exact topological model
011 DE——— N | EEE—— U s DQ model
205+ -1
= 10 kW ! 14 kW JI 12 kW
~ 24 4= - 2
203~ : -1
202 ‘ }
0.5 | iks 2
2050 ! !
I I Exact topological model
[ | DQ model
2025 F— o l T T ¢ l
& 2w00—— 10kW —seeS_L L B |
= }‘ | 12 kW
1975 B - J T .
' 1
1950 l I_
0.5 1 1.5 2
time(s)

JUN 3.9 wanauaues v, I, uaz ¥, vesszuulnihideuuesesunsalliiinsaiuay

dmsuldlunsesnrdeunnugnissvesuuinaameadnmans

mﬂmamwaa‘ummgﬂéfawaameﬁammma‘immam‘mmgﬂﬁ 3.9
IZNUI WUUTIasMAdinraniausalinanisnovaussiidonndestunadilaain
159188980 U5l UUIUSLATY MATLAB ﬁy'ﬂuehumaamamimauauaﬂuamw%’m;ﬁ
(transient state condition) wagluan1izegan (steady state condition) FafuFadoladn
LUUSaemndinaansuesruU i diwuadesduiildniannguiitsyuusmine
wuulntihnszuansdunsaifiliffnuaudeigadinandsam fianugndes arunsahluly

Y

Nulaase wazdeaunsailuwaundunuuitassvesszuunddinruquineululdly
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s sgiatesnmla Inesvasdenvensigaunmuuuinaemaadineansuodsyuy
Iihidsuuweesduifnuilunsdiifmnuauaglssuniseuneluinded 3.3.4 soly
334  nsgativuuuaswnsadinaansvasszuulunsaifiinsaiuau

mMsfigadmuuusassmandamaniveszuuliiiniidsuuaiesduiildlui
wnfuiifszuusmiowuuliiinszuansdlunsdifimsnuauazendnisdesonuag i
Mnuuuaesiildtunisadiduluidedt 3.3.1 i Snefindudsduduresiaun
LUuDAMESUULALRRITe NI BN ssLan AT LuuLenTYl Fuandlufiufifesgud
3.1 lassadungluvesiiaruaudinaniwuseanidu 2 gufie guniglu (inner loop) waw
quneuen (outer loop) Tnsgumeluazuszneuse 2 dife dud 1 fanuaunszudlni
ULLAUA (current controllers on d-axis) vimthitlunisauaunseualiiiuuunudliiie
winffugud (7, = 0 A) ilevhlAiedesiuinliihdstastasdausimdnanseglulnuanisyhauy
WUUNSngLAN (full flux operation mode) wagidausznauniasluil (power factor : pf)
4338 UUTANAUNTS (unity power factor) H1uNIAMUARINSELAlNATULLNLAS1DS
(I}) wawdud 2 AaruAuNszabiuuknuAY (current controllers on g-axis) 91414
SaufufuFimuauussiuliiii (voltage controllers) Tiduguatuauaeuen dsagsiming
Tunmsmuauussduiinnasoudiivdssamsinuliinnszuanss (v,) uagusadudalnii
nsvwanss () Tvegluaae 250 V 84 280 V m1un58UL195§1U MIL-STD-704F (Department
of Defense Interface Standard, 2004) N1un1sAAUAAILIIFULNTN19891Te V) Tullan
wirfu 270 V ludiuvesguaiuauaeuenazUsenausig 3 daufe diuil 1 daraugu
wsauladin (voltage controllers) dauft 2 AInIuANLUUAFU (droop controllers) vimiing
Tunsuvamdaluiuaznszualinfildaniedesiudnliiudaziaiosliianumngay
wazifismenanufeanisveinandie g vuadesiulnee duni1sAinuaLazeonkuy
Fnwazianizvoaussdulniinaznszualufin (V-1 droop characteristic) wazdiudl 3
Fraausaiulai (voltage compensator) viwtidilunisvaieussdunnduiilomnain
ngfnssunsvhuesiimuaukuuagy Snidaansaviliiidanugndelussuuanag
touiianlddndae uenainiluzudl 3.1 asdunaldin fauqunszualiiiuasiaauey
wsasulnflnduiaiuauitlefifins3eadediu (cascaded Pl controller) Feifusuide
%mﬁwuéﬁm"%ﬁumiaaﬂLLU°uéf’;mu@uﬁmdné’w%’%mmuué’uau (conventional
method) (Suyapan, A., Areerak, K-N., and Areerak, K-L., 2017; Phosung, R., Areerak, K., and
Areerak, K, 2024) 1ilpsannifuisnisfilinanismevauesiifuasiidunauniseanuuui
Zoudrelagodeifissnisiuiouiisufududssdniaunisuinsgruvesssuududuan

lurauzfin1seeniuuinIuANLUUAURaTMIvaweLsInuliazedudnuasianizves
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wsaulihuaznssualiihuaraumsogaieiifigaiulasedonisinsandeulusidan
ngﬁaimzwﬂaaﬁqm (Gao, F., Bozhko, S.V., Asher, G., Wheeler, P., and Patel, C., 2016)
iy Tneniseanuuuinuauiamafinanandsuresssuulifmdsuuieiesdud
Anwanansnuansseazdoalddsd
dImavaunTEUa i ULUNLG
mpuRunszwaliinuuwnuiansaesnwuulalngodunsInTeiauns
wainvesnszuaaame FUULNUAUALNTTA (3-1) Fauanslidsannsi (3-19) wagivuals

NAUTALUULNUABEAI AR IFUNTSN (3-20)

d R o,L 1
E[d:_L_[d-l_ i q[q—L—Vd (3-19)
d d d

V,=V,-olLl, (3-20)

NAUNTN (3-19) wazaunI5A (3-20) @10150TAFUAUNITVRINTE U

aLaasuuLNuA s lasaun1sn (3-21)

d ,
L —I,=-RI, -V (3-21)
¢ a""a

S

AufunIswlatalatvaunisi (3-21) Inemuun ke ulusuauiayintu

[
& v

aud faduagldaunsanudiuslulasioauansdisaunisd (3-22)
sL,1,(s)==RI,(s)=V,(s) (3-22)
PNAuNST (3-22) aansavileddudneleu (G, (s) wansiaaunisi (3-23)

1,(s) 1
V.(s) sL,+R

G,(s)= (3-23)
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Avuali K, uae K, Ao msnilwesvesmaiuauiiasiimuaulauuwnud

AR AetuRzliununmYesnIuANnsELalii unwnuRkanslafssun 3.10

.+ + Vi)
[d (S) p———> K[It/ > Gll/ (9) - Id (S)

. I K
&MI‘JXNT 4

JUN 3.10 wnunmdmsuesnuuiminuaunseialiuuwnug

+

nURUAINILIUN 3.10 anunsadnsievilsiduniglowtslnvesgunisauay

nszualiiuuwnud (7, () WiRsaunisi (3-24)

[Kpdsugd 4
L) . 0 ()

1a(s) 1+(K”"S+Kid]-G (s)
id
S

1
it (7

(3-24)

fgaumaunistusuniludmsunisesnuuudiniuaulngedenis

a £ Y

= = L L2 U U
LUiEJ‘UL‘VlEJUEI%J‘U?%EWIﬁWV!UW@JG]’JWﬁGU@Q T.(s) AUANNITUINTZIUVDITEUUDUA UG DI (T(s)) Tu

aun13n (3-25) deduaglaaunisnldluniseaniuumAmisiinesvedinIuaANiLaz

fnuaulavesguamuaunseualiiuuinuALanslafaaunisi (3-26) mua1au

2
)
T(s)= 2 3-25
(<) s’ +20w, s+ o, (525
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Kpd = Rs - zé/ia)niLd
K,=-L,wo,

ni

(3-26)

lnefl & Ao dnsdunisniae (damping ratio) vesgunswualuii

,, F9 AUDSIINYIA (natural frequency) vasgunseualni

damaununszua i uLuNuA?
Aanruaunsyualiiiuuknuftaiuisasenuuuldlageidenisiinsiei
AUNITNATAVDINTLLAALMLNDTUULNUAIUANNTN (3-1) FIwanlARIaunITA (3-27) wag

AAUAANUTALYS UL NUAILEAI LARIFUNITN (3-28)

d oL R 1 .9

— ] =—_edgy 7 &8y R _cm (3-27)
q d q q

dt L, L, L L,

I/l; :Vt] +a)€Ld]d _a)e¢m (3-28)

PNUWMNTIAgUannIs (3-27) uagaunisi (3-28) azldaunisvenssua

ARLADSUULNUAIMY wandlansaunIsh (3-29)

d ,
L—1,==R1,~V, (3-29)

NANNISA (3-29) aziiuledn D5Unvuvesannisiindefuiuannisd
(3-22) Fatfunisoonuuuiamunauiilovesguaruaunszualiiuuunuangdidunisly
anwaizRgItuiuniseantuuimmuauiilovesguauaunseualiiuLwnuf wissdiiies
watdgnieluaunsd (3-20) Afianuunndsfuannisii (3-28) widu feduisanunn
AnnumAsfinesvesiiauauitlednanlfiuaunislugumluinanduaunisi
(3-30) Ingagimunly K, wae K, As wisndwmesvesiimuauiikaziinivaulouuinul

AUAIAU
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K, =R -2{0,L,
K =-L &>

iq q " ni

(3-30)

famaunusaalin

nseenkuuimuauLsiduliinszuanssianasoudLivy szaniasny
IAAINTELANTINTOUTIAULDIANAV 9T TBINTERANIANTRULWBN AN (V,) 2881
ngnszuaveamesvonilunisiinsizinssualwihiilnarudufivuszamiasulaii
NSTUANTS (C,) Guaaizuui‘w%wﬁwé’quuméaaﬁﬂugﬂﬁ 3.1 Tnefviualinszualniailuasu
arwdernasiniimissuladanssuanse () Wudmyayrasuniu (disturbance) Sﬁwzgﬂ
vualsiianinfugudniolifinnsaluduneunisoonuuusauau feduayldaunis

ayudvawssrulihinnaseufiuUszgmauliinssuansauansldnsaunisa (3-31)

d
Co—Vae=l (3-31)

f1sananuduiusseninseualihduneignudaddvieg uuunuafuag
nszualiiiodnne99siseanszuaniantwuuweniinazlanaunsi (3-32) (Gao, F.,
Zheng, X., Bozhko, S.V., Hill, C., and Asher, G., 2015) nglusuideineninusazaiunuln
nsvwaanaTuLLnuAtAwIiuaud (7, = 0 A) Weviliasesnuialnfindsdasiayia
1 [ I o v & a o o v IS [ =
wiwmdnansegluluuanisvinnunuunandiinuaz iU sznaumdalnidavindunis

av v Yy v v o
Aunlenaiwaidnenu

1,

c

= %(mld +ml,) (3-32)

AtuansadagUanniseyiusvewssnulihinnaseudiiulszanieu
Infnssuansslmilasoduaunisi (3-31) aunisi (3-32) wagdeinuadainanlansaunisy

(3-33)

CooVa=ml (3-33)
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funiskUasavateaunisi (3-33) lnemuua bikeulaisusudawinnu

Aud Asduazldaunsanuduiusiulaueaiansladaunisy (3-34)

sC,V,.(s)= %mlq (s) (3-34)

PNANNITT (3-34) @unsamienTuaslon G (s) Lannsaunisin (3-35)

6= te® 3, L

= (3-35)
I,(s) 4 sC,

Auald K, wag K, s w131dwesvesiinunuiikaziiniuaulevas

pv

guauAuusaiuliin auddu dsuagldwnunmuesiimuauwsaduliiwansladagun

Y

3.11

I,(s)

Gi(s) » Vac(s)

_|.

JUN 3.11 ununmdmsuesnwuuiminiuauwsadulngh

o

NN MlugUn 3.11 ansadesigimilandudiglauielnvesguaiuay

wsaduli (7. () Tdeaunnsit (3-36)
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vas+Kl.V

(5225
RACHESEE
AG) _1+(KPVS+KiV]

T.(s)
"G, (5)

(3-36)

(vas+Kiv)(3m)(4éj

T(S):Vdc(s): dc
v Vd*c (S) S2 n 3prv S+ 3mKiv
4Cc, 4c,,

fgaunitaunistusunibldimiunisesnuuudinivnulneside

N15.US8 UM UANUSEANSURINYUINAINNTURY T)(s) AUANNITUINTFIUYDITLUUSUMUADY
(T() Tuaun1si (3-25) Asduazlaaunisnldlunisawiamaminiwesvesiiniuauile

vosguauAuL iUl duanduaunisi (3-37)

K — 8é/x’a)nvcdc’
pv
3m ) (3-37)
K,'V — 4Cdca)nv
3m

[y 1 1

lng?l ¢ Ao dnsarunsnuasvasguussaulnii

w,, D AUATITHYIRVDIRULTIAULITY

FIAIVALLUUAU

fmuguLUUAsURTiasanlunuideinednus asdudnuauuuungy
AUALTIAU (voltage-mode droop controller) (Gao, F., Bozhko, S.V., Asher, G., Wheeler,
P, and Patel, C., 2016) Gaazvhwihilunisusindsluimiensyualvifinlilianumanzay
Lazifisaneranudeinisvesinandig 4 vuasesduiiunsimun dnuazanzYos
wssiulniuagnszualniia (V-1 droop characteristic) ﬁLLamﬂugﬂﬁ 3.12 TugUraausesiumn
1N3UT 3.12 aziulidn anuduvesnsmidnuuzanizvesussdiuliiiuasnszualdinfe
§n31n139819a5U (droop gain : K,) FaazgninlulddmiunisAuinmAsadulyiii
nzuansiesdwasgunismuauusaiulii (7)) fauansldluaunisd (2-38) dmsuludy
YBINITRONKUUAIBATINTVEY K, 381A8N1T80NRUUAIUALAUAI9aaksauli

Feaglasunisunausluiiveansuinbl
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% V-l droop characteristic
l/[I('
A

14 de,max "R

K d o

> | ,(/C

’,’ N
dc,min

» /,

1 o,max

JUT 3.12 dnuaglang s wulagnseuad miunsmuaNwuunFUlLaRT i

*

Va

. —

V, —K,I, (2-38)

lne?l 7, Ao wsssulniinensdawesseuy

I 7o nszualiveduan

kg a1 Ll

Fragussduliidmiussuulninfidiuuiadesduiidnuasvimiidily
nsanvdotosiuliliussiulifinnnmstluednnvessasBonseuanianiiuuuueniin
(v, waziladalnfinnszuanss () SuifeswnainngAnssunisudsidslninionsuus
nszualninvesnisnivnuLuungy mmﬁgqé’qmuﬁaﬁﬂﬁﬁwé’ﬂw%QQL?wmﬂmadqﬁwé’a
anastianfign Sevhliuszavinmmsvinuresssuilassuiingitu Tassaduesvnie
usssulviihdmsushauauuuuagUinuaussduuanslaslugd 3.13 SsangUazdaunaléiin
Framwoussiulndiife 1esdeulssuuuteulunii (feedforward link) lordenismsaadu
nszualiiivedlvan () H1uA18nI1N15v818A3U53 (global droop gain : K))
TneA18nsIn159878 K asfianvinfuaisnsinisvens K, iesainssuuliiniidnenlu
AT Inudidussuuliihiduuedosduilldnitunntuiifissuusmienuulnii
nszuans wuuadosridalifinfsuasdaiien mnduasthustueiwedld (Ar) Jeu
TUsaufuusesulniindredevesssuy (7)) deadaussiulniingradavesssuulmi (7))

Fauandluaunisi (3-39)
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Voltage compensator/ L
Feedforward link
| i |
AV |+
3 ¥ g W Vie+ 1 Ba = [
* b1 dc dc | ‘T ( —»—=—r—
Ve O L6) Ls+R, Cys b
Voltage control loop transfer Transfer function of Transfer function
1, function v DC transmission line of capacitor bank
b
Droop controller

JUN 3.13 fwaeussnuliihdmsuimunuuuuasulnuanseiy

Vo=V, +AV =V, +K,I, (3-39)

d1m5UN159NLUUAIEAIIN5VE1Y K, luauddeinenlinusazegaield
Foulvidalwihgydsanaedimdmieidalningyidovesszuuanaissiiganase
spEEMLALToznainn1su Tnedeulvdsnananunsauanslédslueaunsi (3-40) uaz
aammiﬁ (3-41) (Gao, F., Bozhko, S.V., Asher, G., Wheeler, P., and Patel, C., 2016)

if —<r<l1
(3-40)
R, — <K, <& ,/1+l—1
1+r 2 r
if r>1

[ (3-41)
0<K, S&( 1+l—1)
2 r

Wi r Ae dnsdszrInsiasiviihvesuanidslniiasda (B, ) wazmasliiivedduan

fiunu (B, ) dauansluaunisi (3-42)

p—crL (3-42)
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31NN13MTUINTOBNRUVUMIAIUANAI 9 vasszuulihmdsuuasestu
PlArunundszuunuresuunidinselansawuln 270 V wuunsasnidalndnen

wazUanentmiausl it Jeaunsanandlassaianesluvesssuunivguianualacily

=

Ul 3.14

5U7 3.14 Tassasneluvesssuumugudmsussuulnihid et dundne

Mnmsiegilasiaianisluresszuuauaulugud 3.14 aansadoy
aunnsvesiimuaulifsannisil (3-43) wazdlefiansanauduiudusefuliinduwauas
W WmIrenaTSesnsruanavtiuuuLenvuuuuAATluauns (3-2) Tukewaiteie
vuuwnuAluannisd (3-20) uazunudluaunisit (3-28) luduneuniseenuuusaniugy
sganunsafuniladdunisaindvesisesBesnsuaniamiuvuuendinlunsdlfissuud

FAUANUULALA (M) uagunudl (M) uandlafsannisi (3-44) uag (3-45) auaey

Z; = _Kpdld + K, Xy +Kpd1;

. . K, K, KV, (343)
Z,=-K, I, -K, KV, +KK, X +K X, +K, K, V, +
L

+ vaquKtPCPL _ vaquKdVb _ vaquKdPCPL
V, R, V,
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X
I
NN

e 49 49

j(zj; +o,L,1,) (3-44)

X
Il

IS
*

I
TN TN

g|_ §|_

e 949

j(—Kded + K X+ K, I +o,Ll,)

—j(z;‘ ~o,Ll,+o4,)

* (3_45)
—j (-K,,1,-K,K,V, +K.K, X +K X +K,K,V,

+ vaquKIPCPL L\ vaquKdVb _ vaquKdPCPL
R, Vs R, Y,

N5 LA INYBINNTUNTEINTG 891935 89N ST AN AN LU ULENTIN UL
wnuFATluaNns (3-44) wagaunisi (3-45) asudiulédn x, X, 1099UNTEUALAE X, VB
auusaiuargnivualiluimulsanugewuudnaemuadinaans wavaunsanniung
mwvuiiaesyesszuulniiimdsuuiniesduiidnuilunsdffinnsaivquldlae
AsuNuAY M, wag M, luaunsi (3-14) veaiadeil 3.3.1 e M) war M, audrdu
Fauuusrasmendinaanssananuanddess@unisf (3-46) lnvaunisit (3-66) aggninluly
Tumsinziadesnmuuuldifudadusenisinszdssunumaluund 4 deld uiaind
Ignanliudluund 2 vuddednednudlainmsiausnisinssiiatosamdnnilaizie
NTIATIEMADETANLUULTUFURUNGBYUNANIII ﬁaﬁmwﬁwﬁqﬂdﬂﬁi’%ﬁué}’aamﬁa
wuushassifudady duiuddianusiiulunisasuulauusiaesilidudaduly

aun159 (3-46) TUlunuus1anaildudady §99shanis1eazidenuaInIsyiwuusIandly

Wuadulaluiven 3.3.5
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K —R K .
Id _( pd A)Id —ldX _ Id
Ld Ld Ld
] (Kpd—Rs)[ —i—vaquV _vaqu(K[—Kd) K, K PCPL(KZ—Kd)'i
- dc b
7 Lq 1 Lq LqRL Lq v,
KK K, K, K, .
L PqX Lq Xiq_ PL Pqu
q q q
; 3 1 2 2
V, = — K, I+ K, X, +K 1,1 ~K, I +o8,1 -K K, IV,
2Cdc Vdc
KoKW K=K KK P K=K 1 Ix
b iv
RL q Lq I/b rq9q
+K I, X,+K K, IV, ]—LIC
Cdc
1 R 1
Ic:L_ dc_L_Clc__I/b
V. =L — 1 _PCPL L
b c b
C, R,C, ¢, 7,
K, -K 1 X
Xv:_Vdc+¥n+(Kt—Kd)PCPL'7+Vb
' ’ (3-46)
X, =—I,+1
: K, (K -K,) 1 .
X, =—1,-K,V, R—V K, (K, =K )Py -+ KX+ K,
L b

o Y a v o a 4
3.3.5 ﬂﬂi‘l’l’ﬂ,‘ﬁ WU ULYUAUVDILUUINADINAUAAENS

funlananaldtnawuLaIIwuUTIaeluaNnIsA (3-46) WuLuUINe0InNg

< 1

adamanifliifudadu lnsagusngwadiliifudaduluaunindeeyiusves

1V, V, X, uav Xl.q Fan153A1ein19a U fURunvlvssuuinnIsvIaaiesa I
Pludeserfouuudnaeiiludadu nmeldvguiunanazas danuanideiveinusila
iEmehbiiudaduveseynsumdaessusuinianlflunisasunuudaesfang 1l

<

Dunuusaseiidudadu I@aaumﬂugmwumlﬂmmLL‘U‘Umaaqmmmmmammgﬂﬁﬂﬁ

WuBady (linearized model) anunsauandl@nsaunisi (3-47)

5;( = A(x,,u,)0x+B(x,,u,)ou
oy =C(x,,u,)ox+D(x,,u,)ou

(3-47)
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el A(x,,u,) B(x,,u,) C(x,,u,) 4oz D(x,,u,) Ao unIndalatdeu (jacobian

[
IS A1

matrix) FILAWUBLAUAIVDIFILUTANIUE X, WATAIYBIAIUUTOUNA u, &
U URuNIITN TnggaufiRaudnanmwnddain x=0 dmsuseazden
Y93 Ox Su Sy A(x,,u,) B(x,,u,) C(x,,u,) haz D(x,u) luagunisd

(3-47) @31509lANN1AKWIN A.

pnmsngaladou A(x,,u,) waz B(x,,u,) il wesndaainanay

Y

= J ! cgl}d 1 1
Vieo Vo Xuo Xigo W08 X, mmmmmﬂumiuamwag e

1

Nmduegnuen 1,, I,

AUHURNUANTUN Feawnsadwumlannmsiueli 1, 1, V, ¥, X, X,

wor X, luwuusaemsndamansvesssuiluaumsil (3-46) fAndugud
3.3.6  N1INTIVEIUAIUYNABIVDIMUUTIADINAMAAIENS
nsATRABUAMNYNFDR LT A AdinmansTliTuagfuaves
sruulnfinindsuuaIesduifnewiazenfonisiieoufiouseninmanavaussiilaain
wuuaestlidudaduluannisi (3-46) waruvuiaesiignilndudaduluaunsi (3-47)
Feliu191nn1svINaIRaEYeIaNNIIAAeTari Ty oded5 LAy Lsim 489 MATLAB iy
nan1soraesaniun1salyeszuulninlusud 3.1 freyauden SimPowerSytem™ vy
TUsunsy MATLAB fiuandlusuil 3.15 iitofiarsamgAnssunisvinanuuagnainvesszuy
melditeulunisvihanueg q lnefuualinsdwesililunszuiunissiaesanunisalves
sevudenafianrinfudanisnedl 3.1 lusadedn 3.3.3 udesiiuifuianizludiuves

ATNNTITNBSVDIFIAIUALLUULINABTULLNUARINILAAIAATL LA 1N 3.2
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wm (Input)

Rotor angle, Vs_dq.
Is_dqWnTP2 and Te

Actwe Front End Rectfer

Functonal Model of Vb_sim % R

e on—)———

o=
=0

€aN

Uil 3.15 YAURDN

<

SimPowerSytem™ vulusinsy MATLAB aasszuulniiidsuu

wIosdunAnYINSANIN1IAIUAY

MINN 3.2 MTADTVBIIAIUANIUULINABTUUKNUAR?

Wndwes A1 518821980
K, 3.5744 W1SNRIVDIIAIUANTAMTUgULS AUl
(¢, = 0.8 WAL w,, = 21x200 rad/s)
K, 2807.3541 Wsfwesvessaunlladiuguusaulni
(£, = 0.8 kag w,, = 21x200 rad/s)
K, uwar K,  -1.9895 W5HwesvaIAUANTULLNUARIE MY
aunszuallih (& = 0.8 uae w,, = 2nx2000 rad/s)
K, %oz K,  -1563.3453 WswesvasiimuAulouukNUARIEMSY
aunszuallih (& = 0.8 uaz w,, = 2nx2000 rad/s)
g 0.06 Bn3INTVeEATY
, 0.06 8nIIN5VELNLATUTI
I, 0A nszualnino19B LA
v, 270 V wsenulninen98sveesTUL
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300 T T
| I Exact topological model
| I """ Linearized model
280
S 10 kW 14 kW A 12 kW
= ; !
260 I
249 L : -
0.1 0.15 2 0.25 3 0.35 0.4
%0 T t T t .
I Exact topological model
""" Lincarized model
14 kW
S0 > ! =
% ‘ F 12 kW
70} | i =
10 kW |
60 L f L t L
0.1 0.15 0'2 0.25 0’3 0.35 0.4
300 ; - | . ,
I Exact topological model
""" Lincarized mode
2801 ; - — | .
= 10 kW 14 kW k 12 kW
= I
BN ¥ l
2601 T o -
240 I L | !
0.1 0.15 0.2 0.25 0.3 0.35 0.4
time(s)
(n)
300
t l t Exact topological model
""" Nonlinear model
280 4- E | ' g
S 10 kW 14 kW 12 kW
S~ - .
= 260} —Sil s = IR \|/4 «i - mur ———
240 L l : L
0.1 0.15 o2 0.25 0 0.35 0.4
%0 T ; 0
| { [ Exact topological model
R B T B I D S W e Nonlinear model
| 14 kW T
80} — s - -
S
5
& 12 kW
70 —— — e -
10 kW
|8
60 L ‘ i L
0.1 0.15 o2 0.25 o3 0.35 0.4
300 T ! : %
Exact topological model
""" Nonlinear model
280 — S— - - R— I Jooee .
[~ 10 kW 14 kW 12 kW
R 1
~ 260} E
240 r
0.1 0.15 0.2 0.25 0.3 0.35 0.4
tme(s)
(v)

a v ° PN o9 Vvd a v
E‘U'ﬂ 3.16 NaRRUAUDY V.LuagV, (n) ﬂ'ﬁﬁﬁ'ﬂ"ﬂﬂ@‘Uﬂ'ﬂ'ﬁJQﬂm@ﬂ‘U@QLLUUQ']a@QVlQﬂVl'ﬂﬂLiJULGU\TLﬁu

(1) MInTRFOUANNgNFBIvBILULTIaRT LT uTud
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gﬂﬁ 3.16 (n) LLazgﬂ‘ﬁ 3.16 (V) WAAHANIIATIAABUAINUYNADIVDS
wuiassiignilidudaduaziuuiraesiliifudaduihumauisufisussninmaiaay
Aldanuuuiasmeadamansiunanissiassaaiunisaivesussiuluinfinnaseusuiiu
Uszamsinulwiiinszuanss (7)) nszudalwiniilvadiuasdaiidaldi ) uagussfuian

asoudfuvUszansonssiudalidinszuanss () lnefinnsildsuudainiveg

Y

anm&sluias (P.,) 990 10 kw TSy 14 kW wazain 14 kw Wiy 12 kw fivian
0.2 3u¥ hag 0.3 U ANaIRU
91NNIATIADUANNYNF DIV IUUUTIAD M SATIAFARTANTUT 3.16
iuldin nawasildanuuudtasmandinmansilidudaduas grinliidudadud
5ﬂwmmmgﬂé’fgzgmﬁaamﬂé’aqﬁ’umamauauaaﬁié’mﬂmif&’]aaaamumiaiBifméqmué‘aﬂ

SimPowerSytem™ vulusinsu MATLAB egaiiulddn vidluduesanisdiajwazan1nzegs

(%
LYY

fatudanalein LUUTIaININANAAIAASYITEUUNAINIaIUULAT 290U A5
fianugndeuiiug Snnsdunngdmsuiildldlunsimsenaiosameuulddugadu

AIEMTIATIEATTNUNALAZ NN TIATIB AR IS A MLUUT LT Sd U U i unAanzasd e

3.4 dsd

9

Wevnluuni 3 ladauenisiigauviiuudnasmiadamansvasssuulniiige

a

v IaatunlgnAunYuNTssvusmiewuulndnszhanss wuueIaannialudnen

1%

v a ] ad aa aal ¢ = a o
LASUALAY I@‘EJSLGUV]QUQWUiWUﬂWiLLUaQﬂﬂjmjﬂﬁﬁﬂqisﬂ@Qﬂqiﬂ ﬁ'lllﬂqaﬁ‘U’]EJViaﬂﬂq{Lu

n1388nkUURIAIUANYDIsTUL N AN v lTog1aziBen Feazimuladuuuinasanis

N saY vo a =3 &) a o v & av a N 5= o 9 v
ﬂm@]ﬂqﬁW§W1W§UﬂW§W§jﬂusﬂu1NLUULSU\TLE‘“U WQ‘HUQWUQQEJ'J‘V]EJWUWUﬁQQIﬂUﬁ%E!ﬂWISU

6 6 o a = P N o [ ! @ g a s
@HﬂillLWULa@i@u@UWVUQLWE]LU@BULLUUQW@@Q@QﬂaWUIULUULLUUf\]qa@QWWQﬂm@ﬂqﬁﬁﬁ

(% 1%

MUuBudy nouianiliunsnTIIEUAILYNABITBUUTIADIN RANAFEARS UL 1RO
LidudadunazgnriiiludadulasondenisuSeuiiisuseninmanaganiuuiaemn
ARFNENTILATNAN1TINADIANIUNTTA] FaRzdaunalad NalAgAINLUUTIRIMNANAATENS
Av g A v & A v Au Y = Yy o ° ¢
adugaduiasludaeduidnvazvesgudyyiunaonadesiunanisiiaesaniunisal

Megauden SimPowerSytem™ uulusunsy MATLAB wsluaniztinjuazluaniizegsn

v O = & A w0 o aY Yo a o av a a ¢ o a
ﬂ\‘iuu‘ﬂ\‘iLUUﬂ’ﬁﬁJu‘ﬂu'}’]LLU‘U‘G’]@EN‘VII@TUﬂ’]iWEj‘\]UGUUIUGWU']"U‘EJ’W]‘EJ’TIJWUﬁLU‘IJLLUUﬁ]’]ﬁENVIJJ

e

ANUgNABIRiugaziinudneiiogs wugdmivinluldlun1sfinwiwagidenadu

LADYTNINYDITTUUAB Y
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dmSunuIdeiIng1dnusveauni 3 Tudiuvedn15eonkUUiIAIUAN LAY

a ¢ o a 3 o w dl' a g Yo aa
nsfigaiviuuiaemuatinmansvesssuulilihmduuasesdunfnuwlasunisanuily
138153VINITTEAVUIUIBIATINIU 2 UnA1y taglawansunadiuaduaunysallily

AANUIN N. FIUTUALLDUANIL

Phosung, R., Areerak, K-N., and Areerak, K-L. (2023). Modeling and stability assessment
of permanent magnet machine-based DC electrical power system in more
electric aircraft. Electrical Engineering, 105, 3175-3190. doi:10.1007/500202-
023-01863-x (Q2, IF = 1.630)

Phosung, R., Areerak, K., and Areerak, K. (2024 ). Design and optimization of control
system for more electric aircraft power systems using adaptive tabu search
algorithm based on state-variables-averaging model. [EEE Access, 12, 76579-76588.
doi:10.1109/ACCESS.2024.3406855 (Q1, IF = 3.9)



uni 4
A5ILASICALEDYSATINVDITEUU INNA189UULATDIDUN T NN N AU

d.d o 1
VI%J'iSUUﬁ]’]‘Vi‘Ll']‘EJLLUUlW‘Iﬂ']ﬂ’iZLLﬂC‘I'N

4.1  umi

o v o

anuimmiveanaluladduluiiduaridnnsedndidadudund Wy anlu
nsudnsuliAnunAnuazuuiiuvenadestuildlnfiunnduluiagtu Tnsnwzednads
raswasiuindsfigninanldnuduimnssuegiunivians fewminaaviedulszney
vauadesdulagdulng Judurseswlasiumdsifinisaiuaunisieu endaegiau
UnidnumBes winennia made Jndiuanusien wagdrunuguunsziu sy Jadud
n9ufufdineeswlasiumdsiinisauguazuansnginssuidulnanmdsluiins
wazifloieudefiuszuumilaumasdndmdalniiinssuanssazdsnarelafiosnnyosszuy
Tonss FenrsuaadesnmidulidssilVasssouznsauauanasaunseisliduluna
wnsgIuiifvuasindy uenanelitinnudemesessuulnssuiiluggtmg
mensduld feduidoniluuniagnd il winsgiu MIL-STD-704F Sadumnmsguannaiild
fvuanantRvesszuUlihmduueiosdu malinnesiaiesnmyssszuuliiind &y
i3esdufidnyy uaznisAnwinansznuiiiideladosnmsuiilosmnannisivdsuntas
AMNTAMDIVBITEUU InENTIATIEALENE SANUALANYINANTENUAINATIATIFRENTIATIZN
hesnmuuudadumenguijunanazasmuglliunsimsziaiosawwuulidudedu
fhensinsgisznua nieuisdniiunisinsgimisenounsidusuesssuus
nQuiunAazas Fefesenduesdnnuilunisiigaimuvudiassiladainund 3 fuwan
ﬁm%’umimwaaummgﬂé\’aqsuaamamﬁmwﬁﬁ”’wmﬁlé’ﬁwLauaiuwf:%mﬁ’amiﬁwaaq
anlun1saluuneuRimesfieyauien SimPowerSytem™ uulusunsy MATLAB uag
wadag$uslugu (hardware-in-the-loop : HIL) Tnewilenluunil 4 axidussdamditugu

Tum st lUlglunmsussimnsusadgsninaaszuu g uwes esbundnwaslulusuian

4.2  AI5ATISAENYTAINVDITTUUIHANNIEUULATIIDUNANEN
Witelavthiauemsinsgianosmmuesssuulniinidsuuesesduild lnihunndy
P52V UTINUBLUUINHINTLLENTI WUULATRIN A NA LR ehasUaRe) tneande

° a e ol 1% 5y d' A =~ v a wa o g v
LL‘U‘U%Wa@qmqﬂﬂmmﬁqamiVllﬂsUu@UﬂUL'Ja{LUUVW] 3 NNIUUN LWEﬂGUﬁ']WL@']"QG]UQUGN"IUVIW']IV

Y
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sruuinmsnaLais s muagnanmasau iRl vaussougnisviavesssuull
Wulumunseuunsgiu MIL-STD-704F IﬂaLﬁamﬁéqﬁmzﬂﬁzﬂauﬁw 1M1 MIL-STD-704F
N1TIATILMANTATNUUULTAAUMIENO BAUNANDIZII N1TIATIERFIUIENOUNTTEIUTIY
wazn1simstsmadosninwuu il udaduniunisimsisiszurvma seaslasu
manauslutitof 4.2.1 89 4.2.4 mudidy
4.2.1 U933 MIL-STD-704F

11IMIF1U MIL-STD-704F Aim 11m551UN19M115 (military standard) vo9
au%’gaLu%ﬂwﬁiéﬁumiﬂ"’mummé’ﬂwmzLaw’wsuaﬁzuulwﬁfm"wé’wum%"aaﬁuﬁ”’a
sruusmglninssuaadundanalazauNaLUUANAAT 400 Hz VUNARSITY 115 Vac
sruusglinnsyuaas unt anauazaumlawuuUSUUAs UL ldIuALSIRY 115 Vac
syuvsmdgliiinszuaadunidananuualruiangg 60 Hz YuIALSIFY 115 Vac

syuuTmtglniinszuansewuin 28 Vde wavszuudnnineliiinssuanssauin 270 Vdc

=

wanda1nigalainnsszydisnismaasunazisnisdmsunisldussloviluainiaves

[

gunsaliasusng 9 veuaseadulidnme lagdvlinstinAndn v NI IUAINEIE

q

AsaUARULUTITRAY 9 UINUIY DITLYU WTIRUAN LIIRULAY ALD wa fUsEnauiIn
nsnseiiien waznszuagde (Judu uinasgiuilazlinseunquluioswenissuniumis

wiwanlwiwazussiualua dmsuidenluiidedazyudulufinisdnausuinsgiu

v

MIL-STD-704F #ildfszuandnumziamzrasszuulnihmduundosduilldlnihuniudd
szuvdmiewuuliiinszuansavwin 270 V 6??@L{‘Juizwﬁﬁﬂwﬂmm%’ﬁmmﬁwuﬁ‘whﬁ?u
Tnoandnuazianziinanannsouandlddsgud 6.1 ¢

9AFUT 4.1 anunsouanafudi 'qs?‘?amaau“mimmwuaﬁvwlw%mm

wm‘%aﬁumumm%m MIL-STD-704F 1ggail

<9

>
v o AA v

SudFing 1 Ao YAk IRUUE TN sELan 39898alWan 18T (7, o)

eAp9ilA1taenIN 330 V BIeausadavinnu 330 V bawiealadiu 0.02 Juriivindu

(%
VY

A suINsRsuLUaaU URnuvesssuy

>
v AA v

SudFing 2 e yuaksnudalinsruansngaluanizdiing (7, mm)

£A99IA11INN37 200 V Usaursaiia1wiaiu 200 V edieelaiy 0.01 Jurdivingdu

(%
a wa

u'umLmLiummiLUaauuﬂawmﬂgummmaﬁ“w

v A !

SodTind 3 fe Praaandnfl ettling time : 7.) azdosdAtosnimie

WinAU 0.04 U
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% Y

AvETIng 4 fo vuauswiudalninszuansasanluannzegia (7,

ss (max) )
L4 1 U

eARINANURENINNSaWINAY 280 V

s '
v Ao A

AuidTing 5 Ao vwakssnudalihnssuanswigaluannvey

Y

9 (Vh,ss (min) )

¥ =) 1 o

ALADILANNINNINT AN 250 V

AYITIAT 6 Ao VUIALIITUNTELBY (ripple voltage) luanTizegda

(AVb.ss) &ADINATLDENINNIBLYINAU 6 V

350 - -
340
330
320 /
310
300
290
280
270
260
250
240
230
220
210
200
190
180 t
170 [« Transient condition > I < Steady-state condition >

160 ! I ! ! I | I -

' |

[ I i
1505 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

V.t @maxy < 330V or

Vit maxy= 330V within 0.02s

V(V)

Vit (miny> 200V or
Vot mimy= 200V within 0.01s

JUN 4.1 1195371 MIL-STD-704F dmsuszuuliiidsuuniasiundssvudminewuy

Infnsglansavun 270 V

4.2.2  NITIATIENENYININABNIUUNANIILY
NTIATIZALEDYIN WLV UL U UG T UWITINednusarenfeitnis
fuguemguiunmuauiduiady tufe vquiunAnazas lumseangauaaEdesam
rnuuuuaownandamansfignvilidudaduluaunsi (3-47) vesund 3 lagazfinnsan

PNFUNUIYDIALANZ (eigenvalues) UBITEUU FIANIZAIAINAENITaAUIALARN

WasngalAdeu A(x,u,) AIEUN1N (4-1)

det[AI-A]=0 (4-1)
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HauluNSTEDgTAINYDITLUVAILNSOLARNI LAGIALNST (4-2)

o <0 (4-2)

A 1

ledl o A9 @IUITVDIANIA

i=123 .. 1A NUIUAUTEDIULVDITEUV)

AsinsziEdosnimvesszuulniinmduuedesduiildlwiaunnduiis
sruuTmdtsnuuldfianszuanss wuuadestudaliinieonasdanes aveide
nswWasuuaduantidsluiinasia (P,,) 970 16 kW G926 kw AIUALUAUNITHAITUN
FEN19N151AA DUT LAZ AU DA MIIZIIVOITTUVULTEUIULEE BeasUseneauludae
ANANZATIVLA 8 (4 —2) mmﬁ’wmu@hLLUmamzﬁuaqazwéfeuamﬂugﬂﬁ 4.2 loelu
NUATEINGUNUTILRNITUNANIZANIIZANAU (dominant pole : A, 4,) YaeTEUUYINTY

FEUTananIN Ve laRIIUN 4.3

x 10°
5 T ; T T T
4 P(‘p[,: 16 kW —26 kW ‘ -
_— | \
oy ™ A\
A

g oy} \ ’15\ ’
& 1
g 1, | | 4 /
=Y b4
? . Ohgaa |

Oﬁ & ¥ Ba W SSSS— L Lo B . ul SN 0 |
& 1 /4*
> X |
IRV
§-2~ﬂ'3 : )“6 i
= Ay

——— 4

4 Pepr= 16 kW — 26 kW - - e S .

-5 r r r I

-12000 -10000 -8000 -6000 -4000 -2000 0 2000

Real Roots(1/s)

JUN 4.2 Agasianuavesssuulnimdauuasesunany
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% 104

6 13 13 13 13 |3
P(‘p/_: 16 kW —26 kW
—_— ke

X K X

2 Vo
Lo [

X

W 18 kW 20 kW 22kW —+ 24 kW -+ 26

)
Pcp= 16 kW — 26 kW

'6 L L 1} L L
-400 -300 -200 -100 0 100 200 300

Real Roots(1/s)

2k

Imaginary Roots(rad/s)
=)
T

-4 X K L%

| X
E—

JUN 4.3 AnzasaurasseuulnihiasuuesostundAnm

IN3UT 4.3 azdanaladn dislnanidalniasiafaniuguain 16 kw

26 kW agyilialangaauYesruudfianienisimasunanilsdievesssuiuedluilsrinves

a1 1

FEUNULDE haztilasEaumaWANTAIWINAU 22 kKW d1U239U99A 1A UL IR

aud Fdlidulumuteulaluaunisi (@-2) Mna1alid szuuiifiadesnnazdosdidiuasaves

o
& o v

ARNzaiATaeNIAud dely o gaufuRnullssuulnihiiduueiesdun iansan

aananslugu 3.1 vasuni 3 aAnnsvIladesam (P =22 kW) @u5unisiudu

unstable
a ¢ av v P | IY) ° v Y A =
Han1nsIeEdssnmiilaannguunataizasaglasunisinaueliluiiven 4.3 Ju
feudaly
423 NI5ATITIRAUTTNBUNISHAIUTIY
a & @ alo 1 I~3 a a I
AN5IASIENAIUTLNOUNISHAIUT IV UMATANITILASIERRUUILLAE

o w

(modal analysis) d115UN155EYMILUTANIULAN 9 YesruUTifauiietomie ity
m'aﬂ"]LmzmLﬁiumaaizw?ﬁﬁﬂLﬂuéfaqmﬁ’aaqﬁmmiﬁugmmﬂ%%mﬁtm'wﬁmﬁaimw
Luuldadunioiimalemeiatssnmdyguvuiadndenguiunaiaizasluitedn
4.2.2 s Taedeyaildannsiesgimlseneunisiidusmaunsatiiluldusslou
lag1amaInvaty 8nfileg1uYy N1595UIBNORANTIUVBITZUU N1TANBUAULUUTIADY WaY

CY Y 1

nsanfiwlsanusilifidedfnydonsussminisuineaiesninaieIsnsauruirudng
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(pole placement control) Wusu dwsutunsulunisiasigrindiusenaunisiidiusiy

anansauanslanagui 4.4

Deriving the linearized mathematical model of the considered system

Y

Calculating eigenvalue, left eigenvector, and right eigenvector matrixes
of the system by using eigenvalue theorem

Considering the dominant mode from eigenvalue matrix via
condition as given in (4-3)

A

Calculating the participation factor matrix from left eigenvector
and right eigenvector matrixes by using (4-4)

!

Indicating the significant state-variables by selecting the largest value of
participation matrix members under dominant mode

a a & o a1 |
E‘LJ‘V] 4.4 LHUNINNITIATIZHRIUTZNBUNITUFIUTIU

NAusUAMlUFUT 4.4 9gnuin miszsimiuszneunsildnsiuves
szuulifhiduuedosduiidnuazdsznouluse 5 tumeu e

Fumoudl 1 ddumsfigaimuuudassmisedamanifignrilfiudadu
wazlifuagfunamesssuulihidnuuedosduiidnudeisiam

Fumouil 2 AU ussngAaas (eigenvalue matrix) WaSnSINAeS
snwuzlanzgi1e (left eigenvector matrix) LAZLIAINDLINABIANBUELANIZVIN (right
eigenvector matrix) YBIILUUMIENO B UNANIILI

Fumouil 3 farsaniluuae (dominant mode) MNUAINFANAIAEY
FoulvdrwaswesAazansuiidunnniiguéviodinaiwosdnnzsasufifiunidng

WNUIANIN (imaginary axis) 11n71ge fawandlaluaunisi (4-3)
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o, >0
or (4-3)

o,<¢

o o, Ao @INATIVDIANIZILAY

£ A ¥ELNNTENINAINITIWRIANILRNAULATILNUTURA N ITRE AR

TURDUT 4 AUIUNUUAINGAIUTTNDUNNTHEIUTIN (participation factor
matrix) ANLUASNHLINLADITANWULLRNIETUWALLUASNDLINADT AN WL NIZVNIALBFE

aunsi (a-a)
PF(,k) =|Q(,Kk)- P(LK)| (4-4)

We P(LK) A9 LWUASNTLINADIANYULLANIZLNY
QLK) AD LWASNBINMDIANWULLRANIEVIN
PF(LK) A9 LWmsngmiUsenaun1silaiusiu
Tumaud 5 seyfulsaniugMifgitemsedtud Ay fuA1la1zaauYes

szuulagenfnisidenannArvesaBnlussndiiusenaunisiidiusuiiaanniige

Soflansunmiusznounstidiusiuvesszuulifiidauuadesiudidn
Tusufl 3.1 vosundl 3 Asziuidaluiivesinanmdslniihasiadamiafy 22 kw n3o
AVIALANYIA ML TIATIRNFIUTENOUNTHAIUTIMAZATAMUINIINEINGLINIA DS
anvUEaNIZENY WATNDINABTANYULIANIZYI LaZIIASNGAIRIZAIVBITEUY TIUDS
anunsafiasanvlvausiutoulvdinedmesiiazaaduiiimnningud (o, > 0) las

AN519% 4.1 4.2 wag 4.3 MUAINU NITANUILUASNTAIUSENBUNISTAIUIIN NIDUNITEU

3

= U 1

fUsan e NITeAAUAUAMINZINAY ANUTOLEAILARINNS1N 4.4

o

Y

~ & P ANa a A
311719199 4.4 ziiuladn dawdsanug [ uaz v, 3ed8nsnaniniign
Tulvuaiiu Faglanaudnlulvaawiuniewinian deiuidelain dudsaaue 1 uay v,

wAANUAYITONUANILINAY A, uae 4, Nuanslugun 4.2 veuiten 4.2.2 dmudeya
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PIWFDYTAINALAINAITIATIEAAIUTENOUNITHAIUIINVDITEUU LN ANFIUUAT 290U

Anwluiitetazidszlovdegederanisiwsizvanesninwuu il uldadusie

AT IATIERsTUNUIE Feaglasunisinausluiided 4.2.4 Wuasudald

M13199 4.1 LRSNGLINMoTANYEIRNIEEIY 0 IAUIALEDETAIN

Col. 1 ... Col. IV Col. V . Col. VIII
Row I 1 ... 0 0 ... 0
(-4.9+j0.5)
Row II 0 L. 0.8615 . 0.8544
x 1072
Row IV 0 y . 0.9971 0.42-j0.26 . 0.24-j0.03

(-051+5.1)  (-862.9)

Row V 0 - o -0.24-j0.22
x 1072 x 1072
(6.4+j4.7)x
Row VII 0 0 0
107¢
(2.34j0.7)  (3.74j3.9) (-4.045.5)
Row VIII 0

x 1070 x 107° x 107°




MINN 4.2 WESNFLINABTANYLANITYI 8 IAVIAEDETAN

86

Col. 1 Col. IV Col. V Col. VIII
Row I 0.50-j0.67 0 0 0
Row II 0 -0.47-j0.11  0.77-j0.77 0.22-j0.01
(2.34j1.6)
Row IV 0 0.49+j0.03 0.0301
x 1072
Row V 0 -0.42+j6.27  0.88-j1.07 -0.95-0.02
Row VII jl.1x 107 0 0 0
(2.7+j1.5)  (1.34j1.1) (-1.243.2)
Row VIII 0
x 1072 x 107 x 1072
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M15N 4.3 WESNGALAIEAN B IAVIALAREITATN

Col. 1 Col. VIII
Eig. I Eig. VIII
(-1+j0.8)
Row I 0
x 107
Row III 0 0
Row IV 0 0
(-7.8-j8.4)
Row VIII 0
x 1072
Mode 1 Mode IV
A
)‘) ~,




M15199 4.4 LRINGFIUTENEUNTTHAIUITIN (4 YAVIALADETAN

88

Fig.1  Eig.II | Eig.IIl Eig.IV  Eig.V  Eig. VI Eig. VII Eig. VII

I, 0.8333 0.8333 0 0 0 0 0 0
I, 0 0 0.0241 0.0241 09395 0.9395 0.1881 0.1881
V, 0 0 0.1845 0.1845 0.2308 0.2308 0.62151 0.62151
1, 0 0 0.4895 0.4895 0.0148 00148 7x10* 7x10*
v, 0 0 0.3209 0.3209 0.1255 0.1255 0.3128 0.3128
X, 0 0 8x10°  8x10* 0.0269 0.0269 0.8118 0.8118

X, 0.8333 0.8333 0 0 0 0 0 0
' 0 0 0.0076 0.0076 0.6224 0.6224 0.0086 0.0086

Mode II
Mode I Mode III Mode IV

(Dominant mode)

4.2.4 MMFIATITAEDYTANAEASIATIEHSZTUTUNE

AsAs1zsanesn L uUlliduldadud vsuanuddedinendnusazends

aa & a P a v = a ¢
'Jﬁﬂ']iWUEWUGUENVIQHQUWﬂ?UﬂﬂJWl@JLUULGZNLau UUAD NIFTALATITNTZUIULNE IUﬂ"Iﬁﬂ’]fﬂL@W

a 1 ° a say 1 & a v ai a'
GQG\IGU'W]LﬁﬂﬂﬁﬂqwN']uLLUUQW@@QWWQﬂm@ﬂWﬁWiWINL‘UULGZNLﬁubluaﬂiﬂfﬁw (3-46) YIUNN 3

TaunsiengissuumaduisnimensfinfimsnzdmsuAnwmginssuvesszuunldidu

\WBaLdudufuans (second-order nonlinear system) Lag g3

Ny ad

LUYDANAIUITOUITEUIUTUIN

weundavessUdyaaniinsdulmnaudndanizegils dunungdmsuilldnsvaeu
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Deriving the differential equations of the considered system

.

Determining the initial conditions and
Solving the differential equation solutions

!

Establishing the trajectory on phase plane

v

Stability margin investigation of the considered system
from trajectory

I
. :

The trajectory diverge from the system operating
condition (unstable node, unstable focus, and
saddle point)

. .

Stable system Unstable system

The trajectory converge into the system operating
condition (stable node and stable focus)

JUT 4.5 WU INNITIATikERe snIMaIeMTIATIeRss U

AMdNwazan1zrassiulaliiinszuanss (1) A1unsauuInsgIu MIL-STD-704F
Tnensiuiiunsludnuvazduimsiesmeiaiesnndenguiunaiagadiaunsarils
dnfuduneumslinneiaiissnmdenisiienedssuumasunsoagUlafegui 4.5

mmmumwlugﬂﬁ 4.5 NUI MIIATIERTEEIUWEveITEUULHTNAA
vuedestufidnuazdsenaulude 4 duneundn fe

Funouil 1 ANTUNITMIANNITITIO YR UTUT B NFIUNUUUTIA0INN
adlnmansvosszuuliiniduuaiesduiidnw

Funoudi 2 fvundeuluBudunasmuanasvesaunisdoysiug

dumouil 3 asunslaasresinouaunseyus (trajectory) asuuszuUIA
(phase plane) n3aU3giian1uy (state space) ﬁsﬁuagjﬁu&hLLiJsamuzsuaﬁxuuamﬁa
Tnsmadeniuusanurdmivainssrunumatuazerdonsieseiiussnounsiidus

Y

dl o L% dl 1 dl a o dld L U 6 o ! !
Nauelumden 4.2.3 AU aNITUIMIFUTENULTTAMUFUAUSAUANIIZINAU

vossyuu Feluiidife fulsanuy I way v,
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Fumauil 4 asraaeuiaiissnmvessvuulwihmisuueieaduiidnuiain
sUsuUMslAIsVRIAIMBUANNT TaUTUSUUTEUIUIE Laga13UluUnNIsIARSUaeAINaUaNNIT
suyusuuszuuadulunadios (stable node) uwasldaiatios (stable focus) aiiodn
sruuiaiesnn (stable system) wilun19nduiy d13U0LUUNITLATVRIAINBUANNTT
auusuuszuuadulualiaiios (unstable node) Wlfalsiadias (unstable focus) waz
301U (saddle point) Azhiodn SUVVIAETETAMN (unstable system) dmTusivasiden
WaAuAsdumslinngissunuimaiazsuiuumslaasvesineuannsey s ULz LU
Tusuuuusing 9 aunsafnwifisduléonn (eAde qeviug, 2558)

N15IATIEMADYTAINAIEITNITILATIENTEUIUNAENIITU
nMadsuntasszduidsinivesvaniidslndinsiaan 16 kw luauda 26 kw lngas
Wduiay 2 kw mudlufunsfinsangiuunslaasvesinouauniseyiusuussuuia
unseRnuIaUfTRnuivilissuuinnsuiaaiiosnm Ssanansanananansingg
iafpsn e neissnumavesssuulinidmwuedesiuiidnulasgui 4.6

91n3UT 4.6 () wazguil 4.6 (1) Fsuananislaasvesdmneuannisoyius
VUSPU I uay 7, dlelnaamdsluiinaeds (P,,) Savindu 18 kW uwag 20 kKW audidu

wnudn ussudalniinszuanss (1) vesszuuiliaeglugae 250 V 89 280 V a1unseu
UINTFIU MIL-STD-704F Aimuall Fedunalaandulszduitu uasilisfiansanadesnm

YDITLUUN LN UTIVENE (Zoomed area) agiiuladn mslaasvasmneuaunseyiusvesssuy
)
[

MuanaiadulsEaunzisuInNInsuRuLardingdInaugansegaujURnuvesszuy (7,
Fawanaliiiuda naslaasvesamevaunisayiusainarndunuulnfaadasnie

,eq

a1 -

namenienilsfe seuuliinnAanwaziiefosnm a Py, Jauvindu 18 kw wag 20 kw Tunia
nduiuN15lAIV0IAINOUANNITEUNUTUITLUUIR Py, AU 22 KW Tu3Ud 4.6 ()

WuasHIINYAENAULAzINSIAGOUNTU ) IUfURL neuiavdeanangauiRauves

s

sruvnngsuegtliduaailionaiiuly Fsdieladn n1slaasvesdinouaunIsoyius

sanarndunvulnialaaios faiud P, dawindu 22 kw szuulnimidsuuiasesdud

3

ANWIALAANITVIALATYTAMN (P, = 22 kW) BI9AFINE1IADAANBINUNANITIATIE

unstable

@desnmmengeiunanaizaseilinandliuddluiaded 4.2.2 wenainiiduiuledn

a 14

wsenudalnfinnszuansaliegnnglinsouninsgiu MIL-STD-704F luan1igeddidneie

Y

dmUN1INTIEBUANNYNABIVBIHANTIAT AR SANTLAINMTIATIERTEUUIN G

91fun1sTassanruniIsaiuunsuianesinsldyauden SimPowerSyterm™ uulusuwnsy
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MATLAB wazn15dnasaniunsalmsinaiing1sawistugy deaglasunisunausluiide
fnly

f i I Zoomed area 300 - . —
270 i = 269.4375V Stable W Initisl point £, = 16 kW
R Equibibeium poant Py~ IRKW
290
269.5 ﬂ\.
269 (_.! ,‘...“?)
268.5 S = —— —— —, s m O R R =3
268 z e e . |
267.5) trajectory = 260
Fa : =
267 '\.,‘: — = )z 250-280 V following on MIL-STD-704F Standard
e Sy prw—— ——— 250
266.5 W
e 86 m 90 9 % 9% 95 100 2 “82 8¢ 8 88 90 @ %8 oa 100
sessssssssssnsnanns e aat l‘ (A)
SRR == e (n)
270.5 300

¥ R} y
Stable @ lnatnalpoint Py, < 18 KW
R Equilibrivm point Py = 20 kW

290

268.5
268
260
267.5
UiSO-ISO V following on MIL-STD-704F Standard
267 250
266.5
| 240
s ! 2 9 9% 98 100 102 104 106 108
S 92 o9& 9 985 100 02 104 106 108 110 1(A)
(v)
31 .2 2
Unstable W Initial point P = 20kW
300 R Equilibrium point Py, < 22 kW
|

280

270 p—

vy

260

250-280 \I following
240F on MIL-STD-704F
Standard

80 300 200 100 0

SU 4.6 HaNITIATIEREDININAIBAITIATIERIZUIUWE () Py, = 18 KW

Y

(V) Ppp, = 20 KW (9) Py, = 22 KW
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4.3 ABUSUNANITIATIZAENYIAN

nsfudunanisiinsgiiadesnmanuaiildanngueiunanaizesdady
mAeTgiiassnmLuuisdulasmslinngsissumadadunfiengieiosnimioy
L uidaduazerfon19Ma1sai1seninInanissnaesaniunisalaieyauion
SimPowerSytem™ v ulUsunsy MATLAB fUuKan1sInassan uniIsal ale
wafiasniauwaslugy weuandiiudn nan1ssiassaniunisaiis 2 finnuaeandesiu
Snadanlidui Bnseseiadosnmitliinauelunuideinerdnusiuisnnsia
Uszavismmuasinmnindetiogs

ns9raesanunsallagldinaingfawasluguidunsruiunsiiendenisvinay
Fauduszninegavaen SimPowerSytem™ vulusunsy MATLAB Auuasa DSP Ju
TMS320F28335 Experimenter Kit fiinsiodoansiunulusunsy Code Composer Studio
Tuie$9u 3.3 (Code Composer Studio™ v 3.3 IDE) ﬁmamléﬂugﬂﬁ 4.7 §aidefinaney
Usgns futu MInmIdeunugndeduaznITndeUaNsIaur MIThaulasiuvesruy
muaunsunisilUldnuasdunsujia asmanisaivienisvinueanuiiansesiiens
iAnANUdEMAelATIEs NN TARISVIYAVAARULALTI WASKNANITINADIEIUNITA]
flndiRssiunanismageuaines filins iWusu Fafuouideinerdnusidfinaia
AanaIlEluN1IATIaR UANUYNABIVRINANITIATIEMATETN N 1A819aTANEIVRs
sruulwihfifnundsseneuluse sesidialwiddesiaviiousindnans 1wesSeanssua
aantnuuweniin dnfudszanissiuliiinszuanss arodamaslufiinszuans
ganfuusey manauiuniu warlnanmdslniiaei azgnasidudiogauen
SimPowerSytem™ uulusunsa MATLAB lunnigfszuuaiuguitusznaudie faiugu
nszualnii dnsuaunssiulii druauuuungy wazdraweusaiuliil azgnlusunsy
A&9aaUUv DA DSP §u TMS320F28335 Experimenter Kit #281U5UATHA141T
Tagudenlaszunsudmiunszurumssiassaniunisaliionfomedaeniawasluguuandsly
sUT 4.8 FaUsznaudig aeufinneindnililoudouasn DSP §u TMS320F28335
Experimenter Kit H1uv1anea$n USB JTAG Emulator Ingddnwagnisiu-dedeyaluguuuy
RTDX (real-time data exchange)

11307 4.8 wansdumoulunisdassantunisaidemaineisauisluguuos
szuuliihiduuaiesduiidnuliFetelud

Fumoudl 1 nsvduarnuiisovveaaiesiudalilii (o) NITUADUNAVDS

2TFBINTTUA (7,,,,) NIzualvansI (1) wazussruiinnasausiniuussananuliihnssianss

in,
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(V,) a1ngauden SimPowerSytem™ uyulusiunsy MATLAB Tupeufamesndniiodsluss

U8sA DSP W1uuden From Real-Time Data Exchange Write (From RTDX Write)

v i
v/ =~

TURDUT 2 ﬂismamaﬁagaﬁlﬁ (@, Lo I, W8 V) AI8FIATUANLUULINABTUY
wnufAafignlusunsumdsien 1w Buulusunsa Code Composer Studio LiAUIAMI
AN seintonsdIuumnuawa (M M, uaz M)

Fupoudl 3 dedygrunisaingsieds M M waz M nduludigauden
SimPowerSytem™ vulusunsy MATLAB H1un19uden To Real-Time Data Exchange

Read (To RTDX Read) LlomiuAun15919u989393t38anseianatiuuuieniinsaly

1. Code Composer Studio™ v3.3 IDE
2. MATLAB Program

From
Real-Time
1, |PataExchange

| (From RTDX)
Vae Write > Y

MATILAB > USB
SSIMULINK M: JTAG
4 Emulator
To l—1-
M, ,: Real-Time L

Read

M* | TorTDX)

Host : Computer

Operation Mode

f T— J9 Jumper

Control Card

T by

EXAS
*  INSTRUMENTS|

Code Composer Studio™
v33IDE

Docking Station

Target : TMDSCOCK28335 Experimenter Kit

5U7 4.8 Udenlaevunsunisiiassaniunsalagedemaiingnsanisiugy



94

Sudnluazfunanisnsaaeuanugndesemam i neiiafiosnmildinaue
Wluiided 4.2.2 uay 4.2.4 Tavendunisiiassaniunisalimuyauden SimPowerSytem™
uulUsUNTH MATLAB wazimailanissrassanunisainuuaniauaslugy Tneilefinnsanuas
§1989m 10N 58ULINTFIU MIL-STD-704F fAlgainauslilusaded 4.2.1 aswuin smsgu
Fananarliruddyiiosasnvasanzvowswulaliiinssuanse (7) winfu fedy
nsdrassanunsalvesszuulnlihidsuueiesdudidnulusnideinerdnusazinaue

[ [y

Wz sUdyguvesiudalniinssuansuvinty wiounaindun1snsivaevanssous
N15AUANLIIRUlAEE198991NNINTgINAINE1 Meliiledunisiiuautndedieves
HaN1IANBILERETAINTIHIUNI IR Taenan1sBudunisuataissnInvesszuulniiA18s

vunsasdunfnwanunsawanslansgui 4.9

26 T T T T T
24 - { I + — | -4
| - 22 kW
~ »l | 1 &9 | a ]
= LT
Z .l A i l 20 kW |
S 18 kW |
SRRt | ‘ -
16 kW | I
16 — — | ‘ -
14 I I I I f
0.1 0.15 o2 0.25 o3 0.35 of4 0.45 0.5
320 T t T T i
310 ; LY, — _—
300 - S —— -+ — — 1 —i
290 280 V following on MIL-STD-704F Standard
. 280 pmmmmecaces fasmmamancoconnnannns e R e S
2 270 - 1 Tr
o . .
& 36“[_ 250 V following on MIL-STD-704F Standard ~— | )
250 feeecccccacieces + ¢
| ' . P M ey
230 [ T | Stable #»-|— Unstable —
220 t [ t L I
0.1 0.15 oh 0.25 o3 0.35 0j4 0.45 0.5
I ()
320 T w T ! T
310f | I : : | | g
00— —t : —+— — E

\

2901~ 280 V following on MIL-STD-704F Sfandard

280 4 1

270 :

f(:’ I~ 250 V following on MIL-STD-704F Skandard

250 s {

240~ T | t

230 p———————p» 14— Unstable
i

220 L - !
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time(s)

(v)

|
il

-~

Vi(V)

Stable
L

JUN 4.9 nsBudunanisinseiiaiiosnin (n) nsdnaesaniunisalielusunsy MATLAB

vuApNiImes (1) MIdiassanunsalmemaiiagsauasiugy



95

9IN5UN 4.9 azdanaiiuin leszduidsluivednanndelnfinnsiaien
Wasuudasan 20 kw Ty 22 kw finan 0.4 3unit sgsilviszuuiinnisvinaiosnm
Fegldnnnuanisdulniveaussiutaliiinssuanssiifaniugaiu Snstadailianssouy
nsAuANTesszUUanadlilulumunseuninsgiu MIL-STD-704F neusssiuluanizedsn
Avaguondad 250 V i1 280 V LavAusefunszifionvosnansuauosiiliain
gauden SimPowerSytem™ uwlusunsy MATLAB uaswafinaninwistuguiianiiiu 44.4 v
Lay 45.6 VAuaIfu daiudiusefunssiiiongeganiufininsgiumivuald
tufie 6 V uazillefiorsanauivesnisdulnivesuswiudalniinszuansadilsainyauden
SimPowerSytem™ yulUsunsu MATLAB wazimalinensauasluguisiiawintu 37699.11 rad/s

Wag 37699.11 rad/s mua1Ru agnundalnalAssiuaudLsisuuLd (o,) NENITaAIUIN

ldarnaunisi (4-5) Falavindu 31622.78 rad/s asdudadunisuansliiiudi
ArAnuwmlenivesaedsmasiniinssuanss (L) wazaranugiiivegiufudsyglin
(c,) MalunsAuiam o, InudAuaBlEgTNINYBIILTUY lnenansynuninelaiasnIw

o A Yy o o v A X o Y 2 A '
YoIsEUUTUenNan L, uar G, swlasunisunausluinded 4.4 uenaniduandliiudniy
NAN1SIATITNNING WS HaN1591a83d01UN1TalAIEgAUaEn SimPowerSytem™ uu
LUsunsu MATLAB wagkan1sdnaesaaunsalmewmaiaaiausluguiinnuaenadauias

1% o | & Yo v o = A Y1 ada a ¢ = v v oo

AroenufuadIniulate detudefaladn In15wseiadesamalavauely

AN Tnuslviuseavinanauazinuuneiog

1
YZ.

c

AINNITIATIEALFD TNV ITEUUINAIAdIvULAT oD UN T I AU n TN
o 1 I~ d' o a d' v d' d' 1 v & 1
szvvImteulninnsslanse wuueIaan el AewarUaRe AEIUNT LaARSMALALAN
MFIATIERER TN NLUUTREURN U B unAtazaswaz N IR s iEdesnmwuuldidu
Waduium i sgissunuilalagadeuuuiassilidusgiunaivesssuudaiigainein
18RRI a1wsaatmIganIsuIaEissanlaegragndesutiuguasiinuaenndeiu
agednau egelsinunginssunmsviaadesnmerallldtuegivlnanmddluih iy
~ | a | & a o o w P A MY o O
WE90819A87 LADIUUKNANI1DINNISITRe5 Ul UsEUUlNHAasuLLATas0unla fetulu
FTadsudalUIndunisinausnisAneinanssnuradnisiuasuluatainisiinesnise

EDYTNINUBITTUU



96

4.4 A1sANYINANSINUNTRDLENYTAIWOULLBIN1AINNTISIUAsURUAY
ATWISTLNDSVDITTUU

= av 4 o Aa = o oA d'
ANSANBILALIVYNYINUNANTENUNUABLANYTNINDULUDIN11N NTIURBULUAY

[ '
Y AaAav & A

AMEmesvessruuNiausluitelliifngUssasdiioasnanudlagdnifediy
AavanUAmuadesnnvesssuuliihiduuesesiuniinstdlniunntusasduuuimis
Wesrulun1sidend1misiinesvessuudmsuiaINIHeoniuy AauAINITEnesh
a =2 & a s aa a 1Y) = 1%

fsaunfnyiasidunniwesniainsaiuisaeeniuusaziinisusulasulaniuning

1 a Y ! I v 2 1%

wingay lngArnnsdinesdananae muivussamenulniiinszianss (C,) mug1Ives
anpdsmdsliiansiuliiinssuanss (R, waz L) dunvdszuestalniinszuanse (c)
9nTdUNINUIYRIgUAILANLTIIL () waggualununszualniii (&) Anudsssua

veeguAIUANLTIAUY (f,) kazguaiununszialniy (£,) A1dnsinisvenensy (K,) uas
ARTIN1TVE8ATUTIN (K) lnedBn1siasiesitafesainiiefAnyifaansenuves
nsasukUasrimnswesluiidellage e n1siAsemad s sNINULTEUIULRAAIENG )
meLﬁnzwLLagm{’SLm’]zﬁmﬁUimwuuﬂ‘%qﬁamuzﬁ%uaq'ﬁ'uéhLLUiamuzﬁ’wmﬁmswﬁ
srurumla TudiuveIn1IngIvEeuadNNgNAoIaEeIReN1INANTINGNDUANDINLARIN
gaudan SimPowerSytem™ uulUsunsy MATLAB maugludunanavausaiilaann
a ¢ & | a @ & o a & = o Y A
wadag1sawastuguuiieadunistudunanisimsigiatesninluiiden 4.3
1A8NANISANYIAINAIITIAUANNITOLARNITI8aSLD8 AR AamB ULl
4.4.1 nsAnwIansEnuvasiuUszamsulniinssuanss

v @ % ° v A A

annulszaneauliiinssuanss (C,) agvimtiannisnssiiaueas
wsaulni e N e eansERanIaninuukenin (7,) Tnlidnwaesudyayiui

= dg” = a o Ql' LY @ [y} 1

FUEEUNINTY IaensAnyagdenaanMBUasukUatnugliihvessiunuUsyatangan
Aa a o w & a v a ¢ o P
Pivoladysn1nueeszuUNANAaIULLATI0UAL TN IATILMEDITATNUUTLUIULDERALE
VOB UNANIZIMAEMTIATIBAET TN UNYS QA UMl TAN Y I, kae 7, Mg
mMyinTzisznuag niouviaiiiiunisisundasmnugliihvesiufiuussameiulii
NIUENTIAN 0.5 MF 839 4 mF TuraeNAInsnesou o 99358UUagitualidaving
AlUAIT1N 3.1 LagA19197 3.2 83UNT 3 IasduaLanosnn (Instability Line) Milans

leiwsgud 4.10



55 T T T T T T T T
2 50 kW
50 -
45t i ® 4
Unstable Region L4
40} ! J
\.
S 3sp-234kW N\ |
= Stable Region
5 30 i g
= L
25 \-)@“ -1
o .
2} &
216 kW \Qe‘
15F g
10 : : : : :
0 0.5 1 1.5 2 25 3 35 4
Cy(mF)

70 T T [ T T
o1 J ]'L | ’ 50kW ]
B | = | | W 40 kW
= Aof | — 1 30kW 1
5 A 20 kW — 1
& 20— jokw e DR
10 & [ ] ! ! o
0 t % t I I
0.1 0.15 0:2 0.25 0.3 0.35 0.4 0.45 0:5 0.55 0.6
340 T t } T T
310F Cye=0.5mF | |
; 280 §
X 250 o
= a0f e
1901 250-280 V following on MIL-STD-704F standard | 4
- Stable ———> ' Unstable i >
160 - :
0.1 0.15 0.2 0.25 0f3 0.35 0 0.45 0)s 0.55 0.6
310 - | T
Cy=2.0mF |
B o S S ISR’ e -
S v
ST 250 e = - i T
- 250-280 V foljowing on MIL-STD-704F standard
- é | | |
- Stable I » «— Unstable ——»
9 0.15 o2 0.25 013 035 ol 0.45 0.5 0.55 0.6
310 T t ] T T
Cy=4.0mF | |
280 [
> Y r
= 250 } 1
250-280 V following on MIL-STD-704F standard
220 : '
' |
- Stable I > Unstable
190 L L L I
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
time(s)

A ° ¢ a s a e{'
E‘U‘V] 4.11 NaN1521809d0 1UNTUUUADUNILMDTLUD C, unsIdasuLUag

97



98

Pepr (kW)

V)

%

V(V)

Va(V)

70
60
50
40
30
20

340

l 1§ |4 14 {
B | | S0kW
B | 40 kW
1 30 kW
[ 20kw
[~ 10kW T
1r I I 1 1 1
1 0.15 o2 0.25 03 0.35 0,4 0.45 0,5 0.55 0.6
‘[ |4 l |4 14 14
~ Cy.=0.5mF .
G [ [ | | s T
| 250-280 V following on MIL-STD-704F standard
- Stable — ] ' Unstable >
[ I I L L
.1 0.15 0'2 0.25 03 0.35 (]IJ 0.45 0}5 0.55 0.6
T T T T T T
C;=2.0mF | -:' |
................. S S —— RIS DR
¥ r
S TR i | f GRS ThE |
| 250-280 V following on MIL-STD-704F standard ___ | %
< ! Stable T >\<—l L‘n.\'ta‘blc S
1 0.15 of2 0.25 0.3 0.35 044 0.45 0.5 0.55 0.6
Ly I 4 4 |4 1
Cy=4.0mF
................ .1%------------_--.._..-----.--__---- NSNS | NSRS,
250-280 V following on MIL-STD-704F standard
- ; N\ = - |
< ' I Stable ? B | Uns}ablc -
L
0.15 0.2 0.25 0.3 : 0.35 0.4 0.45 0.5 0.55 0.6
time(s)

JUN 4.12 nanisinaesaaiunisaimemailngniawisiuguile ¢, dnmavasuulad

91n3U7 4.10 aziiulain Weadugluiivesiufvuseamisinulii

NSEhANSINAININU 05 mMF 2 mF hay 4 mF STUUALLAANISTYIALEDETAIN

w syAumasiiimAee (Py,) SA1Aun3onInna 16 kW 34 kW wag 50 KW anuaisu

wazillofansansiuiunailiainnistiaesantunissivuneuinmeslngldyauden

SimPowerSytem™ uulusunsu MATLAB faiandluguil 4.11 uaznan1s91ae3aa1un1sein

lannneatinansauaslugulugui 4.12 aswuin nafidenndeaasadosnmuiuegruiulade

o913 TANTIOULNTAIVANKIIUTDITTULILLAULAIN AEENYTNIZ YOI ITUTH

Tnifhnszwanss (7) ldegneldnseunnnsgiu MIL-STD-704F IaYUIALONNEIAUDITIAUT

lyiogluyae 250 V fla 280 V uazuseiunseiiouiiiy 6 V datudaasuladn Weauglii



99

yosnfivdszamadulifnssuanssdaniiuinnduagyinlissuulnihdmwuedosduild
Iliannduiifiszuumiedulinssuanss uuuiadestudaliufoasdaiio
fiafosnimiunnduaailufe Sedelddn feazudandridunumeiifussloniodsbly
nsidenusesanuuuaimuglihvestuiuyssgnesulnihnszuanslidianumngay
dmfuinseanszuananiuuuieninlunsldiuaiduna§oa eglsinunisiia
Annuglitihvesiafvlssgmasnuliinnszuanssiunifuluardmwaids doszuuluudy
19931A1 twtin wazrunavesszuulnenfiiivgstudemudy
4.4.2  NIANYINANTENUVBIANEIIVRSEEHINAILIUTHA

nsilasuwUasAnuegvesatgadsnadlnfdaulndlinsswanseas dawali

| £

AIAUAIUNIY (R) hazA1Auudendn (2,) vesasdsiiaslnvdanddsulusmemuny

(%
LY = Y

HITUNITANBILALIVE DINANTENUD UL IU1IN NN UAsULUAIAINUENIUBIE1 8 @IR1A 9 TN
Ao a o w A A A = ~ P 2, P a o

Pnaranosnnveaszuulniindavueseadundnwidnusouraiioudunisdnyiide
N UNATeINT RS ULYAIAIAIUAIUNIULALANANUTENUNYe9a18dInd e ln e e
wunu Ingazanidunisilasuwlasnnuegivesaigdaaniaatninarulndnnsswansaann

= % gj o a a ¢ = v =

20 m LUaude 160 m NEouNIALIUNITIATISMETETNINUUIZUIULOANIEN B U
ALILAUAEMTIAT AT g TN MUUUS QI UEvRwIMUTANIUE 1, Uay ¥, MuTinTen
sTuIUE WelasuveulansiadusnmauLduataie saninanslafegui 4.13

TAUATNTIADTOU ¢ VOITFUUALAUUA LAV UANAILAITNT 3.1 kazenTWn 3.2 Tuunil 3

32 T T T T T T T
| ‘ ‘ [ |
>30 kW | ,
30 peeee- S eTEE TR RPN RS SRR A9 .
| ‘ ° s
2% ! W Ed ’ __ Unstable Region | |
= | | !
& |226kW I
5 a8 : \ 77"""""®" Stable Region i
S | o
by| M S L I N S
‘ ! \;\(‘e‘f
; )
222kW | 2oV ;
- L SR\ i‘ iy
1] | |
) | |
i .
20 ] 3 £
0 20 40 60 80 100 120 140 160 180
Transmission line length(m)

JUT 4.13 iuaianesnnilennugiaedadinsiuasundag



100

34
‘ [ ‘ [ ‘ i 30 kW
301 : :
= I | 26 kW
& ol . )
< | 22 kW
S »f | | -
~ 18 kW i i
lx - ' '
14 1 1 I ! I l I
0.1 0.15 0?2 0.25 ()'3 0.35 ()l4 0.45 0.5
310 T I T T T
Cable length=20m l
] e R
= I
> _ _
R S S e R e ; K neaoie
220k 250-280 V following on MIL-STD-704F standard | i
g |
-+— Stable —> - i { Unstable T =
190 : -
0.1 0.15 of2 0.25 oj3 0.35 of4 0.45 0.5
310 T ' T T f
Cable length=100m
280 b
o
S
= 250 |(
220 |- - & o, ST |
< 250-280 V following on MIL-STD-704F standard |
- <4——— Stable —————»|4¢———— Unstable —5—»
0.1 0.15 niz 0.25 op 0.35 0.4 0.45 0.5
340 T T T I T i T
310]Cable lenglh=l60m| |
g 280 b l r
)
SR 250 fememee e e
2201 250-280 V following on MIL-STD-704F standard |
190 — q—— & 4 —_— .
e - =t i Stable I i - |«— Unstable —»
0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
time(s)

JUN 4.14 mansinassaniunisalvunsuiunesilenuenaeddinisiisuwdas




101

Pep (kW)

Vo(V)

190

0.1
310y

280

250

220

190

340
310

26 kW

22 kW

18 kW

I

1 0.15

n

T
Cable length=20m

e T b ——

250-280 V following on MIL-STD-704F standard I
n : | : :

Unstable

-
-

l«—— Stable —>l
L L

0.15

n

0,2
|
S

T
Cable length=100m|

'

!

!
0.25 op

I

)

J

- 250-280 V following on MIL-STD-704F standard ‘
<+—— Stable ——————»|@———— Unstable ———»

0.1 0.15

ol2 0.25 o3 0.35 04 0.45 0.

Cable length=160m

! [~ ey | ! ' !
I

280
250
220
190

160
0.1

|
]
'
'
'
‘ ]
] '
‘ '
1 ] ]
A A
‘ '
‘ 1]
'
'
'
'
'
1]
'
‘ 1]
-
1]
'
'
'
1
\
1]
\
] '
4 .‘l
'
.
]
'
1]
]
. '
‘ 1]
\
'

r_1 -
1
'
'
\
]
'
'
'
'
'
1]
'
'
1]
]
]
'
'
]
'
'

b c—

]
'
'
'

on MIL-STD-704F standard

Vs(V)

| 250-280 V followling

<+ U ns.mblc >

0.3
time(s)

0.35 0.45 0.5

& ° ¢ v a I P | d
E‘U‘Vl 4.15 Naﬂqi‘ﬂqa@ﬂaQWUﬂqimﬂﬁﬁJLWﬂUﬂaqﬁﬂLLjﬂuq‘ULll@ﬂ'ﬂ']ilﬂ']']ﬁ’]ﬂﬂﬁllﬂ'ﬁL‘UaEJ‘ULL‘Ua\T

NUR 4.13 aziiuldin deadusnvesarsdeindeluiagulaiia
NITUAATINAIYIAY 20 m 100 m Wag 160 m SEUUILLAANITVIALE@RETAIN
w sgaumadbiilnpeda (P,) SAVAURIauINnIT 22 KW 26 KW ag 30 kW auaisu
wazidefiansaunsrudunaildainnisiiassaniunisaluuneniiuneslngldyauden
SimPowerSytem™ yulUsungu MATLAB fauanslugudl 4.14 uagsanisanassaniunisali
I§anmadasiauislugulugud 4.15 aznuin Wnaflaenndesuazadesniuiuy

ag1ulatn Wl feaussausN1sMIUANLIIAUYITEUUIIULAI Audnyazane



102

voaussrulaliinseuanss (v,) legnelinseuninsgiu MIL-STD-704F VIaunALaunaqn

Y

Y = i

vaesaiuildogluyie 250 V fie 280 V uazussdunszioniliiu 6 V dedudeasuladn

AMUENVDIE18EIN AN A UL NA NS LERSINTANLALLINT ULV AT o TAN TR 85U

995zuu A A FIvuLeS o uNlE I Wd w1 nTundssuusindredulndinssuansa

< o Aa A o A a Y [ P ! 1 £%
LL‘U‘ULﬂiENﬂ’]LUG]IWW']L@EJ’JLLagUﬁLWED WALLINTUAIGLIUNY FIUUNTIEIT AIANUATUNIY

'
a

vosa1wdamasiviln (R) Aindunuauevesaigdsiiaslninagdawmarinlinisnuiswes

'
a0 a

¥UU (damping system) flenfisanniudegui (Gao, F., Zheng, X., Bozhko, S.V., Hill,
C., and Asher, G., 2015) FatusyuUssiliaaesnmdinannay (more stable)
4.43 msAnwmansEnuveIRnUUszguasUalniinszuanse
fufudszguestalifinszuanss (¢) agvimihiiannsnssiienvomssiuta
WinszLanss (1) Iﬁﬁé’ﬂwngﬂﬁmmmﬁiwﬁ‘zmmﬁ lngn1sAnwinasiTenain
nMaasuutatnnugliivesiufvuszadnaniidemiosnmussssuulniifdau
i3eaduazefemsiasuuiasinanuglniinen 0.05 mr fa 1 mF muglufunmsiiasgi
LAY SN NUUTTUIULDAM NG B UNALIIUALNITIATIEER sA M UNUS g Tan ugves
Faulsaniues 1 waz v, fenshaseissuiumla esunadueiaiesnniiuandlds
gﬂﬁ 4.16 TngAmnwessu 9 vessEuuaS MUl AIALR 1597 3.1 wagasadl 3.2

Tuunii 3

32 T T T F T K T ‘L T T T T T T T T T T T T
| | |
30->29.5 kW ——— i i 1
""""" daal o2
28~ 5 ° ' | N -
26T 24 e : T ]
! [AITaYn i) YR
= Vi an P ERE(RE! nstablie Kegion e
§ 24 | % / g
.:\4< 22— | | | i ! ® { { | ! 1] I ! I I | S
& L4 4
) | 4 0,
20 ~ Stable Region ——® 1% 7 .
| [ ]
| >17.5 kW ® g
18___? | . (o,e
16f> ® e
2115 kW T e
S N P 7 N PR S S ®
14— ¢
) H
12 E I I I L L L 8 L E L L o | d I 4
0 0.050.10.150.2 0.250.3 0.350.4 0.450.5 0.550.6 0.650.7 0.750.8 0.850.9 0.95 1 1.05
C,,(mF)

JUT 4.16 wWuaanesnniile ¢, dnsiudsundas



103

n3U 4.16 azdiuldin WeanuqliiivesiiAvdszguosdaludin
NsguansalA1Ay 0.05 mF 0.2 mF uay 1 mF sguUaziinnisuIaaiesa1n
w szauAadlniasia (P, danvindurieninnan 17.5 kW 29.5 kW waz 15 kW anuaneu
wazidefiansaundrudunailiainnissiassaniunisaluuneniiuneslagldyauden
SimPowerSytem™ vulusunsy MATLAB éﬁ’mamﬂugﬂﬁ 4.17 uazHaNITIaesdnIunNITaIT
I¥arnmatingnsaunaslugulusui 4.18 aznuin Tinaflaonadesuazadosniuiy

agaiiuladn WeRansanfeaussousn1smuANLIIAUYITEUUIiUlAI Audnyazane

Y

vosusudaliinszuanss (7) ldegneldnsounnnsgiu MIL-STD-704F auunaLeundyn

vaeu iU liogluyie 250 V i1 280 V wazussdunssiioniliiu 6 V deudeasuladn

'
I 1

dlearanuglnilwesduivuszguesdalniinszuanssdiaroglugae 0.05 mF 3 0.2 mF
azdsmarilivosszuulniiideuuede s uildlniuntuiidssuumneduludi
nszuanss wuuiadostudalwilifswasdaiier adesnimduandy Fedudumng
greranuglwihuesiufuUssguestaliihnssuansadianfiuniniu avilinnsmimes
szuuflanfinaantudagiduiu (Cespedes, M., Xing, L., Sun, J., 2011; Areerak, K-N.,
Bozhko, S.V., Asher, G.M., De Lillo, L., and Thomas, D.W.P., 2012) fetiuszuulvifiniidn
Jefafosnmifinunnty egdlsfinn windraugliivosiufuyseguesdalud
nszuansaiieuinnit 0.2 mF adsahliszuuiiaiiosnimanas (less stable) faunaiiiy
Annugliliivesiifiulsyquastaliinnszuanssiunifuldaz Bunaidemnnniowad iy
szuulifiidsuuadosduiidne idlusdyuesafiosnmussssuuiianasuarluuiyuves
101 dniin warauinvesszuulneswiifugaty lnenisdenldduivussguesdalin
nszuansaududaiimnsgoonuuufisinnsanedvaziBenuazsounouiilelimunzauuay

= 1 £2
WNEINDRDNITLTIU



104

Vi(V) Vo(V) Peru(KW)

Vo(V)

40 T f T [ T ' T
ol | ) | { | IS kKW —
30 1 | 25kW
5 | I " 20kW - 3 7
o[ 10kw !
: | |
0 L ! L ' L ' L
0.1 0.15 012 0.25 013 0.35 Ul-'l 0.45 ()15 0.55 0.6
310 T T T T t T T T
C;,=005mF I | | l
280 —— - : e e S
v I
250 f-mmmmmm e e R o ey
250-280 V following on MIL-STD-704F standard
20 ‘ 1 ~ 1 - ] | <
l«——— Stable > T Unstable >
190 L Il ™ L L L
0.1 0.15 of2 025  of3 0.35 0]4 0.45 ols 0.55 0.6
370 T ' T I T ' T T
I Cy=0.2mF | N .
310~
B | | e P ———— — }» -------------------------
v 1
250 1 1
220k 250-280 V following on MIL-STD-704F standard |
s — 5 I - | L :
e i Stable i » < Unstable #
160 - { ! I - i - ) |
0.1 0.15 0.2 0.25 03 0.35 04 0.45 0.5 0.55 0.6
310 T [ T v T I =
Cy=1.0mF | | » T |
. ‘ | 1 )
280 i r | |
|
J | l l
250 premmnendaneaa- ~=d- B - haeeennn e —_—
250-280 V following on MIL-STD-704F standard I
<— Stable —>l¢ —+ j Unstable i >
220 —L SHE SN S L i
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
time(s)

U

4.17 wansinasdanunIsaluupeniamesiile C, Insiasunlas



40

105

1 9()

4 ' T l ' T
o il— ' ! 30kW
o oL | 25 kW
= = | 20 kW
< w0f — 15kW I -
S sk -
2 10 10 kW j
5 - . + s . -
) ! l I ! !
0.1 0.15 ()IZ 0.25 0,3 0.35 0l4 0.45 0l5 0.55 0.6
310 T } z
> I
ol T il
20} 250-280 V followi ing on MIL- STD 704F standard —— |
<+~ Stable ————DL ' % Unstable { { >

0.1 0.15 o2 0.25 op 0.35 oj 0.45
370 - r T
340
C,=0.2mF |
310} -
—
P> 280 f=eeeeeteeeeeee it e i, s i, e
S v
R 28l ey  SliEcnes g N e  Rascoes EREoarr TEcoT
220 250-280 V lollm\mn on MIL-STD-704F standard
190 f— Stable i <+ Unstable -5
]()0 L } L L L l ] ¢
0.1 0.15 0.2 0.25 0!3 0.35 0,4 0.45 0fs 0.55 0.6
310 T ' T } T ‘ T
Cpy=1.0mF | |
~ 280 et '
e I
S
"R
= 250fpe--- ot — . " {
250-280 V following on MIL-STD-704F standard l
| | - _" - | P
<— Stable —»|4— —f——— Unstable — T T >
207 0.15 0.2 0. 7\ 0.3 0.35 0.4 0.45 0.5 0.55 0.6
time(s)

JUN 4.18 nansiaesanunIsaliemalingnsawisiuguidle ¢, In1sasuwdas

4.4.4  NISANYINANTENUVBDATIEIUNITNUNVRIPUATUANLIIAULALNTEUE

ASANEILALITYNANTENUABLADYSAINYBITTUUDULMIBINIRINATS

o

WaguwUasdnsdiunisminvesguauauluideliaganidunisiiuteuly dnsdmns

yQ [

miravasguuswiuliin (&) Zawindudnsdunismivesgunssualnii (&) mwpaa
Aoan1seenuuuliiuesidudn1snaiuves JUA Y UM INUDIMNATDI9DIFBINTLUE
NILUAALALADSUULAUNYUA LLasﬂizLLaamma%wmmumuﬁaﬁmﬁwhﬁ"u TnggAauN1g
LU?%EJuLLUaaé’m'}ﬁ'sumimNmmgﬂLm@fulvdﬂ’]LLazé’msf}ﬁaumwﬂmaagﬂmmmiﬂ/\lﬁﬂﬂ

wiou 9 AuaIn 0.6 89 1 TuamziiAnsdmesau o vesszuudensliivasunlasasly



106

3797 3.1 wagA3edl 3.2 vesundl 3 tlefinnsanveunnsiiaiosnvsihudusiaiiosnin
Aldnanngquiunanazasesminngissumuma duanddlugui 4.19

211307 4.19 sdanalddn Wednmdrunisviisisguusadulniliuas
gunszualiihilAwindy 0.6 0.8 wag 1 szUUIAnNITUIAERLININ B SeAUMaIlnTinas
(P, SRR UnEoNINNTT 38 KW 22 KW waz 14 KW suadu wasidiefiansansiudu
wafilsarnnsdraesanumsnivuneniumesliagliyaudon SimPowerSytem™ vulusunsa
MATLAB sauanslugud 4.20 uagnanssrassanumsaliildanmeaiainuaslugulugum

4.21 aznu7 Inanaonmanitazadassniuiuag1aiulade HonNasunaussaus

MIMIUANKIINUTBITEUUIRILLAT Audnuazianzveawssudalninszuanss (7,) lieg

Y

meldnsounmsgIu MIL-STD-704F sisvunnuesmagaueusasudlsioglutag 250 v fis 280 v

=

LarLIIRUNSEIBUAY 6 V feiudaguladn dnsdiunismiimeguussiulniuay
gunseualiirniianinvuazdmalmadosnimlagsiuvesssuuliinidiuueiesdu
PldliwnIuidszuudmihedulihnszsuanss wuuasesindaluiipeuaz Tamen
o N vyl v o A o w [ o a = DRI ]
anad Fehieladn TeagudinaninnudAngwesdulsylevilunisiiansandenldrmdnsdiu

msviawesguuswuliiuazgunssualninunzay

45 T T r ES S T
; i
; l
401> 38 kW ; 7
"""" i/
351 e %_,,, - I — s 17 .
§ ® Unstable Region
22N i i DR\ Nl B
= NETA \F
& 25l Stable Region %, | A '
T 222 kW G,
.......... i..-...... tececcccccl ('J,{
201 ! ® //')e .
' o
; .
15214 kW - i
---------- T e S e
lO ; L 5
0.5 0.6 0.7 0.8 0.9 1 1.1
é’\' — é’i

JUT 4.19 wuaianesnniile ¢ uag ¢ dmsivfeuulas



107

Vi(V) Pcpr (kW)

W(V)

%

V(V)

13 1 14 T
| ! I 40kw
40 | {
30 kW
30~ | : -
20 kW
20
10 kW [
10 : :
0 I l L l
0.1 0.15 02 0.25 (13
340 T T i
swk-¢,=¢,=0.6 | i
B ] e P
250 fremmmmmm e | SSSSoT e | | ,--,---" .
i 250-280 V following on MIL-STD-704F standard
190 (& ! Stable | e Unstable —
160 : } - } - - -
0.1 0.15 Olz 0.25 0I3 0.35 of4 0.45 0.5
340 T t T t T T
sw—¢, =¢,=0.8—4 !
280 4
250 1T
20— . g N W
250-280 V following on MIL-STD-704F standard |
90— - . - : —
l«— Stable ;—>!<7, Unstable ———»
160 1 :
0.1 0.15 0.2 0.25 op 0.35 04 0.45 0.5
340 T i T i T Y
w4, =4, =10 | - : | |
280 ----------’----------- .......... N ‘ .......... | d
250 frmmmmm e Ry - - - - - - -~~~ ===~~~ et .
2201 250-280 V following on MIL-STD-704F standard | ! =
190 |#— Stable — = ‘ +— Unstable —¢ >
160 1 l 1 I L i L
0.1 0:15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

JUT 4.20 #ansiassanunsaluuneuianesidle ¢ war ¢ In1swdsundad




108

Vi(V) Pep (kW)

Vs(V)

Vi(V)

20—

l90

T 1 T T
| ] I s0kw
: l 30 kW
20 kW |
10 kW l l
I l [ I [ l
N 0.15 0'2 0.25 (13 0.35 0;4 0.45 0.5
T T T T T
s | |
| L
IO B | | i (S R—— 5
250-280 V Iollomn" on MIL-STD-704F standard |
l l
= + Stable 1 - 14— Unstable
[ t L ! [ [ [
1 0.15 02 0.25 03 0.35 o4 0.45 0.5
T 1 7] T T [
B é‘r T 5", = 08 | I ! -
e I —— L E—
P P AV, @000 e —
|
- 250-280 V following on MIL-STD-704F standard | | -1
«—— ;  Sable - ——»l= — Unstable ————»
1 0.15 o2 0.25 0p 0.35 04 0.45 0.5
= T I ! ¥ T 4 =
| | )
"“‘C‘,ZC’:LO l" ANB Y BV il § | g |
e mmmmmmmmd o mmmn e« (R .. .. . P, SURRERERE) ST IR
| |
250-280 V following on MIL-STD-704F >tandmd g _ |
- Stablc —>:<—-———‘————{»— Unstable — i 1
I I I I
0.1 0. 15 0.2 0.25 03 0.35 0'4 0.45 0.5
time(s)

JUT 4.21 wan1siassaniunsalsigmaiingnsauasiuguiile ¢ uay ¢ Insideunda

4.4.5

NIANYINANTENUVBIANUDTTTNYIRVQUAIUANLSITULAENTEUATHA

NSANEIITUNANTENURBLANETAINTBITEUUS UL DINNIINATIURBULUAS

m’m5533%1&6{1aaqﬂmuqﬂuﬁﬁaﬁawf"]Lﬁumimuﬁaulmmmﬁﬁﬁsmwamaa

gunszualnily (£,) ZAmiady 10 wi 'waammaﬁﬁmmmmaﬂLLsmul‘V\Iﬂﬂ (£

Luaﬂﬁl’lﬂﬁnﬂ’mﬂmLL‘U“UL'JﬂLG]@iUULLﬂU AR

[
(g

‘1/]\‘1‘14

‘W‘\]’l'ﬁﬂﬂiﬂ?ﬂEJ'IUWUﬁLUUWJﬂ?UV‘]‘lIW‘L@VIJJﬂ’]’iL'ﬁEJ\i



109

sofunguauauniglusesUszuianalasinianitguavaunieueniduegiedos 10 wia
(fni 2 10fm) (Pakdeeto, J., Chanpittayagit, R., Areerak, K-N., and Areerak, K-L., 2017) 1ng

= Y ' o a A a a a
n13fnwidendzanliunisildsunuasanudsssuifvesgunszualiiiuazadiud
sysuvRvesguussiuliiinlunden 9 Aumuleuludenany Wufe 150 Hz 84 250 Hz wag
1500 Hz 14 2500 Hz muEIRAy SINTIATIEMEE SN TNUNTEUIULDAAIEN U UNANIIL A
Wy AT eilane sNnUNUSQIan ugvewlUSAN LY 7, Ua V, Men1TInTerssuumaLive
AN IduBEiesn mLanalangui 4.22 TneArmisiimesvesseuuadudngd

AMWMAUAIIUANTIN 3.1 kAZAITI9N 3.2 Tuun? 3

45 T T T T T T T T T C
B >40 kW J ‘
i
: 4
[ J
35— E ?s% —
' 58
! s Z \
30 | ! | __.J)( : =
= ' e &
= [>25kW |
S (g5 rdinan W A A | i v W e e paa
2 ; ' -
™~ ' HE Unstable Region
20— (7 A AREEE RS
' ; © .‘ ‘
[} [] | ' |
s, : Ry S I
>13 kW i Stable Reglon ‘
--------- T R T S ST R SR
. | |
10— ——az—ﬁ—r—» - ' — L 75 -
[} 1] i M
! } '
' [] | :
5 r ! r r l r r r 4 r ]
130 140 150 160 170 180 190 200 210 220 230 240 250 260
Sn(Hz)
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600
ﬁn’(HZ)

SUN 4.22 Wuaiatvsninidle f,, uae £, In1sidsuudas



110

Vi(V) Va(V) Pep (kW)

Vi(V)

50 T
] i 40 kW
0 -
l 30 kW
30 |
20 kW
20
10 kW
10 =
0 | - -
0.1 0.15 02 0.25 03 0.35 0.4 0.45 0.5
34() T  § T 1 8 L
310} £,,=150Hz and £, =1500Hz
280 -}
Rl e e e y- ---------------------------------------- .
220 250-280 V following on MIL-STD-704F standard
190 |- ! Stable ] =3 L— Unstable —#
160 L L
0.1 0.15 of2 0.25 of3 0.35 04 0.45 0.5
340 T T T T
310 fm=190Hz and f,=1900Hz g
280 RS ST PR A ¢
| e e 2
2201~ 250-280 V following on MIL-STD-704F standard
]90'4'—'— Sldbl(. —'—’<——°7 U ll\ldblL —_— ]
160 1 | - -
0. 0. x 5 02 0.25 0.3 0.35 0[4 0.45 0.5
310 - i -
| £,=250Hz and f,,, 2500Hz
B T - T B .
|
250 —eepee- ————eee —
250-280 V following on \HL STD-704F standard
20—— y —3
«— Stable —»l= ‘ — Unstable >
190 i } ! ! !
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

JUT 4.23 wamsinassanunisaluunsuiiunesiile £, uae £, In1sidsuna



111

50 .
I [ ! | i I 40 kW
40~ + ' ! +
; I 30 kW
| e T LTI e
= 20 kW
S 20 -
ay 10 kW
10
. . | |
0.1 0. H 0.2 0.25 0,3
340
30— f = lSOHz and f,= lSOOHz
| e e —— pa—
N e 1{ --------- f
~ 220 250-280 V following on MIL-STD- '
190 | ] Stable ! - |<— Unstable —»—
160 I I I [ '[
0.1 0.15 o2 0.25 o3 0.35 04 0.45 0.5
340 T 19 T
310 ﬁ,‘ | )()HZ and f,, 19()0HZ |
§ 28] pro—sinsnanpornsn e
s ] e 1 ---------------------
~ 1
2201 250-280 V following on MIL-STD-704F standard
- 4 . 4 1 3 L. =
0 e Stable > < Unstable ——>
160 I ’ L I 1 i
0.1 0.15 0.2 : 0.35 l)|4 0.45 0.5
310 -
! /2=250Hz and f,~2500Hz
780 e cremc e e ----------[. ----------
5 I
] e e l—----
= 250-280 V rollo\\mﬂ on MIL-STD-704F standard
] R Stable ——>|4—‘°—‘|— Unstable l s
190 t I { t ' !
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time(s)

JUT | 4.24 mamsmaaqamummmamﬂuﬂaﬁmmﬁuaﬂLaJaf uay £, dnsiasunyag

NN3UT 4.22 agdannlii Wleenufsssumavesguussiulihniayindy
150 Hz 190 Hz wag 250 Hz vioAuAsssuyAvesqunszualniididnvindy 1500 Hz 1900 Hz
wag 2500 Hz S3UUaLlinn1uIa@tesnIn o seauniaslninnesa (P,) SAiinunse
1INNT1 40 kW 25 kW uag 13 kW awdifu waziilefiansansaufunadiliainnisdiass
anunisaluureuiumesiagldyaudon SimPowerSytem™ UulUsunsu MATLAB Gauans
Tuguil 4.23 uagnanisdnassanunisaliildanmadaeiiaunslugulusuil 4.24 agnuin
Tinaflaonndosnazadesmuiuogaiulidn Wefinsufaussougnsmunuusdiuyes
sruvaziulaan qudnvazianizveswudaliinszuanss (7) ldeganeldnsau

119551 MIL-STD-704F iavunauounagavesuseiuiilieglurae 250 v fs 280 V uay



112

wssunszfioniiiu 6 v fefudsanunsaasulédn anudsssuefvesguussduluiiuag
aUnszualihfifisduasilfadosnmlneruvesssuuwihidsuuedosduilldlninandy
Ffisruudmhedulniiinszuanss wuuedestndalilfiwieuarTaies anas Sedeoldin
Foagusananifunumeidfguasdusglovidenisidentazeoniuumnuisssunfves
auussiulnuazgunseualnilvlianumangausonisldnuasdunislin
4.4.6 NIANINANTENUVBIANDNTINTVEIEATULALAIINTINTTVEEATUTIN
auiilenannliluiated 3.3.4 vesundl 3 Adnsnisverensy (k) 189
MAUANLUUATULAEANTINSVEEATUTIN (K) vassawensenuliinaziiaviiiuly
nsdinssuuliiAnudussuulniiduuaiosduildviiannduiidssuusmineuuy
Iihnsvuanse wuuadesudaluiiiisauasTaines fuiunisdnuiatiosnmluideilas
GﬁLﬁumimﬁammadmé’mﬁmwmmgﬂLmz@hé’mqmi%mﬂmgﬂiaﬂﬂw%’am 9 Auuazl
Awifumuideulasendtn dudie 0.02 §1 0.2 swilATziEiosnMULTEUIUEER Y
VOB UNALAIZALATIATIEMETETAINUNYS T AN UL VoI IMUTAD Y I, WaY V, 63
NMTAATIERTEUIULIE L‘ﬁaﬁmimwaumeiﬁLaﬁﬂimwwmlﬁuamﬁmmwﬁuamlﬁé’fegﬂﬁ

4.25 19gANNN51 M5 U952UUAND UTIASHANVNANAIILAITI9N 3.1 wazms1N 3.2 Tuund 3

24 T T T T T T T T
1
235} Ny .
BEo—————— o
Unstable Region
2 >22 kW >22 kW T >22 kW
VY Sl Gl SPTn AP SR et ot eSS SRR
S : 3.d . 1
A i Instability Line
21.5 i ;
; Stable Region
' |
21—+ - : : -
: i
' i
20,5 —% § t —
! 1
'
20 1 L d I L L L
0 0.02 004 0.06 008 0.1 0.12 0.14 0.16 0.18 0.2
Kd: K[

JUT 4.25 Wuaadiesniniile K, uag K, In1siUdeunas



113

V(V) Pep (kW)

Vs(V)

T T T T
24~ =i 1 ! ,,,[,,,,, -
| 22 kW
22 +
20 kW |
B R S e 1I8kW — [ i
L 16 kW ' 1
16 . , o
14 L L I L l
0.1 0.15 0.2 0.25 0.3 0.35 3
310 T T T T T
K,=K,=0.02
P11 R S —— S
v v
1 e e
250-280 V following on MIL-STD-704F standard
‘ Stable » |<4— Unstable —
220 L L L -
0.1 0.15 0.2 0.25 0.3 0.35 0 0.45 0.5
310 T T T T T
K,=K,=0.1 |
280
¥ e
250 W----------------------------------------L ----------------------
250-280 V following on MIL-STD-704F standard |
<t 3 ; Stable 7 > [ Unstable —»
220 4 .
0.1 0.15 0.2 0.25 0.3 0.35 ().l4 0.45 0.5
310 T T T T T | T
K(/: K[ —, () 2 [
B F ] Ese aes acoimanan B
| 4 v
T P— -/ { P w— .\ \, - I .........
250-280 V following on MIL-STD-704F bmndqld I
| | ¢
able —»
’204 g ! Stable —T ! - '4— Unbfllblb -
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time(s)

U

4.26 NamimaaaamumsmuuﬂaumLmaima K, lkag K, llﬂ’]iLUaEJULLUaQ




114

26 T T T T
v ! |
il I ' | DKW ]
o 2 :
7 20 kW
~’ 2% = . + " -
= 18 kW |
a; 18 16 kW | ‘ | I
16 -
14 4 L L
0.1 0.15 0.2 0.25 0.3 0.35
310 T T T T
K;,=K,=0.02
| ] o T B R L
> v w
dor 3
L T --
250-280 V following on MIL-STD-704F standard
- Stable
220 L L L L
0.1 0.15 0.2 0.25 0.3 0.35
310 T T T T
K;,=K,=0.1 L
D 11| e e — 3 S -
= v ——
\_fc |
= R —— ———hmmscacme e ——————
250-280 V following on MIL-STD-704F standard | ‘
< 1 Stable =3 i<— Unstable —»
220 L L L I L
0.1 0.15 0.2 0.25 0.3 0.35 0'4 0.45 0.5
310 T T T T i
K,=K,=02 \ | (
P | ] --—-‘-----IL ------------ "
> v Y'—'
=<
= 250 e - —
250-280 V following on MIL-STD-704F standard [
- Stable —- > Unstable —»
220 L L L L 1 1 ,
0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
time(s)

JUN 4.27 nanisiaesaniunisalmemaiinaiawisluguille K, uaz K, Insiwdsundas

NFUN 4.25 wdaunaledn Werdnsn1sveenguuasadnsinsvetengusm

AU 0.02 0.1 wag 0.2 SEUVALAANITVIALEDETAN U SEAUAAIINAIAFT (P,,,)
FANYAUNTOUINNTT 22 kKW ezl aNasasINAuUNaN laa1NN1531899801UNSIUY
Aowfiamaslagldynuien SimPowerSytem™ uulusunsy MATLAB Aeuandlugun 4.26

wagnan1sIaedanunsailannmatiaesauaslugulugun 4.27 asnud Winaniaenades



115

wazaeunuivegauladn duiudeaguladn ardnsnmsvetengluarAndnsnisvetensuiy
Musasulvaglidmasdeiatissninlagsinvesseuulnihmduuasastunldlviwnniy

AszvvImadulniinszuanss wuuesast e lndfenazdaLfen

45 4yl

dovlunouduvesunil 4 I¥esusfeunsgiu MIL-STD-704F Fafuunnsgiuilld
AvunnuanTRvesszuulihidmundosduaislvil inedasuiilelfidunsovanasgulu
ANSRINTUNIANTTI LAY UYR 95z UU N A S s DRl N nT uiTlss
sminaduliihnssuanss wuuedessidaliido e Taien dadussuulnihidsfidne
Tusuiseinendnug SnvdelduinauensinsemanssanuaznisAnynansenuiiiiae
Gaesn s ulo w191 sWasuLlatAInIsimesvesssuusinailaueide

MINAT AL TANAENA W UNAAIZIMaEN AT IERsTINUWNE lngn1sasiuTolaniuy

v v

Muegiumuusaniue 2 fdmiunsieseissuumlaiuaziiansananduusaniuend

'
o v =

BNENafoAILINZUAUVDITEUULARLARBTAINOENETEEAYY Feansaiisisimlaain

nsIATIERMUsEnaunsidusunilumaiianisiasziuuuluea nEan1sAne
= = ° ¢ v I . ™

@b mlun1emngel nan1sInaesaaIunIsalaeYAUden SimPowerSyterm™ uyulusunsy

MATLAB uazranisdiassanunsalmeamnaiingisawislugy wandliiuii Bnsinsesi

U

fgsnmidiauens 2 |nsawsaamamIngRnssuNsnIAERsIvessEuUlieg e

wazliinafidanadosiu uanINUNITANYINANTZNUTBIAINITITW DA 9 Tuszsuuiidss

a v & Ao w a v l a val Y
Lﬁﬂﬂiﬂ']WfNLUULLH?V]']\TV]&']@ZUUIUﬂqﬁLa@ﬂﬁLﬁﬁLLagaﬁ)ﬂLLUUﬂ’]W']ﬁ’]llL@@ﬂ‘mllﬂ')']llLcl/ill']gﬁllﬂcU

wa o [

msldnuasdlunalfiRdmsuimnsiosnuuussuulihidsuuasasdudneie egelsinm

nvIaadesnmvessruulnihidsuuiasesiunfnu (P, = 22 kW) azifindunou

unstable

[

FEAUMAIANNANARUDITZUY (Ppy e = 38 KW) Tsdamaviliszuuldanunsavinnusialula
satiunuItesluaisuseluazidunsussminmsuiaadesamuasssuu i A duuasaadu
Al WA nunfszuusrdedulidinszianss wuuiasesnialuilfenazdaiien

A o q w o A A ° ] Av o w 4 X vyw
LW@WWIW?%‘U‘UF\@UNWNLﬁﬂﬁﬁ.ﬂ'ﬁ/\lLLagaqllrﬁﬂ‘V]'N']umE]IUWﬂﬂﬂ']aﬂlWﬁqﬂﬁjﬂsﬂuvLﬂ



116

a a

15 UNUIVINGITNUSVIUNT 4 TudIureINITIATIERENYTAINLAY

1 a [ ~

= S = ' a 3
nsAnwIansEnUndsaaiiosnmuiownannsiasuiUaannsinesvesssuulni
MdwwasesdundnwldsunisinunluasarsivinisseauuIngAdiuiu 1 unainy
weanINimsdaesaniunsaliemaiinaniawisiuguvesssuulihiduasssdundnm

gelasunisanduanslusunsudiuiu 1 Wsunsu lnglawanaunainuaduanysaivag

nilsdauaninisudsteyadvanslilunianuin n. Falseavidundsil

Phosung, R., Areerak, K-N., and Areerak, K-L. (2023). Modeling and stability assessment
of permanent magnet machine-based DC electrical power system in more
electric aircraft. Electrical Engineering, 105, 3175-3190. doi:10.1007/500202-
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52  A15USSMINISVIALEDETATINYDITEUU MR INIa9uULAToI0UN AnwA

Tngldmatinguenian

NSUTTIINISUIRLERBs A e aszuUlnTin & suwa e s DUl W dunnTudidl
sruusmnenuulniinszuanss wuuedestdelndifewazsaden Gﬁ'ﬂLLamﬂugUﬁ 3.1
YOIUNT 3 ¥ 1duNITYALELULLENTINAUWaId1eaemaTiagUenidn Faduidnnsd
au1sansnnavedranniadilinasialalnense Jvinliszsuuddnanuaiuisalunisane
seuidalaihwedvanidsinihasfiganniu Tnevdnmsussmnsaaiosninges
izuulﬂﬁwﬁwé’wuLﬂ‘%@ﬂﬁuﬁﬁﬂwﬁwmaﬁﬂgﬂﬂﬂLaﬂ%lﬁ%’umiﬁwLauaiﬁuﬁﬁaﬁ 5.2.1

5.2.1 wé’nmsmimwmsmﬂLaﬁﬂimwﬁ'wmaﬁﬂgﬂﬂnLanmaaizuuﬁﬁnm

AsUTTMINTIaEissnmdemaiagUuenidnifuiinisfidieguy

wnAnuAnveInsidaauldfudaduiliniulussuudenistounduwuulidudedu
(Rahimi, AM., Williamson, G.A., and Emadi, A., 2010) LazilofiansatsUsEinNveg
MsusTIMMINIaEiesnlagdaBantesAeLiTlinMsUTTimhssunssukasauide
Tuofaluunii 2 2znuin wedaglondndudunisyawesuuieniindniie Fatunsida
Haveslnannidelnilindasmematiafena133991fen 15w lulasaasian1sAIuau NIy
mia%ffmé'zpjmumﬁmL%ﬁaulﬂé’ﬁzwmuquLﬁammmwﬂﬂﬁﬁmzw senanlaavinli
szuuiliadosnmundu Ines19asL8unveanannisusININIsIaLEdssA M Eaemale
gusnidndmiuszuuliliinidsuuiasesfuifnwiazendoniseSuresiuununim

vienlnezunsuiuandlaslugui 5.1 aail
a =4 v ¢ f)CPL a & Ao
NUaUNMUFUN 5.1 auniuladn nadves —Z& fuanslunseununduns
b

Ao wavedlnannidaluiiasiinyinliman e liidudadudulussuu wnedunisenian

o ! v °o § v o w 44' a A ~ = S A v v
Wﬁ]u@ﬂﬂaqﬁiﬁ‘ﬂSﬂqiﬂig‘U‘UbLWﬂqﬂ’]aQUULﬂi@QUu‘Wﬁﬂ‘UqL"LJTEJ‘ULﬁll@uaiLW‘EJ\TI“@@IGYJG]’]UVWU

(R) wavdmAulsea (C) Wiy wisnandndenilsfessuvagldlszaulyminisein

Y 9

A

e snmdnsoll Fanszurun1senidndaingn (Lansaslunseuiundilen) awsavilalay
nsnsadusssnudalniinssuanss () Wegluguwuunnduniuianseswius (Low-Pass
Filter) Ingfiansosniuanag i lunisaanoudyyrasuniuiidunlussuu 2ntudl

wsadulnihdmsunmsairadosam (v,,,) Nlaumeyiusvesdyginuasysuauiu

stab’

[

A9RT1vNeUoUNAU (K,,) Wiieassdyaiusae (7, ) ikanslansaunisn (5-1) Jouluds

comp

aUATUANLIIAUTBIAIAIUANLUULINWBSUULNUARIAI8LATaInNI8uINTulu
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Vb.mmp [K_I Vl;slab ,T‘ Vb.slab Dc m
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P - a Y] = P aa A Ay v
FuTulUMULUIAALALTANNITVDINITUTTNINITVIALEDESAINA 8T UUULDNANA LA

Yrnaualiluuny 2
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whgsnmmginallaguenidn lagsigazidenvein1sigalniuuuiiasaienaiaglasu
nsdnauelumven 5.2.2
522  N15WEAIUNILUUIIRDINIAMAAIANTYDITEUULIBANITUTININITUIA
S v a a
woesnmlagldmalinguanian
nsigaumuuuIaemeadinenansnluduegiunaivesssuulniinmas
uun3esdunfAne A¥e1AuN1IARLaALAL HAILINNIIINLUUTIABINNANAAENTYDITEUY
Lirndiuuasesdulunsaiilidnisaivauluiiden 3.3.1 vosuni 3 wWuiiediu
a ¢ ° a I3 Ao R |
nsigatmwuuIaemeadinatansvesssuulunsaiidnisatuauluiiden 3.3.4 veq
unfl 3 wezuanaeiunsailadnisiinguendndlugessuuaiuauiauiogudives
1995 5N TeRanIantLuukeniivl laslassadienigluvesssuumiuaAuLuULINAESUY
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Vb,comp V

" V,
b,stab b,stab
Kpp |~ s |«—

JUM 5.3 lassaanigluresszuumvauiiledinsussimmsnaeiesnmenemaliaguenidn

9307 5.3 aziuladn Inadfieglulawweausingednielulasiadiaves

a O A C()C 1 =% o § Y a v v ° o a s ] P
QUEJﬂLﬁﬂ UUPe s - 7 621\‘1‘1/]']1‘1/iLﬂﬂﬂ'l']ﬂJ%U‘Uaua']ﬁﬁUﬂ']ﬁ'JLﬂﬁ']gvﬁ/nﬂ'] K LW@I{{LU
S+, V,

ANSUTININITVIALEDYTATWHIULUUTIADIVDITLUU AIUUNITAITANIUAINE1IT 93
o I~ I a = o a a Y] = Y Y
AT NTueE1989 Feaunsaandunislalaenisiiudinlsaniugdn 1 s dufe v,

TngUsanuslaziauduiusAuduusanIugag 9 10953 UU LansRsaunIsn (5-3)

v % 1
b,stab —

s+aw. V,
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andun1sdagvaunisn (5-3) Weglusuvesaunisigsouiusingoide

nsuUasanUananniy Geenansananssieastdunn1siigulana

a)C

Sl/b,stab + a)CVb,stab ==

b
a)C

SI/b,stab = 7 - wCI/b,stab
b

ALY AUNSTRUYAUSVRY 1, ,, @1NN50uaRILARIENNTSN (5-4) Feil
L] a)c
V;J,stab = 7 - a)CV;.stab (5'4)

ludAudinlUlerinnisinsesilaseasenieluyefiinuaANkUUINMaTU

aa o w d' a aa = Y a a
LLﬂumﬂ'ﬁﬂ@Qﬁ%‘U‘UlWﬁqﬂ']aﬂ‘UULﬂﬁaﬂ‘Uu‘V]ll ﬂ'ﬁ‘UiiL'ﬂ']ﬂ'ﬁsUf]ﬂLaﬂﬂiﬂWW@ﬁﬁLﬂﬂuﬂaﬂﬂﬂLaﬂ

Tuguil 5.3 szdunaiuin mallaguanidnazdmalilasiasiwesinmuauuunnufinieg

Y

Wiasuwdaslusmemsteudyginune (7, Wipuauauuwsatuaiuilanaidlily
v v a d' o ) a v a a o =
Waten 5.2.1 TurazilasiainaneaiinuanuusnufInwrilisufufanslaluaunisi

[

(5-5) sutiudsansauanaduneulunsiigadmaunisvesinlualuuwnuAilrsladedl
Z,=—K, I, +K, X, +K, I, (5-5)

Z,=-Kk,I-K KV, +K K, X +K X,

+ vaqu Vb* + (Kt - Kd )Io + KFB I/b,stabjl

Z,=-Kk,I,-K, KV, +K K, X +K X,

. v, P ®
+vaqu V;) +(Kt _Kd)(R_b_'_%)+KFB(7C_a)CI/b,stab):|

L b b
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FIAUNTVRIIAIUANULLNUAIE S OLEARIARIEUNITT (5-6)

Z——qu]q -K, K V. +K,K, X +K X, +K, KV,

K _
Pq; k) V,+K, K, (K, —Kd)% (5-6)
L b

a
- vaquKFBa)ch,stab + vaquKFB —

o

Lﬁaﬁmsmmmé’uﬁuﬁ‘ﬁumLmé'fulw%ﬂ'ﬁuwmLLasz@?me@mwﬁmﬂisLLa
AAnTRuURenfiuuLnuAAluanIST (3-2) veunil 3 wavnatYMYEULLAURLY
aun37 (3-20) uazunuAluaunisii (3-28) vesduneuniseenuuuimuguildinausly
Unl 3 AzansafIIa e TunsaInde9esdensELan ARt ILUULNTINUL WAL
(M) uazunudi (M) Fefinsussimnisnaaiiosnmimomaiaguenian uanslds

AunSh (5-7) wag (5-8) MUAIAU

X
I
SIS

X
Il

g 4 7

J(z +o,L,1,) (5-7)

<
I

*
7~ N /7 N\

envang

5|~ s

](KI+KX +KI+a)LI)

.V
M, =—"
dc
. 1
M= V— (2, -o.L1, +a)¢)
dc
quV—(KI -K, K, V., +K,K, X +K X +K KV,
dc
K K ( K,)) P
R I/IJ+KpVqu(Kt_Kd)%
L b
-K, K, KoV, ., +K, K, K. V -, L1, +o,,)
b
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. K —R K. K .
Id:( — S)Id__ldXid_ — Id
Ld Ld Ld
J KR KK KK (KK KK P (K K 1
q q dc b
L, L, LR, L, v,
KK Kno 1 KK, o K, K KKeo KK, .
Lq V;) Lq v Lq iq Lq b,stab Lq b
V, :E—d[Kpdld +K 1, X, +K, 1,1, —K, I, +a)e¢mlq -K, K, 1V,
+ vaqu(Kl _Kd) I V + vaquPCPL(Kt _Kd) I_q
R, “f L, v,
[‘1
+K, K, K0, 7 +K, K, 1X +K X, —-K K, KpolV, .,
b
. 1
+K K, 1V, ]—C—IC
de
| R 1
Ic :_Vdc __C]c __Vb
Lc Lc Lc
. 1 1 P, 1
Vy = ol =
Cb RLCb Cb va
(K, —K,) 1 1 .
Xv _Vdc +l—dVb + (Kt _Kd )PCPL 7+KFBa)C 7 _KFchVb,smb + Vb
L b b
(5-9)
X,=-1,+1;
va(Kl _Kd) 1 1
th = _Iq _vaKh + R— I/b & va(Kt _Kd )PCPL > 7 + vaKFBa)c 7
L, b b

- vaKFBa)cI/b,stab + Kiva | vaI/b

- _< _
b,stab — a)?Vb,stab

Vb C

mﬂmifﬁ’ﬁmmamaawaﬁﬁa@ﬂu‘lmLmuLaasLuammiﬁ (5-4) LagnITLNUAT M,
waz M, luaunsil (3-14) vesuuudtassesszuulunsaitlifinnsauepiluuni 3 de M
way M fldanaunisd (5-7) uaz (5-8) azlduvudaemsadnmansitliduagfuinan
yosszuuliiimdsuuaiesduiifinisussminisvinaissnmdiemaiaguenian
wandldfaannsi (5-9) lngaunnsn (5-9) asgniblullumsiinssiiaiosnmuesssuuid
MUTTIINITIIALERssawFen Tl Tziszurumaluiiden 5.3 dely egrslsin

NUITEINYIRNUSTIAUNAUDNITIATIZALEDITAINVBITTUUNTNISUTININITUA
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adesnmBnuiieisng due mslinssiaiiosnimdenguiunaiaizas dadudaiinng
sudulunsivdsunuusiassildidudaduluaunisd (5-9) Wdunuusiassfifudadu
Fununzdmdunsimssiiaiesnmienguiundingn lneseasidenveenism
wuusaedlndudaduarlasunmsiauelilumdei 5.2.3

523  msinliidudaduveauudiaamneniindans

NAUNIN (5-9) AzFUNAlAI LUUTIaRINIALAAIansYaIszUUN Ty
Faduasysngnaunldidugaduluaunsdeuiusves 1, V, 7, X, X, uay 7, 3
ATIATIERNIAT K, TNUZaULazINgINenon1sTaLreNavadlnaniiadbiiinsdaniy
Vg ufunaazasTdudeserdowuuirassiiiudadu deiuanudteIngrdnusiale
Bosvilidudaduveseynsumdiaesouduiviunldluniswasunuudiassdenaidli
& ° a & a v ) ° a & 0§ v
Juwvuiaeiduladu Ingaunisluguuuuniluvesiuuitasmadamansngnviali

Wuaduaunsonanslasaannisi (5-10)

5x = A(x,,u,)5x+B(x,,u,)5u
oy =C(x,,u,)ox+D(x,,u, )ou

(5-10)

el A(x,,u,) B(x,,u,) C(x,,u,) 48z D(x,,u,) Ao wnindailadsu (acobian

= A

matrix) FellA1UuegiuA1vIfILUsan UL X, LagAIUDIFIMUTBUNA u,
U JURnunnasun lnegaujiRaudinanieuinlasin x=0 dmsu
s18azdenv09 Ox Su dy A(x,,u,) B(x,,u,) C(x,,u) waz D(x,,u,)

Tuaun1si (5-10) @1313aglaaNAAKRLIN A,

nussngalalou A(x,,u,) uaz B(x,,u,) wiiulein wesngnnaaz
VdO I/bO XVO deO X

c

o X 1 1 = 1 T 1
Nanyusynuen 1, I, o BAE Vo Farmaniifuenly

annzegin i U TRNuNTsaN Feawnsadnamlaannsimueli 1, 1, ¥, 7,

X de X ey meb Tuuudaemndinransvesseutluaunisi - 9)3JmL‘U‘uﬂ‘UEJ
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5.2.4  N1ATIAFIUAMUYNABIVIIUUUTIRDMIANAAIENS

nsATRABUATIgNFasTskUUs e adnmansillituagiunaives
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SUT 5.5 (n) kag3uil 5.5 (1) LAAINANITNTIAADUAIINYNADIVBIRUUTIADS
A o Y a £ o d' [ a v o 1 a = 1
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q
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0.2 3wt waw 0.3 3uft sudeu Tuvaueiien &, SeAsfivindu 1 saentianisyiay
91n3U7 5.5 azdunaliin wanisnevauesvesszuulFnuuudaosill
Hudadunaggniliidudaduiidnvazvessudyaaiisenadesiunansuaussdildan
mssaesamuNsaiiugAuSon SimPowerSyterm™ uulUsunsu MATLAB fadoulanisviney
Tuanmedaguadluanmyedi fuuisdoldth uwuasmmandemansilésunsfigaiiu
annsnesuIengAnssumeainvesseuuldegsgnisusiugy Samngdmiunsinluly
nseRnal K, Ahlissuunduunfiadosamuazsiauseluldifeuszaudagm
nMsvinadesawsuiesnannavednaniidsluiinasi Insseazideanisingie

sananaglasunisuiausilumive? 5.3

5.3  N153AS1ZHLEDYSAINVDITTUUNLNISUSTSININISVIALEDETAIN

Tngldmaiinguenian

nsusTmINsvImEiesnmmemaiaglendnindudesondonisimssiviuas
Genlda1dns1vene K, Allanuinuizdusazifisananonissnaenienidanages
Wantdslnihnsufieiilissuuilnevmaiosamnduniiddosnnwazamsavhauseluls
19gluauIAIN TN LS ANTUAITIATIEARILALBDNLUUAIONTIVLEAINEAY DAY

NFIATIMANYININUUITEUTULBAMEN B UNARIILI NFIATIRAIUTENEUNSTE LTI

a Y

LL@&ﬂ’]ieJLﬂi’]SﬁLﬁaUiﬂWW‘Uu‘U%QMﬁG’mz"UENWJLL‘UiﬁﬂﬂugghEJﬂ’ﬁ%Lﬂi’W%‘V‘iiz‘Ll’]“UL‘V\|ﬁ AU

(% '
(5 A a

LUUIIADINANAAIEARST VU Tuna1veIszsuulnAndevueSosdundnuiiiodn

Y

a

N1SUTTIMINISVILERg A MAIewmallaguenidndelasun1siigatiannisaailuiiden 5.2
TRgLlavILaZ 1988 N8I UNITIATIZINRINA1N AT UNITU AU TUIITDN 5.3.1 B4

P07 5.3.3 ¢l
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5.3.1 N153ASITHLENYTAINVDITZUUNANITUTININISVIALEDYSATINA2E
NOBYUNANIILY
N5 SIEALADYTNINVRITEUU N TR A9 UUASaduNn Anw lunsaingl
= P a a a P a | )
MsusIIINsnIREResnnalemalingUenidnlugun 5.2 nelavguiuna1iaieas wende
a 6 a d‘ dl o 1 1 5 1 dl
N1TIATIZRAANINNITARDUTLASAILAUIVOIANAIZAIVBITZUUYI 9 A1 (A4, — 4,) Nwanalu

SUN 5.6 Feanursaruinlaainuasnganlaidou A(x,u,) 999@un159 (5-10) Lagn15Mn

Y

Aluanigegi Tuvaeiseaumaanivedvanidsluine (P, denfinduain 18 kw

[y

TUauia 38 kW (ARNAY995UU) LHBNINTUIMIANLINLILAUNFINARDLAD YTAINVDITLUU

dwsuihunlglunisennuuuAsnveny K, Milissuunausinii@iesnmneldiinvessyuy

x 10°
5 14 = 5
Pcpr= 18 kW — 38 kW
41 — | =1 * 4
A
al ) Ay |
% 2+ | = Ay A i
2 A
=) §
SIS i -
g | Wk
] /L—bl — — ———
) 5 —
£ X /‘l
a2 lr I, a\Y/a rs A
Bl | | A %) I
| | % &
3 e — i l .
ol Pep =18 kW —38 kW ‘ ‘A/ 4 i
g { }r L L
"5 -4 3 9 = 0 1
Real Roots(1/s) <10

= i & e A o =
E‘UVI 5.6 ANLA1LININUATBISEUUINTNARNwEBINMTUSIIMINISAIRLED S AN

a <@ P 1 = 1Y v 1 & g
ﬂ?ﬂgﬂ‘ﬂ 5.6 QBL‘VI‘L!‘IWN AT UBITEUUILUBYAIYNAU 9 AN YINAB

Y

Ay — Ay 9INTIUIUAMUTADIULVRITEUU dUTUNITOBNUUUAT K, NYINIRTZUUNAULS

DY INMNBNATINTOIRELNBINITRANTULANIZANZINAU (A, kaz 4, ) Wity lngiduniausu

YDIANTALAUAINGTIEIDAT K, AN15iUABULUasTN 0 TUauds 1.1 Inefinmuala P,

a

TANYINAU 22 KW 26 KW 30 kW 34 kW wag 38 kW @1u15auanslasesun 5.7 () 5.7 (v)

U

5.7 (A) 5.7 (3) uag 5.8 () MUAINU LaZlEUNILAUYBIANINZINAULD K, AWANTUIIN

0 Taudia 9.1 Tuvaue?l P, BA1ASTIWINAY 22 kW @nunsauandlanaguil 5.8 (1)



130

%10’ Fixed Value : Posr = 22 KW

Em=11 | 2, S
£ I <} Km=0-11 d)
4 b= Kp=0

2 I Omerpoles — Kre=0.1| Kn=009
: l
i |
22 - Ep=000
o |
4 ;:Fﬁ=0
Er=11 | I Em=0-11
£ 500 =00 300 200 1000100 300 300 X0 300 400 700 800 900 1000 1100 1200 1300 1400 1300
Real Rooes(Ls)
‘ o S (n)
%10 Fixed Value : Prpr =26 kW
=11 | 1 1 T 1
s l«—— Ez=0-11 2
3
-
-3
G
-4
e
]
? 2
E
LR - x,80-11 l
W— e e 2k ,I. e
500 00 300 200 -100 0 100 2000 300 200 500 600 700 800 900 1000 1100 1200 1300 1200 1500
Real Roos(1's)
% 10' Fixed Value : Pz = 30 kW ()
T 11 . el
Y [«—— Ep=0-11 I [ (:)

Imagmary Roowirads)

00 1100 1200 1300 1200 1500

< 0
®
32
]
°
2
§ Em=09 | K=0380 '
¥ | | | N - Kn=072

A Ka=11: . K=0

$53 ; TS
=00 =00 300 -200 -100 100 200 300 %00 500 600 700 800 900 1000 1100 1200 1300 1200 1500
Real Roots(15)
o]

a ! ] g A a
E‘U‘V] 57 ﬂ']LQ']SQQLﬂu‘ﬂaﬂigUU'lWﬁ']V]ﬂﬂU']Lllallﬂ'ﬁ‘UisW]']ﬂ'ﬁﬁﬂ']ﬂLﬁﬂﬁiﬂ'ﬁ/‘l

(MK, =01®)K,, =046 (A)K,, =072 () K,;, =09
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6X 10' Fixed Value : Pcpr =38 kW

T T T T T T T T
«—— Kmpp=0-1.1 @

4 Kp=1.1 ;ﬂ#————# Krp=0
\ Krz=09

KFB= 1.01 KF3= 1
M- Other poles } 1 }
Kz=101| Km=1 ’ ‘

2 \ / Kpp=09
-4 Krpp=1.1 i%‘—: Kp=0

l¢—— Kpp=0-1.1

46 t t I I I I I I

-600 -500 -400 -300 -200 -100 O 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Real Roots(1/s)

o

Imaginary Roots(rad/s)
o

P 10° Fixed Value : Pepr = 22 kW (M)
[ [ =i Krg= 0.09
|
4 Kpp=0 7
2 1
E 2 | Krp=9.1
> [ S——
g Km=0-11 Kmp=9.01 Kep=9.02
‘f‘ 0 i i Other poles — >k % %
J: Kpp=0-1.1 Kp=19.01 Kmp=19.02
% L | <
£ AT—B =01
-4 KF3= 0
|
K;BTO.I Krm=10.09
-6 I i L
5000 4500 4000 3500 3000 2500 2000  -1500  -1000  -500 0 500 1000
Real Roots(1/s)
(v)

JUT 5.8 Ananzasaurasszuuliihifnwidielinsussimmsuswadiesain (o)

(M) K,z = 1.01 (V) K., = 9.02

n3UT 5.7 (0) Iimunliien K., vindu 0 tumanefs seuulaiiihigs
vuiadesduiidnunsalalddunisussminisnaaiiosamiomadaglenianiavinle
szuufinnsvinatiesnin o Wanmdslnihasiadianriiiu 22 kw Ssnsefunanisinsiz
adesnmluiatedl 4.2.2 vesund 4 usidles k., SAviaiu 0.1 wianaidlein auenidn
U a9 lALIg IR uYesTUU o nanrndaliiihasiafidindu 22 kw wdeud
mﬂ‘éﬂqm’maﬁzmuLaamagjj'mqﬁquz’m Famuneds n1sUsTNINIsUIALERETANEIATA

alenidnaunsavilissuuirevinaiesnnnduaniaiesnmiazaasavinnuselula

Wean1sine K, 910 0 undu 0.1 Wil egrslsiany mnluaamaslvifimsifiaiugu
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1nndn 22 kW faduiidfiatudu 26 kw luvaed &, Swmaildnviniuie 0.1 szuuliin
fidnwrzndunmaEiosnmanads waiesand &, finanlifiemesonisiidanie
yaeravestnanmdalniiasi u 9auftRnuding1n Ganunsadanalsaingud 5.7 @)
FANI1za0AUIDIsEUY o Wanndsluihasdaflianrindu 26 kw é]’qmasgjmq?]amwm
szuueaie &, IAviadu 0.1 Fuuiielia ez asduvesssuuAdsuTinnn e

agneilstnevedsEUIULeadNATY vienaBntevisne n1svilrszuulnihmauuasestuy

'
a

Adnwiliafssnimdielnanmidslninasifianiiiu 26 kW A1 K., azfesdianindwdy
0.46 fanandlusuil 5.7 () ludnwaziivatuiuiiivanmasliitasdadanindu 30 kw

Y A oa

34 KW wag 38 kW A1 K, avfosianiandy 0.72 0.9 way 1.01 éﬁ’mamiuguﬁ 5.7 (@)

5.7 (9) wag 5.8 (0) aua1eu Nardussuvazldaiuisasneatesninlile uenainiiile

'
v A [

ﬂmimwaﬂ'ﬁ%mmzﬁiugﬂﬁ 5.8 () 9zuiuleddn nmsiiuduvesdn K, aunseitadlanmiag
9.02 ALVINIAANINTINAUVDITEUU &4 ani1abiinaeswinny 22 kw mmamﬁagjﬁjqeﬁ’ha
YassEuIUeadie K, Wwiiv 0.1 %LU§smlﬂag'mqﬁﬂasuwuaqsxmuLaa Tununeis szuuiidl
AR NNANENEIINNSUTIININISVIALERESANEREAN K, Titesuazifiosneasnduniuin
@igsnmsnasamndn K, imaull gmsunistudunansiasgiaiesamdndiues
mﬁi’aﬂgqmm"waammummﬁé’awmuﬁaﬂ SimPowerSytem™ uulUsunsy MATLAB uag
nsPaesanuN1salslemaling1sawisiugy Farlesunsinausluided 5.4 aely
532 n1s3AsiziAdaUsznaunisiidiusiuvesszuuiiinisussina
A1SVIALEDYTAIN
MIaziiaUsEneumsildusmvesszuulnimawuadesdudidne
LLazﬁmimimwmsmmaﬁmmwéfamwﬂﬁﬂqﬂaﬂLaﬂiugﬂﬁ 5.2 ANTUNITAIUAANAIT
LLaz%umau’Lumﬁmmw?‘mé’aLLUsamuzﬁﬁﬁ’aﬁﬁmmmmzw,m'uﬁuaqswuLsu'ut,ﬁsnﬁ’u
nsinseilaauelslutidon 4.2.3 vosunit 4 Tngavfiansanviovun 7 nsdfauand
18lum5199 5.1 Faazaeandesiunanisinsiiaiosnmiienguiunaiaizasils
viausluguil 5.7 uazguil 5.8 vesiaded 5.3.1 laswnindiusznounisiidiusinves
wwlw%wﬁﬁﬂmLﬁaﬁmsmimwmimmaﬁEJimwé"meﬂﬁﬂqUaﬂL%ﬂﬁm%'umzﬁﬁ 199

AN 7 @1U150LaRIlARINIS199 5.2 D4 5.8 aud1eU
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MINN 5.1 A1 Py UaE Ky dWSUNNSUTTININMIUIRLERgsAmEwmATiagUenian

NN

PCPL KFB
1 22 kW (39019La0850TN) 0
2 22 kKW 0.1
3 26 kW 0.46
4 30 kW 0.72
5 34 kW 0.9
6 38 kW (finavesluannaslninasda) 1.01
7 22 kW 9.02

A a so a | A = d‘
M15199 5.2 LUAINTRIUTZNBUNITHAIUIINLNUBDUNITUTTININITUIALADYTATNNA Ky = 0

(n3difi 1)

Eig. | Eig. I Eig. 11T Eig. IV Eig. VIII Eig. IX
1, 0.8333 0.8333 0 0 0 0
1, 0 0 0.4895 0.4895 7x10* 7% 10
Vv, 0 0 0.3209 0.3209 0.3128 0.3128
Vb 0 0 0.0020 0.0020 0.0014 0.0014

Mode 11
Mode 1 Mode V

(Dominant mode)
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= a so a ] A A = Ql'
AN 5.3 IWATNYAIUTENBUNITUEIUTINLUBNUNITUIININITVIALEDETATINN K, = 0.1

(n5ei7 2)

Eig. I Eig. I

Eig. ITI Eig. IV

Eig. VI Eig. IX

;, 08333 08333

I 0 0

v, 0 0

Vstab O O
Mode I

0.4907 0.4907

0.3209 0.3209

0.0020 0.0020

Mode IT

(Dominant mode)

0 0

6.6x107%  6.6x107*

0.3119 0.3119

0.0014 0.0014

Mode V

A13197 5.4 ASNGRIUTENEUNNTHEIUIILT AN 1TUTIININISVIALEDBTAINT K,y = 0.46

(NSEiT 3)

Eig. | Eig. 11

Eig. I1I Eig. IV

Eig. VI Eig. IX

I, 0.8333 0.8333

I, 0 0]

v, 0 0

V;tab O O
Mode I

0.4960 0.4960

0.3211 0.3211

0.0112 0.0112

Mode 11

(Dominant mode)

8.0x10™* 8.0x10™*

0.3252 0.3252

0.0070 0.0070

Mode V
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A15199 5.5 Wasng@aUTznoun1siaIusIdetnIsuTImINISUIaLEReTAINA K,y = 0.72

(n5eif a)

Eig. I Eig. I

Eig. ITI Eig. IV

Eig. VI Eig. IX

;, 08333 08333

I 0 0

v, 0 0

Vstab O O
Mode I

0.5016 0.5016

0.3221 0.3221

0.0205 0.0205

Mode IT

(Dominant mode)

0 0

9.8x10™*  9.8x107*

0.3406 0.3406

0.0118 0.0118

Mode V

AT 5.6 WASNGAIUTENBUAITHEIUIINTRINITUTIININITVIALEDETATNT K, = 0.9

(N5 5)

Eig. | Eig. 11

Eig. I1I Eig. IV

Eig. VI Eig. IX

I, 0.8333 0.8333

I, 0 0]

v, 0 0

V;tab O O
Mode I

0.5072 0.5072

0.3240 0.3240

0.0296 0.0296

Mode 11

(Dominant mode)

0.0012 0.0012

0.3584 0.3584

0.0160 0.0160

Mode V
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A15199 5.7 Wasng@aUsznoun1siaIusmileatnsussimInsuIalaie snni K, = 1.01

(n5Ei7 6)

Eig. I Eig. I

Eig. ITI Eig. IV

Eig. VI Eig. IX

[, 08333 08333

I 0 0

v, 0 0

Vstab O O
Mode I

0.5125 0.5125

0.3266 0.3266

0.0378 0.0378

Mode IT

(Dominant mode)

0.0014 0.0014

0.3792 0.3792

0.0196 0.0196

Mode V

A19197 5.8 WRSNGFA1UTENoUNIHEIUIMLE oL NITUIIIMINISVIAER AN K,y = 9.02

(nSEI7 7)

Eig. | Eig. 11

Eig. I1I Eig. IV

Eig. VI Eig. IX

I, 0.8333 0.8333

I, 0 0]

v, 0 0

V;tab O O
Mode I

0.6446 0.6446

0.6324 0.6324

1.0208 1.0208

Mode 11

(Dominant mode)

5.1x10*  5.1x10™*

0.2497 0.2497

0.0987 0.0987

Mode V

NANT97 5.2 19 5.8 aviuledn dudsannuy I uag ¥, azisnSwauin

Mgalulyuaiu Aewnnatind1nIeihlvisulsaoue 2 wae 7, Tanuifeidesrivaiaizauny
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VOITTUUNUAD A uaz 4, Muanslugud 5.6 lngnse lWuLfgInunaniIsiasIen
fusenaunisiidrusinluiaten 4.2.3 vesund 4 Nkunn lnedeyanildainnisinsiey
éfaﬂszﬂaumﬁﬁdwimﬁﬂﬂéﬂﬁ%gﬂﬁﬂﬂiﬂumaisué»'hLLUﬁamuzﬁ’m%’Umsa%ﬁq
a 6 a [B~3 a % % a I q’ Vo
LUV ETBINIIATIZMED gAML U UL TUTUEUR 18NS IATIERTEUIUWE F99lAsU
Asuausluten 5.3.3 Wudsudaly
a ¢ aa a [
5.3.3 N15ILASISULENYTNINVBITEUUNANITUITININISVIALE DAY SATNAQEY
ANSAATITATTUIUNE
a & o o w = A o N aa
NN5AIASITAEDYTNINVBITEUU TR A UUASeaTuNAnwlunsaindl
NSUTTINMITVIALEREsAMIIEmMAlAgUENIENTUTUT 5.2 UNSEUIUYRIRILUSANIUY [, kot
V, AIUA1TIATIERTEUIUINELN 000N WUUAIEATIV8NY K, NVNlRszuunduunfliafosnin
wazviuseluls wieunwmsirdeuamanvusianizvessiudaliiinseuanss (7,)
AIUNTBUNINTFIU MIL-STD-704F Turaiziieniu aze1dendnnisuasdunauipeifiuiy
a 'S a wva -:l' o 1% d'd dd‘ Ia
n15BAIIEngaUuRnunvilrssuu i ndnwlunsalnldiansainisussminiseie

EReTNNWIUIITEN 4.2.4 LAANISTIAEDESANN WUAD NNSIATILINITLATIVBIAINDUANNIS

Y
v o W a =

ayusuussuuila Turasiissauiaslnihvesivaniasininaeda (P, dA1ALTuIN

& o g

22 kw lUaudia 38 kw (A1fifinve958uu) lnun15lA5v09AIN0UANNTITO YN USE1MSY

=

el 1 89 7 (Muanslunisei 5.1) awnsauandlanaguin 5.9 faguit 5.15 anudwiy

310 T T
: i | | Illlflﬂl})Olm - PCPL: 18 kW and KFB =0

300 Unstable &  Equilibrium point : Ppp; =22 kW and Kz = 0

: ‘ 1raje¢tory :

Vo(V)

_—T‘-

250-280 V following |
2401 on MIL-STD-704F ¥
- Standard AL
-400  -300 -200 -100 0 100 200

JUN 5.9 MIATenssuumaLle Py, = 22 kKW ae K, = 0 (n3elf 1)
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3UN 5.9 lamnualiien K., IA1vi1iu 0 Fevaneds guenidndslivinnu

a U RN Fsdunalain n15lAaseIAIneuaNNITRYR USRSV Py, AU

22 KW 3gApe 9 99n111931n9aUURNuvesssuvnIngwWuegalidugaianiatiuly

(aldanidudzdun) faly o aUfuRnuilissuvasiinnsviaatesnin fuavasnndesiv
a ¢ % = ' = fo @ a

HANITIATIRLANETAINAIEN B UNANILIUTUN 5.7 (1) yonanddunudnia

ussudaliiinszuanssazdaniu 250 v 1 280 V Faliinsanuiiuinsgiu MIL-STD-704F

[y

seyld (@lannidudsdunt) duuioussmdyminisuiaadiosnniisedu P, Wiy

[

22 kW Fslgdenisiviguenidnisuyinausigen K, deiiu 0.1 Asuanslalugui 5.10 Aadl

V(V)

Va(V)

(]
=
$

272

270

Initial point : Pepy= 18 kW and Kz =0
Equilibrum pomt : Pepy =22 kW and K3 =0.1

 They = 2693483V

268

Vi(V)

trajectory

274

272

270

268}~

Initial point : Pepy = 18 KW and Krs = 0
Equilibrium pomt : Pepy =22 kW and Kz = 0.1

Transient
response of 7

Settling time does not
adhere to Standard
I3

L

%s

%0 95 100 105 110

I(A)
(R)

115 120 125 130

340

320

m Intialpomt: Ppp; =18 kW and Kpp=0

300

% Equilibrmm pomt : Pepy =22 kW and Kpp=0.1
T T

Vieg = 269.3483 V

230-280 V following on MIL-STD-7(4F

Standard -

95 100 105 110

L&)
()

115 120 125

2698

269.71

f f

T T ;
Settling time < 0.04 s following on Zoomed area

MIL-STD-704F Standard

2695

26941

269:3

2692

269.1

Vieg = 2693483 V
Settling time = 0.4496 s i g

2689

100

102 104 106 110 112 114 116

JUN 5.10 m3lasgissunumalile P, = 22 KW Uae K, = 0.1 (038171 2) (n) dwsuiiansan

LE0YININVBITEUY (V) dmFURMTUDUNEATDY ¥, (A) dmSuiiansan 7,




139

N3UTN 5.10 azuiiulaidn e K, Tawviiv 0.1 Faduafidesuaziiome

ABENITUTININITVIALEDEININILYINNTIATVIAINBUANNITOYNUSURISTEUULD Py,

WU 22 kKW Akanadsluguin 5.10 (n) wdeuiseu 9 aufiRnunasgidnganug iy
Yoe5zvutionati uly Fatandliiuin szuulninniduuasesdun@nuiainimeunn

a Y} a A = o A a = a YY)
DY TNTINATAAUUNULADYITATNDAAIINUS LLaSLQJ@WquﬂJqﬂQLL@N‘W@@JW%@Q LLﬁQWuUﬁIWﬂ']

NTELanss () wagdiaiandii (settling time : 7)) ¥09 ¥, Nhanslugui 5.10 (v) waz

a1

5.10 () auany enudn wsadudalniinssuanss v, aslieneglugae 250 v 89 280 v
AIUNTOUNINTFIU MIL-STD-704F Tudiuvesdrarand1fdsaiuisaaiuinlaann

N15lAATYRIAIRBUANNITaUNUS luan 1 dIAsAanslududurtuasiA vy

a a

0.4496 Ul FuRugrsrandinuaNInsgIunrualitude 0.04 3wl egrelsiniy

' [
a1 a = !

vinlnanni1daludipnadidanfuduuinnin 22 kW gndaagraguiandu 26 kw
AERS19818 K, 28938 UUAAITHANANTUN 8l unzauiun1SAdnn o uAenNaTe

anmdslwihasiariiuay Jelund K, ssiiandu 0.46 Awandlugui 5.11
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274 == 300
m  Initilpomt : Pepy =22 kW and Krp=0.1 m Initialpomt : Pep; =22 kWand Kz = 0.1
m ®  Equilibrium pomt : Pep; =26 kW and Krp = 0.46 290 % Equilibrum pomnt : Pepr =26 kW and Krp=0.46
I
Stable Vieg =2692591V l |
270 280 T T
n A Viey =2692591 V
T 270 . m& - 4
268} emm———————— —%
2 2 260
= 266 i
. 250
trajectory
- 250-280 V following on MIL-STD-704F Standard
- 240
2621 230
zw 1 13 1 1 2
100 105 110 115 120 125 130 135 140 00 105 110 115 120 125 130 135 140
LA = L&
m S ()
274 — e
m  Initial pomnt : Ppp; =22 kW and K3 =0.1 1270 T T T T T T
I X H Settling time < 0.04 s following on
272 % Equilibrium point - Pepy = 26 kW and K7z = 0.46 : MIL-STD-704F Standard Zoomed area
i {2698 ‘ ‘
270
u_| > 26961
268 =
s 'd 260.4
% 4
266 Transient
response of 1 260.2
=
2641~
260
262 = g S
Settling time does not 263.8 | Settling time = 0.0496 s
adhere to Standard H Vieo =2692591V
260 i i i L
100 105 110 115 120 125 130 135 10 o | | |
FAEN) : ql-‘ 116 118 120 122 124 126 128 130 132
B e

JUT 5.11 mlasevisstnunaile Py, = 26 KW uag K, = 0.46 (N3l 3) (n) dvisuiiasan

whgsnnveasEuY (V) dnsufinnsunueunigaves v, (A) wsuiiansan 7,

INMIIAIVBIAMBUALNITOYRUSLELD Py MU 26 KW Tuguh 5.11 (n)

v a wva

nnsgingauURnuvesssuullonatdiull wanddviiudl dnsvee K, wiidu

0.46 aunsavibissuulnihmauuesesduiidnwisnviatosnin a ufuRauilld

wenanilugun 5.11 (@) Swansliiudnii ussiudalninssuanss () sgnngldnseu

Y

11M5§1U MIL-STD-704F Fude fid1eglutae 250 v e 280 V luvaedisud 5.11 (a)
wandlidiuin Frsnatrfeslidulumunsevinasgiuiissyld dude Saufu 0.04 Jud
Tngnsifinduresan K, @nfunisussmanisuinaiosninide
Tnansddlihasidafutudedidnalidwudutoaifnsutuiivaniddlaiha
ey 30 kW 34 kW uaz 38 kW tufie A1 K,, 9zfesdandiudu 0.72 0.9 uwaz 1.01

fauandluguil 5.12 5.13 wag 5.14 mud iy
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274 — 300
m  Initial point : Prp; =26 kW and Krp = 0.46 m Initial point : Pepr =26 KW and Kpp = 0.46
7 & Equilibrium pomt : Prp; = 30 KW and Krp = 0.72 200 & Equilibrium point : Pcpr =30 kW and Kz = 0.72
Stable Vheq = 269.1698 V ‘ L

280

270 4 Vieg =269.1698 V

[

270 -

268 ——

= 2 260
Z i =

266 trajectory
250

261 @ 250-280 V following on MIL-STD-704F Standard
240

262

2 230

260 220

118 122 126 130 134 138 142 146 150 154 120 125 130 135 140 145 150
L&) L&)
(n) (v)

'
(] v a

JUT 5.12 MTAngissuumaiile Py, = 30 KW uag K, = 0.72 (n38l71 4) (n) dmsufiansan

D

W@0YININVRITEUY (V) dnSURAsILeNnEYaves I, (A) dwsuiiansan 7,

274, 300 - —
m  [Initial point : Pepy =30 kW and K = 0.72 m  Initial point : Pepy = 30 kW and Kpp = 0.72
7 ®&  Equilibrium point : Pep; =34 kW and Kz = 0.9 290 % Equilibrium point : Pepy =34 kW and Kep = 0.9
T
Stable Vieg = 260.0804 V e J‘ 4!
270 A | 1 Viey = 269.0804 V

¥

Vi(V)
V(V)
§

trajectory S,

262 : 20— o J" %
: L 220 |
260 !l

250-280 V following on MIL-STD-704F Standard

®

130 135 140 145 150 155 160 165 170 35 140 145 150 155 160 165
LA L&)
(n) (V)

JUN 5.13 mMlasgissunumalile P, = 34 kKW uag K, = 0.9 (038171 5) (1) dmsuiiansan

wDgsNNYeaTEUY (V) dnsuiinnsunueuniyaves v, (A) wsuiiansan 7,
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274 — 300
m  Initial point : Pepy =34 kW and Kp = 0.9 '] m mitial point : Pep; =34 kW and Kps = 0.9
27 &  Equilibrium point : Pep; =38 kW and Kz = 1.01 200 #®  Equilibrium point : Pepr = 38 kW and Kz = 1.01
T
Vieg = 268.9910 V
270l Stable 280
L}
o 270 ™
268
% Z 260
- S o
266
trajectory 250
264 @ 250-280 V following on MIL-STD-704F Standard
240
262 o
260 L ; : 220 : !
145 150 155 160 165 170 175 180 185 ““isp 155 160 165 170 175 180
I.(A) L&)
() (v)

JUM 5.14 midasevissinumlaile Py, = 38 kW wae K, = 1.01 (N3617 6) (n) dmiuiiansan

L@DYININVDITZUU (D) dmiuisauweunagaves 7, (A) dwmsuiiansan 7,

Tua1AUANINAITUINITUTIININISVINLED 8 TAINVRITsUUINHN ANdIuU

wsosdunAnwlunsalN K, TAwnniuld a sedu P, Winiu 22 kW dauandlugui 5.15

290 : - M\I .
m Initialpomnt: Prp; =18 kW and Kz =0
285f——+——| &  Equilibrium point : Pcpy =22 kW and Krs =9.02
280 p——1— Y i —-;‘-———————
275
_ 270
-
= 265 — i
trajectory
260
255
250-280 V following on MIL-STD-704F Standard |
250 — —
Unstable
245 r r r 13
60 70 80 90 100 110 120 130 140 150 160
I.(A)

SUN 5.15 MIIATIRSEUUINELLD P,y = 22 KW U K, = 9.02 (NS8IN 7)
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mﬂmﬁmwﬂugﬂﬁ 5.15 9zitulédn nsinTuvesen K, unniulds
fiewiitu 9.02 aglilunafdenisussminisvinadesanvesszuulndingi@nw esen
7 IINSlAATVOIAMOUANNTOUNUSUUTEU 1, uas ¥, dlo P, Wi 22 kw 91nidud
giieauftReulunsdlf K, Wi 0.1 (@lFanguil 5.10 () azwdsuldesniiemin

q

wUfTRNuessTuUlonarly vl seuuifiefiesnwnendseinnisusamnnsug
ResnNEIBAN K, TTpsuasifismessnduinuimaiosnmenads snnen K, SAnaan
Auly dmdunisnsiadeunnugniosteswanisiinsgiiadesnindsiuazoided
n1s9IaesEnIuNIsalmeYuian SimPowerSytem™ uulusunsy MATLAB uazn1391ae9
anumsaisemeiasdauilugy Fsagliunsinausluided 5.3.4
5.3.4  N13EUSUNANITUITININITVIALEDETAIN
nstudunansiinsghiadesn e vesssuuiiiinisussminisna
wdosnmlagldmaiinglenidnavenfenisiuieuliisuseninamanisdnassaniunisalnieg
yaudon SimPowerSytem™ uulusunss MATLAB fluanadislugufl 5.4 funanissnaes
anunsalmewmaiiagsawisiugy ludwresnisdiassanunisalmemaiagiauisiugy
afivdnnsuastumeulunsdiassaniumsaiidueiunsiaesanumsalifienaaey
iafosnmuesszuulitinddauueiesdu@nwnsdnlifinsusnmnsuaaiosnmild
oureliluiaded 4.3 vesunil 4 usastfistduifisenszuiunisnriadunseiutali
nszwanss () lWiludssuananieluuesa DSP su TMS320F28335 Experimenter Kit
Fauandlugud 5.16 lnewaildainnisdrassaniunisaldmuiudunisussminiguia
dpsnmvesszuulilihiduuedesduiidnunlunsdiidenlden &, itosuasifivamass
AMSUSTIINISTIRLER I (K,, = 0.1) sausislunsalfildan k., unduld &, = 9.02)

anansouanslaaguil 5.17
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DC Bus
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I 0 | Active Front-End 1 CPL Ideal Pcrr
Generator Bus Converter Bus RPockifiar CPL
* [
i 2I|o
- TT
+
¥

TMDSDOCK?28335 DSP Board

Existing Conventional Controllers with
Loop-Cancellation Technique
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memalinaiawislugy
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U7 5.17 Ms8udunansussvmnsna@iissnm (n) Msinaesaanunisaivunesiimesiile
Ky = 0.1 (0) n1591a09an unisalaismaiingisauisluguilie K, = 0.1
(M) NM1TIN@aRERIUNTAlUNABNR MDD K, = 9.02 (3) N133NaRsEa UNITal

mewmatinaniawisluguiile K, = 9.02
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n3UR 5.17 (1) wag 5.17 @) wanslisiudn Welnanmdslnilineiagl
nswaguulasan 18 kw Tuidu 22 kw @auaaissaimvesszuy) inan 0.3 3wt lag
fnuali &, Savirdu 0.1 Faduaniivesuazifisameazyilisyuuiinevinadosnim
nduanfiadesnindnainunanisinnediliiauslusuil 5.7 () mouiundiaiga)

war 5.10 (MTATzRTzuIuma) Gadunalannuansdulmussssudaliihnssuanss v,

' '
= Y

fidey ) anasaunseirnasiaglurag 250 V f 280 V pnuflnnsgiu MIL-STD-704F szl

agalsfiny Frsandifivesussiudaliiiinszuanse v, agliednneldnsevuinsgiu
MIL-STD-704F @saonndedfiunan1siwsieniilatiaualugui 5.10 (A) (MInseissununa)

o A 1

v ay v I . ™ a s

WA P MVBmARBUALRIT IRANYALTEN SimPowerSytem™ wawmpdinenawistugy
fAuiU 0.4496 TuN91 Uag 0.4001 JU9 ANEWU FUAUYIIANINFEARUNNINTFIY
Avualitufie 0.04 Juil wazllelnanmasliihasiilagniiudnasaludiaiidu 26 kw
A a < a v a1 ! a [} 4 P v v
M 1 3w Tuvaued K, Saaslinvindy szdaalinisnssdionvosussiudalninnssuanss

av v I3 . ™ a ¢ A =

v, Mlganyavden SimPowerSytem™ wagimatinensiawisluguilangadia 623 V uag 37.6 V
AUAIRU FUAUNTINNINTFIU MIL-STD-704F Mnualinin (6 V) nenanidnienilepe

¥
Y

svuvarnduInaEiosnmdnadmils weidunsizen &, biiemesemssaense
fdanavesinandslnihas o sedumdsliiuingu 26 kw Fafumngesnisldseun
Snwnadesnw w a;mﬂg‘jﬁ’amuﬁlé’m K,, dedosdandiudu 0.46 munan1sinszi
afiosnwluguil 5.7 () (euiunAnzas) wayguil 5.11 (Mslnsesisyutuma)
1uﬁumzﬁ'guﬁ 5.17 () wag 5.17 () lannuali K, JAvindu 9.02 uay
Tnanrdslwirasiainisidsuutasain 18 kw Uiy 22 kw finan 0.3 3undl azwui
sEUVARnNINAREEIAM Feaenndestunansiezimaudiifiiauslugui 5.8 @)
(MQuRUNANIEa) Lag 5.15 (MFRATwiszuuwa) wazdlofinnsandaussiunseiiioy
Yoananouausd ¥, flda1ngauden SimPowerSytem™ FsdA1vinAy 7.1V uay
madnssauasluguisildmindu 7.5 v azliisgateldnseuninggiu MIL-STD-704F
firmuslsiAusssiunsziilengageilalaiiu 6 v
IINNANITAATIEANE TN INIEN B UNANIILIWALNTAATIERTEUUA
savtanan1siassantunsallugui 517 fflanuaenedostuogisdniauannsnasuldin
NS fiLveIR K,, TniulUazdmadsnnnniman s en1sussvnIsvInEt s sAMueIsy UL

Imasuue3osdunfne Asiunsiiua K., aulnanmadiiiinsdaiinudunisnasun

Wwonldan K, Nesuaziieane (sufficiently small) #9N15UTININITUIALETYIAIN U
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ﬁ;ﬂﬂﬁﬁaﬂmﬁ?u 9 (Suyapan, A., Areerak, K., Bozhko, S., Yeoh, S.S., and Areerak, K., 2021)
pg9lsimu ninAeen sissuuYinauedeli@afiosn1nnaent19n15VNIUAUd SRR
m&slihdndudesdudunisiinseginan &, miynaduiegnuitfnuresssuud
naAsuutassuiileananmafisdureslnaniidsniliae FeagsiliiAnmmeasnn
Fudeunazarirlunisussminisuinadssnmeessyuulniimduuedesduiidnuly
an1un1saiiinisiiuage Ssenahlugetimanianisiuld Fedunuideinerinusiels
Yhiauemsad1aaiosnmBasusideisnsuuussidendouuusiasmnendinaians
éauﬁ’wqwﬁwmmeﬂumﬁsuammiﬁ%ﬂﬂLaﬁaim‘wL%W%’Uf?hﬁmmmﬂ%’uLﬂﬁauﬁw K,
ausziumdslniieduanmdsiniaaldwuuiuiiiule fugldunninauslurded
5.4 yannLaNNaNSANYTandlTITiuEndN mMssenuuUe K, Tledunsidenidrniites
waziieanaaziinlvinanisnovauesvonssiudalniinszuanss v, luuegaufdiaud
Prnaninfillaesndomunseuninggiu MIL-STD-70aF feiusrmiddeinednusidsiuaue
wnmsmsudlatlanfinanfonisussgndldiBnmmstyglssivg dusldfunaiieue

9

Tuunii 6 foly

54  mssdaatesnndaluiagaedsnsuuuaaiy
AsadaEiesnmdUsuii e isnsuuusainre sy uuliin & uuaiesiy
ffnwudunmsuszgndldnsussmnisnaeiosnmsnemailagUsnidnsuiuaunisegisine
veeAdnsvee deunduveamaiaguenian (K,,) fuUsiasueldnusziumadlninaes
Inann1asliinaesi ¥3815enaun1TAINa171 dun1SasIaLatesInaeUsuA (adaptive
stabilization equation) InglusnAdeinendnusazerdonismannisndludeadiléuigin
M5AATIEAd e ER eI eNguiUNANL T BITU LU aemNIAdinaan STy
msvilmfudaduluaunisii (5-10) Wisesnuuuannisadinaiesnmdaiusifngts

Feanusaasutuneulunisesnuuulasgun 5.18
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Defining a sufficiently small Kz for each Pcp;
within the rated power via the stability analysis

;

Instability line construction

Polynomial curve fitting

:

Polynomial equation is
equivalent to the instability
line

\

\

Adaptive stabilization equation is determined The order of polynomial equation is increased —

=

UM 5.18 ‘UﬁﬂﬂlﬂagLLﬂﬁ@Jﬂ’]ﬁ@@ﬂLL‘UUﬂ@Jﬂ’ﬁa%’NLﬁaEJSﬂ’TWL‘QU\?U%JU(;]J’Jﬁ’JEJ?J%ﬂ’ﬁLLUUﬁQLall

Y

91n3UTl 5.18 aeuiiuledn tuneulunisesnwuvaunisasinatiosn mdalsudasiig
WnsuuuauanvesszuulnihmasuuetestundnwazUsenaulusiy 3 Tuneunan ¢ fie

v
o/

TUROUT 1 IATIERNAT K, NUDULAZLAEINDE1NTUNITIALIINTDAITANAVE S

) AU

unstable

anmastuihaaa (P, ﬁgﬂl,wiagmﬁﬁﬁmuﬁswuﬁuLﬁmmimmaﬁmmw (P
A AR W0 lnan 18l i 1AIAT (Pey, ) 108BIAEN1TIATIEMLATETAINUY
sTUULeAMEMg Ui UNAE T INiULUUS e sadnmanuesszuuluaunsi (5-10)
Fumouil 2 sudunisadraduoaiosnminsendenanisinssiadosamiu
fupoud 1 luusazanuftRouwiethlvldlunsmaunsindludealutunoudaly
Funoui 3 maunsindluflvadimuizanlagerdonisiiudusuvesaunis
naludfloaluides o aunseiansassaunisindludeaiisuwinielndifetu
Fuoadosnmiiatraduluduneudt 2 favldaunisinaludoafivmnzaunieenia

AUNTASINADYTAMTIUS UG
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mnudenlaezunsunsesnuuulusud 5.18 uasdumeudildzunisesunelideiu
rENITALENINANITIENNTTINA lullad s unsassatissamdeusuivesssuulin
Adsuuaseaduidnunlidslugui 5.19 993U 5.19 WuUsEddnfe W@ueiaiivsnn 3
Ifnanuan1siinngiadesnnsenguiunaiazasionanidslniias (p,,) e
Faug 22 kw @aufdReuiivinldszuueiaaiiosnim) 8 38 kw (@rdfisaddslniives
naaniaalnilimedi) lnege © 890G ﬁﬂmﬂguma”uamﬁaimwﬁam K,, ibdaan
panTinsiatiosnluiaded 5.3.1 uay 533 luvneiiduaunuanduiindulugui 5.19
Ao vdunsvesaunistnadluflvasusdunils (first-order) wazdufuaes (second-order)
audy Feazdiuldin Wunsmdhsuddldinanaunsinaludsasusvdeadioumnnie
In&Asstudueiadosnmannnindunsindundildinanaunisinaludlvadusunds sy
aumsasadesnmdausuivesssut s dumadesdundnwi aduaunisindludles
Suiudesiiuansldfaunisi (5-11) a1naunisi (5-11) azdiulidn Welnansdslniinesh
finswasuudasasiliednsvens K, feuunvasuludewuiu dedunsudtoym
AsNEULNIAEEESAMwBISTUUBNASS SuLdawana K,, ianasfinaandaenisiey
arudina1dlFluiaded 5.3 fdauu d@usussuuliiamduueiesdudidnuiiidl

myafaafiesnmBaUSudmeTBnshuuRaay asnsananslafsgun 5.20

L5 = :
i f [ ;[ ----- Stability Analysis based on Model
} ‘ 72 I** Order Polynomial Fitting
1.25- ‘ ‘ ' 2" Order Polynomial Fitting
| | | T T T
Krs=—2.6518%10Pcp; + 2.1596% 10 Pcp, — 3.3707 | ‘
. |ala i ® |
[ ~ -
&
e
0.5
Kpz = 5.685%10"Pcp;—1.0689
0.25 =
L@ _
-0.25 : . .
2 2.2 24 26 28 3 32 3.4 36 .3i8 4
PCPL(kW) X 104

5U7 5.19 msmaunsindlullealagefensidenidunsiiinvnzay
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K., =-2.6518x107 P> +2.1596x107* P, —3.3707 (5-11)
2
) o
We P, =1V, —— (5-12)
L
DC Bus
Generator Bus . Converter Bus AC“;:;:E:EM ICPL I(Sl;;l Perr
Rsa Lsa R L
Ry Ly B % LA
AMA— N CaT Vdr] T
R;c Y _ L R

N
| [

Gy

T 3
N e L [
______________ == ___ |/ /
1T M,
] in,abc Mape Vdc o+
ax] [PWAL R : 7
- == 11 Vise =

{35
| ab
dq

O
La Lal 11— ——C

Om

7
controiler
7 1

B
[ =
+_ i | Voltage Vg) Droop | Vi LU PI P, )i Pi
Vs compensator | controller || + 27 controller | I' controller
L

I, V;j

Voltage Compensator Droop Controllers Voltage Controllers Current Controllers

e we 41

stwc Vs

Loop-Cancellation Technique

3 e 4 Pep 2
‘—  Adaptive Stabilization Equation J<—L LV, 1

Adaptive Stabilization Using Conventional Design Method

U7 5.20 spuuliihidsuwasesdundnuninisasaatesmmaasSudme B nmsuuuiaiy

2n3U7 5.20 asfiulddn msaaadosnmiBsusdeBnsuuusudud
wanslufiuiiady axUsenaude 2 diuite @udl 1 d9ureInIsUsTMINISTIREEESATHERe
wadaguenian e‘z’fwzv‘hwﬁwﬁiumiﬁﬁw‘%aaﬂLéﬂmamaqiwamﬁwﬁﬂi/\lﬂﬂméf’sasmaugiaiﬁ@
Flszuulnihmdsuuedesdufiaiosnmeaentianisieumeldiiamasininvessyuy
wazduil 2 druvesaunisadiaatosnmdesUsui Sesvhmtfilunmsufuasuasnsvey
Jounduvaunalinguenian (K, mun1siasunlasvesuanidsliiinae (P.,) e
adansmuIaEIuaNnsh (5-11) dwduen P, luaunnsii (5-11) %Qﬂﬁnmmmuaumiﬁ'

(5-12) lnwondunszualiinvesinanisnun (1) Nlaunaindinsiadunseid wssnudalnin
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NsEuanss (7) Alaunandans19dunseiu wazanuaiuniuvesivan (R) daduainad

Aaanalalunsen 3.1 veauny 3 uwaziitelunsnsiaeuinm K, Ieunaldaannaunisasi

adesnIWTaUSURlUELNSA (5-11) @unsavinlrssuulninn@nwsdveaanuauisalunisane

LY o w '

seaufdslninldudanfide Inelivszauvdgymnisvmaissamsuidsananuanes
Tranmdsliiinas fuiumAdoinendnusddiiauemsinseiaiosanvossyuuliin
M unIesduiiiinmsasiuaiosnmidusdeisnsuuus iy Feegldsunsineausly
Watef 5.4.1 89543

541  mylanzilafssnmuusruIueafiengeiunaanzasdmiussuuisl

ANSES1ANYININTIUSUAIREATNITHUUAIAL

nsaTIvERUNanIsUSUasuA1nTveetounau (K,,) Tuaunisi (5-11)

[y

Anuseaundsbninveslnanmdalnidaesa wevinlrszuulndAEnwiTaeuatuisalu

ee

nsPesERUmadlniilaauteriiinlngo1dunsIAs e iaf o SN MULSUULRAA BV U UN

1 1 (Y] o A o Y a ¥ a a
ANIZNTINAULUUT A URssTUUTH UM sy udaduluannisy (5-10) agiansunain
FUWVILTBIANIANAUTBITY U Aduandlalugun 5.21 Ineimualilvanidsininae (P,,)
fn1swasunlasszaundsiniiein 22 kw luaude 38 kW wazA1ensetetoundu (K,,)

fnsusuasuanvidenmananuseauiasiniivedivansanamuaunsh (5-11)

4
x 10
6 T T T T T
[
4 ‘ AX X
]
| |
g 2 Yl
£ [
Z |
8 Pepr=30kW  Pepr=34kW Pcpr=22kW  Pcpr=26kW Pcpr=38 kW
?’- 0 with Kpp= with Kpg= ———+— With Kpg= with Kpg=  with Kgg= ———
z 0.7215 0.9065 0.0969 0.4516 1.0066
N N/
A X | X xX X
. |
-15 -12.5 -10 -1.5 -5 -2.5 0 2.5 5
Real Roots(1/s)

PN ! ! A a Y a a v o Y aa S a
E‘U“V] 5.21 AANLANAUYDITLUULLDUNTAT AN HTAINYIUTUAINBITNANTUUUANLAN
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913U 5.21 azdaunalein devhmafuseiumddlnihvesnaamaalwiiiasialy
fiandu 22 kKW 26 KW 30 kW 34 kW wa 38 kW Inefian K, Wasuwaslunuaunsy (5-11)
Fafifo 0.0969 0.4516 0.7215 0.9065 waz 1.0066 MUSTU aviliALIIT AN UVEITZULS
druaseadesninaud sruuiadiadosnimmnasngiun1svineu Fausadunisuandiifiuii
K., ﬁﬂ"wmmiﬁmﬂaumia%waLaﬁaim‘wL%N%’Ué’ﬁagﬂaaﬂqué’asﬁ%mmw%«ﬁu
anunsardanavasinaniidsiniinadaldegrsiussansanuasliuszaninadia Tngly
Uizaui]zymmimmLaﬁaimwﬁqLLﬁdﬂwamﬁwaﬂWW’]mﬁaﬁmLﬁmqaéﬁy’uﬁmm
542 n1sIaseRfaUsznaunsiidousiuvesszuuiiinisadraaiesnin
\FeUFURBEIENMsUUURRY
ANFIATIZRIIRILUsan U Tidanar e A1z uTesszuUlN A& Uy
3osduiiAnuiuaziinisadraaiosnmdsfuddieisnisuuududulugud 5.20
dethluTdadsssurumladmiunisinsedaiosnmuuuliifudadusenisiesen
surumladilasunisinauslumidededaly ssfiansandetuvianun 5 nsdl fuandaly
M3 5.9 FaazdenadesiunanTiinigiatesnmienguiunaiangasiliinausly
U7 5.21 Tnswndndiusznaunsildrusinvesszuulnihiidnwdiednsadaadosnm

Y

WDIUSUMANLNTOLEASbARIRNNS19N 5.10 B9 5.14

MITNA 5.9 A1 Py, WAE K,y dINTUNITESEDNTATWTIUTURIMETENITUUUAIAL

nad Per Key
1 22 kW (v 1aLeniesnIn) 0.0969
2 26 kW 0.4516
3 30 kW 0.7215
4 34 kW 0.9065

[y

5 38 kW (nevadlunannidsluiiaesi) 1.0066
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A597 5.10 Wwesngruszneunsidiusiiiedinisasiaefosnind K,, = 0.0969 (nsai#l 1)

Eig. I Eig. II

Eig. ITI Eig. IV

Eig. VI Eig.IX

I, 0.8333 0.8333

I, 0
v, 0
vV 0

Mode |

0 0

0.4907 0.4907

0.3209 0.3209

0.0020 0.0020

Mode I1

(Dominant mode)

6.6x10™  6.6x107*

0.3120 0.3120

0.0014 0.0014

Mode V

A9 5.11 Wesngiiusznounsidiusiileln13as1a@nesn g K,, = 0.4516 (NS89 2)

Eig. I Eig. 11

Eig. III Eig. IV

Eig. VI Eig.IX

[, 08333 08333

I, 0
v, 0
vV 0

Mode 1

0 0

0.4959 0.4959

0.3211 0.3211

0.0110 0.0110

Mode 11

(Dominant mode)

0 0

8.0x10* 8.0x107*

0.3253 0.3253

0.0068 0.0068

Mode V
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Vs(V)
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@d eI Mlun1angedAeN e uNANIILI N153LAT1ERMIUsENBUNTTHdIuTIY
N153AIIERITZUIVINE 115978838 IUNTalMEYAUAaN SimPowerSytem ™ vulUsunsy
MATLAB wazmafinenawrslugy ilenansliiiuin svuulnihidsuuniesundnuiled
msfinsanaunsasaissnmdasuiildsunseonuuuieBmsiliiausluuniay
fiadosnmnaentiamaieuuisseduidsliihiidficn uasdaussouznisauauusady
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A9a1NITNSHUUALANN LA SUN15aS U8l LAl luunT 5 dnnedenganANuT ULt aUYD
P P~ a o v A a ! a ~ YR = Y a
aunsasanesndSuinannaveglusUvesaunmsindludeaduduass (GBNSWUUALGL)
sgwdsuluegluguvesaunisindludeadudunils Fshenenisaiiaselagofeiiio
< | :’/ -dgl’ d' o v [ dd’lj
Waskauzdeniuy lneillomidAyszdsznouluaie Nann1TwasNg B NUFIUT S
msﬁuwuwumw%w%’uﬁa ASEUIUNITOINLUUANNITASIBADYSTATNLTIUSURA
NANIS9BNWUUANNITASINADYTNINTIUSUAL N1TILATIZALADYTAINUUSEUIULDARE
NHBHUNANIIZII N15IATILNAIVILNOUNITHAIUIIN N15IATIRLETETNINAE
A1 ILASIEVTEUIUNE WALN1991809801UNITALND U UNANISBONLUUANNIS
asatesnIngaUsuiamedane3Nun1sAUMLUUAYEUTUA Jaaglasunisdauely
U7 6.2.1 DTN 6.2.7 MUa1AU
s ddy }'% a % Y
6.2.1  VANNISHATNOENUFIUVINITAUNILUUATULBIUTUA?

9aN037UNTAUNIKUUAYBIUTUAT (Puangdownreong, D., Areerak, K-N.,
Sujitjorn, S., and Kulworawanichpong, T., 2004) LﬁUﬁﬁﬂ@%ﬁuﬁgﬂﬁiasaﬂ WU LAY
USuuaunanndanesiiumsaunmuuuny (Tabu Search : TS) lageadenisiiunalnnisuiu
SAiiN15AUNT (adaptive radius) M@ u15avin15UsvansATlUTUEINITAURIAUNTENT
n1srundlnarneunfnganaznalnnisiudouses (back tracking) Nau1sawAtdeym
dmiunisinegluAineuluulskaulanizdy (local optimum) BedanalinisAunidl
UsgvBnmiiiunnu dmsunszuium AL uun el Sumaunsaasuaall

JUNOUT 1 NIAISAUUASALNITAUNT (R) NUNNITAUNT T1UIUSBU

v
¥ £y ] a

N1SAUN (round) WagIUIUTOUNIIAUMNGNAN (round,,,) NIBUVIANTUNITNIAIMBULTUAY

'
al

s, negldnuiinisdunidienisdu weldilumneuiidngauuuiswauianiziu (local

q

solution) fauanslglugudi 6.1

Search space M

So best_neighbor

neighborhood

)

U 6.1 duen S, Tuiuiin1sAum
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L% QI v

TupoUY 2 N15FUERNAMBUIINIL N A1naUTaU 9 S, nelunuisedl

NIAUNT R NSouiarivualinidn SR Judavesdinay N A1neu Fa58ni1 Anausaudig

WEAaRagu 6.2

Search space

N neighborhood best_neighborl

Neighbor V\
//:,\\\_\

JUN 6.2 AlnalAessau oS,
Jumeaud 3 Mn1suseiliumnevaoinazaudnlu SR) aredeandu
Y] I ° v & o Aaa I
TgUszasd lagavivuali S, lWudAmeunafanludn SR)
Tunoud 4 61 S, < S, vnsiuen S, Tusiemsaydenisivualii s, = s,

fauanaldlusui 6.3 uazgud 6.4

Search space \\ u

Neighbor# 1

N-neighborhood best neighbor =
best_neighborl

)

5UN 6.3 Amualnalaedil
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Search space U

Neighbor#:1

N-aneighborhood best”reighbor

)

JUN 6.4 Muuaen S, Tnl

TURoUI 5 01 round 2 round,,, ILVYANTTUIUNTAUMTUN taediAn S, Ae
° oA a Y v Y ' & = v J 1 & oYy
AmaunAnge dwuluiaazndulugiuneui 3 wiaunusunseuiunsluidnasaaunsendls
Amauiiinela

Tuneudl 6 wignalnanisiiudouses Wedwiudmeuluwsazseulivae
sondnAmeufiiluiwauiangiududuuridudnuudinevasgailaviinisnsenld
nalnilaziienAneuiianannlaainnisauniluiiuinisaunianlusienisniyiiouian
o < o a v o (% v o = v o &
mnuadumneuisududmsunsaunituseudnly NallielvivgaesnatndAimeuilidunuy

FUAVMEAU UaARIRIFUT 6.5

Search space @/
Neighbor #.1
New search space
to.eseape-local optimum
(back tracking
search space)
Neighbp
local solution
Neighbor # 3
VN

JUN 6.5 nalnnisiiudouses

< o Y o 1w oa 1 ° v a A o
YUNBUN 7 LEU']EjﬂavLﬂﬂ']iﬂiUﬂ"liﬂNﬂ"liﬂucl/i’] I@Uﬁ]gmqﬂqiaﬂiﬂNLW@ﬂﬁgﬁﬁﬁ‘U

¥ ' ' ' '
= ¥ aaa =

funnsAunlikauasdonszuIunIsnIsAun L lndmneunangs daaziiluladineuain
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NsAUINIANaEAANINTY AunuAInauTaglunamNnvue dwwalyinisAumaunse

nuAnaulee195I51899U Fen1susvansaiidulumuannish (6-1)

A v ¥

a7 R, A9 SATn1sAUMI AL

v ¥ 1

8 IAUNTITAUNILA

o))}

Rold

A %

DF A9 995 1UsuansAll

6.2.2  NITUIUNIITBNUUUANNTATINERINNBIUTUAD
lassassudonlaesunsudmsunisesnuuuannisadsaiesnmaausui
shesaneIfiunmsruvLuunyBaUdus wansddfdusui 6.6 Teusznaulude 2 dwvdn 9
fio uwuudiamsadiamanivesszuulinidsuedosiuidnuidesinsusaminnsne

Laaﬁliﬂ’ﬁl\lﬁgﬁ&lLVIﬂﬁﬂQﬂﬁJﬂLaﬂLLﬁ%5ﬁﬂ@%ﬁMﬂ?iﬁuMWLLUUG]’]QL%QU%JU@J’J

Objective function

W
Y
S hi :
earching parameters b ATS |
apand a;
|
AN
N
Nonlinear m\ociel of MEA with %
b

Pcpp—* loop-cacellatisn technique
given in Z‘%‘))

Ay
4

JUT 6.6 UfienlaevunsunssenkuUaNNSaS @R sIMIUSURMETane3TiunsAum

WUUAYLTIUTUR?
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31n3U7 6.6 arursaasutumeuluniseenwuuannisadiuaiesnin
WBaUsumvesszuuliiiAdauuaIaaiundnulasanalud

Jumoud 1 nmuuailanduteulveaun1sNAnunaINNITEIsTNINYD

o

FEUUAIUNO B UNANIIEAIAbuaun1sh (6-2) FenduTnguszasd () lusunasiuves

9

A1 w, w,, bag w, Aauansluaunisn (6-3) feiduleulveaunisinimunainnseuuinggiu

MIL-STD-704F #4@1n15% (6-6) warHanTuLinuluaauni1sNnInuAaINUauLINYBIAN

duUszdnsvesannsInaludleasununils (a, Lay a,) Maun1sn (6-7)
Subject to Re{i} <0 (6-2)

e A Ao ARz anUnYe9sEuU tneen A WulusuResulvlusaunisi (6-2) wse

NANAINTZUUTEDYTANALAMUALA W WINAU 0 DUtULA? AU W 1vindu 10000

n
Minimize W =) W, + W, + W, (6-3)

i=1

' (%
a wa = v v @

44' & ° dl & o
5} n A8 QWUQUQWUQ‘UWQWU‘WﬂﬂﬂiUG}Q@QLLﬁ@QIu@']ﬁ']ﬁVl 6.1 YIUAININU 5

Y

o

. Ao ArflanduingUussasddnsunisnsivasuauanvasveawssnudaliii
NIZTUARNT (V,,)s[,uamasﬁﬁ"’mg' 1agA w azdAYINAU 0 O1UIIAY V,
Tuanizdnsaenndestuilsidudoulveaunisi (6-6) fivuduuda
MUUALR w, AU 10000

A J

w, A0 A1TIATUTNQUILAIAdINTUNITATIVADUAMANYUEYBILIIAY V,

luaniizegl lnga w, alAwI1AU 0 814590 7, luan1izedan

donnansnuilenduioulunaunisy (6-6) TUTULAT 38MUUALA w,

w, fe fiflsiduinguizasddmiunsssfiuaussousnisnugy Ssimnaldan
Wofdudnsvsaaniadiuau (Percent undershoot : P.U) 41913817y
(Rise time : 7)) waz¥23a2a1149 (Settling time : T) Fauansleluui 6.7
Tnganduaunisi (6-4) dmiuaumafiewideinerdnusideniatsun
Andilanssauy (Performance index) 1 3 lumszdaainildgnssy

13lun1msgu MIL-STD-704F Tudiuvealasidunnisneasmasiuauuay
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aaluIz U et tnaulunanisnavausIrasswiy 7, agalsiny
[ ! v a a v a A [ 4
HANIABUAUDININATITNTNLNY (Overshoot) BNy uAllLiiEaNUDe

Wil Astuesidudnisnaiiu (Percent overshoot) 3alyigniunfiansan

A15197 6.1 NMsUSURIANTEIUAadbTNvaslanfnaalninAgs

URURU szaumasivihvasivaaiasiniiaeda
1 Waguan 18 KW 18y 22 kw (QAVIALEDETNIN)
2 Wasuan 22 kW 18y 26 kw
3 Wasuan 26 kw 10U 30 kW
4 Wasuan 30 KW 18y 34 kw
5 Waguann 34 kw 1y 38 kw (invadluanidsluiihnag)

V(V)

T r T T T
i
[}
Vbi,eq ! Vb],eq ) :
(iluamazedives Vy dounmfounlad Tian) (Alurnnzagdmes Vyudmmfounladduaa)
i
Overshoot 7 0
Viseq+0.02%V 3.

................................................................................

Vb2,eq - 002% Vb2,eq

P.U. — K}Z}q, - l;/b,mr «

bleq Vir,000=Vomt0.9(Vp2,e4~V,0m)

-

b4
J b,m
(vuwadigavea 1)

Vir.10%= Vom0 1 VazeqVo,im)

r r r r r

JUN 6.7 Araussaugifiarsandmiunansvaustssnudalniinssuanss

w, = 0{[ PU. 1 J+ﬂ( Tr,ATS J+7[ 7;,ATS J (6-4)
' PU.con T con T, con
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el PU, Ao wesi@udnisweaamisiiuaures v, lngdana3iun1sAuniuuy
AT (Wesidus)
T, s B FIATUVBY V, IngdanasiunsAuMIkuUnUaUsusia (uni)

I v

T, s Ao Y Nves ¥, Ingdana3iunsAumuuumyialiuiy (uii)

B

13 1

PUy, 9 Wosldudnmsnsamieiuauves 7, Inedsn1suuunaiy (Uasidus)

[
1 =

T.con A9 BIIANTULDL ¥, IngITN15hUUABAN (FUT)

2

a | v aa S a a =
T.on A0 92081009 7, IneBnsuuunsin (uid)
a+pB+y=1 (6-5)

dlo o puazyfie arduuszaniaudfey (priority coefficients) YA P.U. T, wae T,
auddiu Fansesnwuuluanuideinerdnusaslianudifyvesdn P.U T uaz T ogsay
Wi 9 1 laen15iAaussau N daneINUNITAUMLUUAUTNUTURY (P.U s T, s Thary)
MIIFILAIAUITAULIINTTNITUUUSIAY (P.Uoy, T,con Tocon) H980N15T (6-2) wareld

Avualial o S laz y IAvinnu 0.34 0.33 ey 0.33 AINAIAU

<330V orV, a0
<200V orV,

b,t(min)

Subject to 'V,

b,t(max)

v,

b,t(min)

=330V within 0.02s,
=200V within 0.01s,
T, <0.04s, (6-6)
Vy ssmay) < 280V,
Vs ssminy = 250V,
AV, <6V,

b,ss

WD Ve AD VWIRMSRTALTIINSSUARSIgeERluan e dIA3
= U LY oI ) 1
Vi A8 VW0MsUTALINST LRSI gRluanIsTIng

T A 92987

s

Y

Vi e A8 VWAMSITUTALIINTTUARSS9g lUaN1ITREFD

Y

Vs iy P18 VUAUTIFUTA NN SEUAR TG TUAN I DL

b,ss (min

AVbss 0D VUIABTIAUNTLLNDY

Subject to ao(min) < a, < ao(max)’
yiaminy S Q) S pys
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44' & ! = Yo A
W9 e  AO VOUWMENTOL g, TILEAILARINITIN 6.3
Gy AD VOULUAULVDY g, TILAAILAFINTIN 6.3

Ay PO VBULUAENUDY ¢, TINAAILAFAINT97 6.3

= = Yo a
) oo FD VOULWAUUYDN a, TIUARILAAIN15199 6.3

Fumeuil 2 Ussinanalusunsumsiumniesaneifiumsdumuuunydefusuy
TUsunsu MATLAB wiedumedudszansvesaunisinaludoaduiunils o, uay ¢, w3e
Foni ArdulszavisvesaunisaiaefiosanmBsuiui Auvsnzan meluuinginisdumily
oausi (6-7) wazaoandesiuilsiduloulueannisi (6-2) wag (6-6) wilevinlv w luawnis
i (6-3) fletioeiian

N150NLULANNTAT DY TAIMTIUTUAINIETANETAUNITAUMIKUUAY
Beuiunsfuadulseansuesannisinaludlsadudunils Sududosdinmmaaey
wisfiinesNddnvesdanesiiumsdumnuunyiasuddslaun SruiudneuiFudy
Fuumnouseutne Aseinisrum AdnsUsuansail wazdiuiuseunisdum Wesn
AN ITWBSAINA LA INALAEATINDUTEENTNINVBINITAUN MINAMITITNRSAINATIE
ANUmIzanazyilinszuiunslun1sAumnlgganasiiunsAumwuUn YU Suial
UseAnBamifistudemuiy dmsusgasdenvenimaaeumaidimedii 5 duagldsy
msdnaueliiatanuan o lumsiad 0.1 5197 5 ann1smeasunsfimesves
ganasfiun1sAuLuUMYBUTuialunAnwIn 1. 3TEIeinusladenldnisfimes
yessanesfiuntsfuvLuumMyBsUiusimsnzauiianlasendoinaeinisiansanaine w

\deTtosvan Fauanslananisned 6.2

AN59N 6.2 Wﬁ'}ﬁma%maaﬁaﬂa‘%ﬁmmiﬁumqumyl,%w%’uﬁa

W150L05 A S18azLYn
Initial number neighbor 20 NUIUANBDULTUAY
Number neighbor 40 MUIUARNBUTOUTN
Radius 30 (%) AsatinsAuAnduUo s uRURIuaULY
DF 1.4 ANPATIUSUARNS AL

Round 50 FIUIUTBUNITAUIN
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Tudwudaluasdunsimusveusnisdumiadudiuddydndrundad
finanaUszanSNMAISAUMIRIBTURY ANSFITUATEULANISAUMNANEUUSEENS ¢, 4aT q,
YosaunsadatesnmEeUsufasiasanliiandy 9 whvesiduUssansvesaunis
IW%IuLﬁﬂaé’uﬁwﬁﬂﬁLLamﬁugﬂ‘ﬁ 5.19 999U 5 FsaunsanandnaslaRiENnTsh (6-8)
Tnsveuwnasasiindesmnaduaviazvouwauuasiiadosmuneuin ewinnsinun
YoUwANISAUITLAULAYLY 1Rty 3 Wihnde 4 WiwesrduUszansvesaunisi (6-8)
el AduUsEaNS o, war o, Aldarnnszurunshumdalndifssiureuwauurse
Yaulnans dsieldinmneuiladslimunzan sufudewinisusudsurounuosiiney
sudwhnsaunlndauninazldmneuiivunzay ognslsfiniy mnnsfiwesveszuy
TS wuiosduinmsasunlamwdessuulihmdfidneslasuly sndastgiady
syuulaseneidsddninnszuanssauinidn (DC micro-grid system) wagsagus biln
(electric vehicle) Wudu s18uazdedinisusuilasureuwansAunseguiu Saazdes

Asaundunsal o

K,, =5.685x10° P, —1.0689 (6-8)

2
P b
We Fp =1V, _R_

L

AN5199 6.3 VBUIHNNSAUMANALUSLANTUDIANNITAS1ADETNINTIUTUR

L« VBULYANTTAUNN
AduUTEANS \
VOULIAAN VBULYAUY
a, -51.165x10"(a, ) 51.165x107a, )
ao _9'6201(a0,(min)) 9.6201(a0’(max))

WonI1UD0IAUTENaUNEIA Y INNAGINSTUNITODALUUANNITAS
@nesnmidsuSuinallainasdu nsyuiunisesnuuu A SiNesTe0aneIINATALA

LUURYLTIUTU I Imanzay wazvaulwanisAunl luaiduseunazidunisussandly

[ o [ 1

9aNo3NUNTAUNILVUAIYLBIWUTUAEMTUN1T00 NI UUANTUUTEEANT g, waE a, NV

v
LY

w39 ¥, faussauznisaivanisiundvusaziduluniunsauuinsgiu MIL- STD-T04F
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aelaeulvszuuiiiadesainyn q yadfUanuauieseaundeddinnedriide
Tn8Ran159aNkUUANdUUSEANTRInanElAsuUNMsUaus luiive 6.2.3 falu
6.2.3  HNAN1ISEBNLUUEANNITASI1MEDYTAINLTIUSUR

N159BNWUVANNISAS1LEDTNIMTIUSUAv9szuUl NN AdIuLLAT 9Ty

AANYIHIUNTAUMIAT @, kae ¢, dmTuluaddeineriinusasiansuinanisgidivesn w

v A

Vaviaa 5 A9 et lglunisiienen o, wae o, Niunzaunan iueulur w ntdesian

q

U &

wenantfadunsifiuanudniediovemaniseeniuuiiladnsie lnunansgiinvesd w
M9 5 ASILAEAFUUTEANS g, uae o, MNUITAUNANVOIAUNITATINATETAINTIUTUAT

mmmuamiﬁé’fagﬂﬁ 6.8 WALANIIN 6.4 ANUAINU

0.7453 T T T T T ;
1" trial
0.7452 +  2"rial
“  3al
0.7451F { { 4" rial
* :}v].\ -
0.745 [ 3 trial
¥
0.7449 i i T - i 1
ha s
= 0.7448 -
0.7447
* o
0.7446 Tt
ah, “EE_&
0.7445 2
0.7444
0.7443 - - - : - :
0 5 10 15 20 25 30 35 40 45 50
Round

SUT1 6.8 M3guiivAmey W e 5 ASS

{

M13199 6.4 AdUUTEANSTIVINTaNgAvesaNNITas AR TN MTIUTUN

% 4 ANTiganuUU . . .
AsIn A w AUNITAIIWENYTNATNLLIUSUAD
a, a,
1 -35756x10°° 5.1864 0.7444  K,,=-3.5756x107° P, +5.1864
2 -3.7299x10°° 5.4086 0.74441  K,,= -3.7299x107° P,,+5.4086
3 -35756x10° 5.1864 0.7444 K= -3.5756x107° P, +5.1864
4 -35756x10°° 5.1864 0.7444 K= -3.5756x107° P, +5.1864
5  -3.4124x10°° 4.9613 0.7445  K,,= -3.4124x107°P,,,+4.9613
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v

N3UN 6.8 aziiuladn Ailsdduinguszasd w s 5 asaluuiliufianas

W9 TIUIUTDUNITAUNWANTY FUTUNITUIUDNDE19TALAUIN §ANDSAUNITAUNILUY

'
Y

AURIUSUMAI1 T AU AN FUUTEANS g, LAY ¢, VBsANAITATINADETAIMTIUTUFIT

D

D.

o 8 v a Aok 19 I3 A o
V]']IWN@ﬂ']iﬁ]@‘Uﬂuaﬂsﬂa\i v, uammuz%@ﬂﬂ@LLazLﬂulﬂmmmmgﬁuwmwuﬂ 11‘!?]5145

] '
6 o [ (3 =

spuudenadiiafesningn 9 9an15vneu lneailanduingussasn w nlla1desnian

q

o))}
©

v
I a v A

0.7444 FaazUsingeglunanisgiiimiainey wluased 1 (dunsindliag) asein 3
(EunsWELA) wazAFan 4 (dunsm@Ten)

PMNATNT 6.4 LALAAIHANITEBNUUUENNITES 1 @N 8N NTIUSURINIY

' [
a2

MIAUMAIEUUIZEVD ¢, waz o, MvilVinaneuaues v, Taussauznismiuauiindusaziduly
AIUNINTFIUNNIUA TUVENTEUUGIAiiLadesnInyn 9 AN N9 5 AT
ot P & A & & o Aa o |

Feaznuladn wanseenuuuluasan 1 AssN 3 uazassn 4 e w Allawinduasliadesan
AatulunuddeIneinusdslanansundonlyen a, wag o, WU -3.5756x107° uay 5.1864

[ '
1 1 o a v a1 A

ANEIPU UonINLaztiudnin ANduUTEEND g, kA ¢, NHAINNITAURING 5 ATITAT

-

1<

Indfesfiunsedugndoyaiiiniznguiu duiudsdunssulseiulidmdudssansndonld
Juelwmunzaufigaiuniseeniuuadnisadiuaissnmdausudvesszuulnimasuy
wIedunAnw dmsudunsvetaunisaiisaiosaimdssuiinlasunisesnwuy

MUTANIINNTAUMIUUUAIYLTIUSURMIaINSakanslafssun 6.9

} —@— Conventional Design
P E— b | |—e— ATSDesge’
Krp=—3.5756 <10 Pcp, + 5.1864 | |

K

" /t””:‘

. Krp = —2.6518%10 Pépr + 2.1596%10 Pz — 3.3707

) r r
2 22 24 26 28 3 32 34 36 38 4

Pepr (kW)

N Y] o = a v o a d'
E‘UW 6.9 LaUﬂiqwﬁU@QﬁNﬂqiaﬁqqLﬁﬂﬂiﬂqwL?NU?UG]’JV]LM@J'W&NV]?!@
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a A PV o a a v o av vo
f\]’mgﬂﬁn 6.9 "le’ﬁuvl,ﬂfl'] ﬁllﬂ'ﬁai'mLaﬂﬂﬁﬂ’]WleN‘UiUm')W'l@iUﬂ'ﬁ@aﬂLLUU

4

aa Y a P P a = A ~ YY) =
AIBATNITHUUALAYN (LAAIAIELEUNIINELAS) aztluaunisindluloadunudsd tagLile
Ailidlansasnganageussilagaidaiievisasieuzdenaziianududounazgseinuinni
N158519. @08 TNINTIUSUAIALBIABEUNISTLA SUNISEBNLUUAILTANDINUNITAUNILUU

aydaUsuidaluaunisindludisadudunis (wansdieidunsimden) deiuisdeladn

U

N3A319L8085NNTFIUSUAIA8ITNNSNUNEUD UDNINNVIYUTIININTVIALAD Y TATNYB Y

v YV ¥

szuUlNAASUATItuRAnEle §981U1508AANUTUTDUVDIAUNSTASINADYTAIN

a

WauSuslaemeiunuy dmnsuszuuluiinaauuasesduniinisasiaadgsnimdsusus

METANBINUNSAUMIKUUAYLTIUSUMamnsauanslansun 6.10

DC Bus

d -{ Active Front-End 1 CPL Ideal Pcpr
Generator Bus R I Converter Bus Rectifier R L CPL
A, AV | o - AR /
L. ,/_{ R 7. . Lac ‘ £ B
a——H—{PMSG} AAN——PA L N CamVa / =
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M5197 6.6 59 6.10

AT 6.6 LWRsNGRIUTENRUNSHEIUTIILTNTAS RN N K, = 4.3998 (NTel7 1)

Eig. I Eig. II Eig. 111 Eig. IV e Eig. VIII Eig. IX
1, 0.8333 0.8333 0 0 . 0 0
Vi, 0 0 0.0905 0.0905 . 0.5516 0.5516
X, 0 0 0.0050 0.0050 L. 0.7641 0.7641
Vs 0 0 0.1876 0.1876 . 0.0544 0.0544
Mode II
Mode | o Mode V

(Dominant mode)

A1519% 6.7 WnsngaUTEnaunsiausmlledn1TasEnusn g K, = 4.2568 (n5elN 2)

Eig. | Eig. II Eig. 111 Eig. IV o Eig. VIII Eig. IX
1, 0.8333 0.8333 0 0 . 0 0
V. 0 0 0.0904 0.0904 . 0.5770 0.5770
X, 0 0 0.0061 0.0061 . 0.7830 0.7830
Vs 0 0 0.2294 0.2294 . 0.0566 0.0566
Mode 11
Mode I . Mode V

(Dominant mode)
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AT 6.8 LWRsngRIUsENRUNSHdIuTIIEeTinTasEtiesnIng K,, = 4.1137 (n5el9 3)

Eig. I Eig. II

Eig. 111 Eig. IV

Eig. VIII Eig. IX

I, 0.8333 0.8333

Vdc O O

X, 0 0

stab O O
Mode |

0 0

0.1012 0.1012

0.0074 0.0074

0.2753 0.2753

Mode I1

(Dominant mode)

0 0

0.6052 0.6052

0.8035 0.8035

0.0590 0.0590

Mode V

A1519% 6.9 WRsngRIUsENaUNSidIusEedn1sas 1 EtysN N K, = 3.9707 (A5l 4)

Eig. I Eig. II

Eig. 111 Eig. IV

Eig. VIII Eig. IX

I, 0.8333 0.8333

V. 0 0

X, 0 0

vab O O
Mode |

0 0

0.1226 0.1226

0.0086 0.0086

0.3236 0.3236

Mode 11

(Dominant mode)

0 0

0.6364 0.6364

0.8259 0.8259

0.0618 0.0618

Mode V
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A7 6.10 WesngRUsznaunsldiusiiiedinisasinafosnnd K,, = 3.8277 (n5i#1 5)

Eig. I Eig. II Eig. 111 Eig. IV o Eig. VIII Eig. IX
I, 0.8333 0.8333 0 0 L. 0 0
V, 0 0 0.1499 0.1499 . 0.6714 0.6714
X, 0 0 0.0097 0.0097 L. 0.8504 0.8504
Vs 0 0 0.3697 0.3697 L. 0.0649 0.0649
Mode II
Mode | o Mode V

(Dominant mode)
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1. AC Power Generation System

2. Active Front-End (AFE) Rectifier with Their Controllers
3. Electrical Circuit on DC side

4. All Loads on More Electric Aircraft (MEA)
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1. IPM6MBP50RA120-5 IGBT Module

7. TMS320F28335 Experimenter Kit

2. DC-link Capacitor
3. Voltage Measurement Circuit on AC Side 4. Current Measurement Circuit on AC Side
5. Voltage Measurement Circuit on DC Side 6. Signal Conditioner Circuit

8. Gate Drive & Opto Isolate
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1. DC-link Capacitor
2. Capacitor Bank
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1. Voltage Transducer for Detecting Voltage across
DC-link Capacitor

2. Voltage Transducer for Detecting DC Bus Voltage
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1. Voltage Transducer for Detecting Voltage across
DC-link Capacitor

2. Voltage Transducer for Detecting DC Bus Voltage
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1. IGBT Switch 2. Diode

3. Capacitor of Buck Converter 4. Inductor of Buck Converter
5. Dummy Load 6. Voltage Measurement Circuit
7. Current Measurement Circuit 8. IC PC923 for Gate Drive

9. Arduino Mega2560 Microcontroller Board
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M50 7.4 LnsIngiIUsEnauN sl INTDIYANAARUIR K,, = 0 (NSO 1)

Eig. Eig. II ... Eig. V ... Eig. IX
I, 0.0021 0.0021 . 0.4059 . 9.6x 107
I 0.4998 0.4998 . 4.9x 10°° . 5% 107
v, 0.3898 0.3898 . 0.2236 . 8.2x 107%
V., 39x10% 39x107% ™ 8.7x 107 . 1
Mode I
Mode II1 . Mode V

(Dominant mode)

PIINN 7.5 WesNGFIUTENoUNTHEAILIINTDIYAVIAADUD K, = 0.1 (NS8IN 2)

Eig. I Eig. II — Eig. V . Eig. IX
I, 0.0017 0.0017 1.0916 1.4x 107
I, 0.5014 0.5014 .” 0.0014 . 8.2x 1073
v, 0.3904 0.3904 Py 0.122 . 2x 1073
Vs 0.0034 0.0034 L. 0.0088 L. 6.5% 1072
Mode I
Mode III o Mode V

(Dominant mode)
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M13199 7.6 ln3IngiiUsEnauNsiiausuvayanaaaulle K,, = 0.15 (N8N 3)

Eig. I Eig. II Eig. V Eig. IX
1, 0.002 0.002 1.3657 2.8x 107
I 0.5032 0.5032 0.0017 2x 107
v, 0.3914 0.3914 0.1887 3.5x 1072
Vo 0.0066 0.0066 0.00179 4.8x 107
Mode I
Mode III Mode V

(Dominant mode)
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- 0.19 (NS5 4)

Eig. I Eig. 11 Eig. V Eig. IX
I, 0.0025 0.0025 1.9004 7.1x 107%°
I 0.5052 0.5052 0.002 6.4x 107*
v, 0.3928 0.3928 0.3136 2.4x 107"
Vs 0.0103 0.0103 0.0314 3.2x 107
Mode I
Mode III Mode V

(Dominant mode)
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M13199 7.8 ln3IngiiUsenaunsiiadiusIuveyanaaaulle K., = 6.73 (N8N 5)

Eig. I . Eig. IV Eig. V o Eig. IX
I, 0.1859 " 1.7953 1.7953 . 1.3x 10°%
X, 0.0079 .- 0.0787 0.0787 . 8.7x 107*
g 0.0907 e 1.6802 1.6802 e 3.6x 107
V.., 0.9296 . 0.0787 0.0787 . 4.9x 107%°
Mode IIT
Mode I Mode V

(Dominant mode)

NAN5197 7.4 89 7.7 wandlviiiudy faudsaniue 1 waz v, T8vnanan
ﬁqmiuimmdu Fatuswilishusanue 1 uay 7, dnnuioadestuanazandunes
seuvlunsdidl &, wiriu 0 (adfimsussimnmsviaaiesnin) waslunsdi k., Safitesuas
ieswe dude A uas 2, fuandluguil 7.30 (n) wag 7.30 () muddu Tuvagiians el 7.8

o w v 1 1

IHuanddiifiuin fudsaniuy 1, uaz x, Toddnduanazansuvesssuulunsdi &, 3
Al Hude 4, uae A, ﬁLLa@aiugiJﬁ 7.30 (P)
N73ATIXAERYTNINYDIIANATOUTTNI5UTTNINITYINTEY TN INA Y
NI RATISHILUIUNE
Ml TwRadesnnuesyanedeusruUTAd eI esdui@nuidie
MIATEVsEUIUmasrodevdnnIg 89anu3 waztuneuiilasunisesuigliudsluuni 4
wazunil 5 Jufe nsfiansunisiaasvesinevanniseyiusuuUIgianiuzves

Aaudsaniug L uaz ¥, 3ebau1ainnisiasigidiuseneunisiidiuson luaed
szaumadlnivesivaniidslniae (P, wazan K, Wulumunisedl 7.3 919 5 nsdl
l8n15lA93RIANOUANNITOYRUSAIMTUNTAN 1 Bansaifl 5 arunsauanslanagun 7.33

D95UT 7.37 eNuUaIRU

Y



239

135¢ F F o .
m Inttial pont : Pepr=40 Wand Kz =0

®  Equilibrium pomt : Pep= 60 W and Kzz = 0

[ [
| | |
| |

125

Vi(V)
o
(o)

115 <!
|
| -

110——I— =7 7T T T N Viey =119.9952
111.1-124 4V following on NN =
MIL-STD-704F Standard ‘ NS

105 C r I . L |' lr L i _‘r 2 X L

25 20 -15 -10 /-5 0 5 10 15 20 25
1.(A)

SUTN 7.33 MIAATIRNTBUIUNELTD Py = 60 W AT K,y = O (NSEIT 1)

mﬂgﬂﬁ 7.33 aguiulein e K,, Tawviafu 0 (auenidndalaivinenu) way
Inaafasiviinesda (P, TAwadu 60 W azvinlin1slaasuasdinauauniIsoyiusves
szuveeniINgaUfuinuindduegishifiidugn Wenaviwly (@ldandulzdung
Fetiudsanunsnasulid genaaouszuuliihmduaiosduaninnisuaaiosnin
o Waardsliihasiawingu 60 W Saazaenndostunanslinsgiiadosnmenenguiun
Anzadluguil 731 () uenaniidadiudnit usstutaluihnssuanselideguontas 111.1 v
fla 124.4 v Asliinsanufisnnagiu MIL-STD-70aF seyld (gléannidutsiinbu) duduild
dsnsliguonidniBaihaues &, fawiiu 0.1 Weussmilymnsuaadesand

[

JEAU P, WU 60 W Aauanslalugui 7.34 fadl



240

120.8 T T 130

I m  Initilpoint : Pepr=40 W and Krp=0 m  Initial point - Pepr=40 W and Kz =0
1206 Stable ~— || x Equibrim point: Pesr=60 W and Kpp=0.1 128 % Ecuibrumpomt  Pcpr=60 W and Krz=0.1
1204 T T T T T

126
1202

R e e e e e
120
1198 122

= = =

119.4 118
trajectory | \ | ‘
1192——+ '
- e Vieg = 1199952 V
114 ' ' |
1188 | | [
118.6 | Ve =1199952V _J 1121~ 111.1-124 4V following on MIL-STD-704F Standard —
o | T e ke ke i Sl T i
035 04 045 05 055 06 065 07 075 08 085 04 045 05 055 06 065 07 075 08
(&) (&)
) @) @
1208 - vy | AU,
[ m  [Initial point: Pegr=40 W and K =0 12008 T T T T T
120.6 Trans1e1‘1t % Equiibriom point : Py = 60 W and Kg= 0.1 E Settling time < 0.04 s following on
¢ 12 I MIL-STD-74F S d
12045 responseof Vs T | _.... = S I f H 12000 ’ ‘ I
& i 120,04 Zoomed area — !
LA 0o
{12002
:
120
H
! 11008}
4 H
:
) g {1190
:
118.8 t 1004k I ; 8
i i 3 2 R Vieg =119.9952 V B
| Settling time does not : Settling time = 0.3088 s el H
| adhere to Standard ! 1100 | | ; '
1184 - : . - : %45 05 055 06 0.65 07 0.75 08 !
035 04 045 05 055 06 065 07 075 08 085 teceeseoaccccccnccccs '
L(A)
(A)

JUN 7.34 Myl seissuiumladie P, = 60 W wae K, = 0.1 (N38iN1 2) (n) dwsuiiansan
WhgINNUBITEU () dvSufiansanueundgaued v, (a) dmiuiansan 7,

NUN 7.3¢ aiiuladn e K, TAwindu 0.1 (uenidnisuvinnu) satu

o

Aitfosuazifisaneren1susTmIMsIaERssn ez linslavsvesdmeuaunsey s
yasszuuile P, Wiy 60 W ﬁLLaméﬁ’d‘lugﬂﬁ 7.34 () pdeufisou 1 U URNULAZELN
danuftRnuvesszuuienainuly Falunneds yaneaouszuulniihmdsuuniesdud
Anwanilasraaiosnmaznduandiefosnmdnadmianendguendnieu wasnde
ﬁmmmﬁaLL@MW%QM@NLLiaﬁuﬁ’aIWﬂﬁmzLLamq v, wazgaeadng (settling time : T)
U3 ¥, ﬁLLaﬂﬂugUﬁ 7.34 (¥) Way 7.34 (A) ANAINU wnuI Lsesuddliinssianse v,
ediAneglurag 111.1 V fis 124.4 V aunseusnsg iy MIL-STD-704F Tughuvestisnandn
Feaunsadnldanmslassesdmeuanmssyiusluannedangduandududuint
zilAvinAy 0.3088 Furit FuAutrsa i finwAinnsgIuivunliude 0.04 Juad

ae13l5Aan nlnaanidsluiiassiiinisiudsundasann 60 W lUidu 80 W Ardns1vene



241

K, Y093z uunmsiafinduiie ivanzauiunseamens eeniannavaduaniidalnilnasi

'
=

Faluill K., sefianu 0.15 dwandlugui 7.35

120.8 130 YRS
I [ m [Initialpomt: Pryy=60 W and K =0.1 W Initialpoint: Prpy=60 W and Krs=0.1
1206 1 t ®  Equibriom point : Pep; =80 Wand K = 015 128 % Equibbrium point : Pepy= 80 Wand K5 =015
1204 Stable
; 126
1202 T
120 | :‘; e e e e e e e
1198 ! 122
1196
i 5 120l =
=~ 1194 N —y
1192 118 1 N T
|
3 ——— He 7 ‘1 199939V
trajectory = = = 4 beg = 117-
1188 | = i1al | | ‘ 1
1186 [T
1184 ‘ Vieg = 1199939 V | 112~ 111.1-124 4V following on MIL-STD-704F S d
- S N W W T T T AT T T T
05 055 06 065 07 075 08 08 09 095 1 1.05 0.55 0.6 0.65 0.7 0.75 08 0.85 09 0.95 1
I.(A) @ L(A)
(n) (@)
120.8 T = v
7 T W Initalpoint : Prr,= 60 W and Kip = 0.1 112006 . . 8
1206~ Transient | ® Ecuibrimpoint: P, =80 Wand Kpp= 015 : Settling time < 0.04 s following on
1204 response of Vs i MIL-STD-704F Standard
112004
120.2 s (l
R Ey - %
A | : ‘ Zoomed area
112002
119.8 F om H
< 1196 120
= 1194
119.2
119
1188 = e l :
1186 Vieg =119.9939V
115 4. Settling time does not I : | &=
41 5 ¢ s |
1182 adl}ﬂe ',0 Staiudm'd | Settling time = 0.0925 s )
05 055 06 065 07 075 08 08 09 09 1 1.05 E - - -
(&)
(a)

JUN 7.35 msasgdissunuilaiile P, = 80 W uag Ky, = 0.15 (N6l 3) () dwisuiinnsan

W@DYINNVRITEUU (V) dmSURAISUILBNNEYAYRY I, (A) dwSuRiansan 7,

31NNTIATIVDIANNBUANNITOYNUS D Py, WU 80 W Tugu# 7.35 (n)

¥

nnsgingauiRnuvesssuulionatiuly wanddiiuil Adnsvene K, wiidu

0.15 anansavinliganaaeuszuulnihideuuesosiuiAnuiiadosnm au gUfiRail

18 wenantllugud 7.35 (1) wag 7.35 () Sauandliiudniy ussiudaliiinssuanss (v)

ogneldinsounnsgiu MIL-STD-704F Hufie flereglugia 111.1 V A 124.4 V luymed

Y & A a1 a

Franandnarlidulununseunnasgiunseyld dudelidniu 0.04 Jund



242

18AISILTUYDIAT K, NUBILAZINEINDABNITUIIININITVIALEDETAIN
delaniadlihasidawivtudsildnanlidsiululeasufeiudunivanmasinae

fiAwiniu 100 W tufe A1 K, szdesdianiisdu 0.19 dwandlugui 7.36

121
w Inital point: Por= 80 W and K = 0.15 130 i m  Infialpoint - Py= S0 W ad K= 015
— %  Equilbrium point : Pepy= 100 W and Krp=0.19 128 % Equilibrium point : Prp,= 100 W and Kpy = 0.19
Stable ] % 126
120 | = i i kAo LR aC Ak
1195 4 . 122
= Z o m e
S: j F 3 k = ~ — = — ——
119}— trajectory 118 = =
1185 lio | \!
= 27V
114 Vieg =1199927V
118 | Ll
Vieg =1199927V H2F 111.1-1244V following on MIL-STD-704F Standard
17 | | | | | | Sy M i i el it el S il ot i | e sl
‘%.6 065 07 075 08 08 09 095 1 105 11 115 12 06 065 07 075 08 085 09 09 1 105 1.1 115 12
IL(A) L.(A)
(n) @ (@)
121 — H R
m  Initial pomt : Py =80 W and Kj = 0.15 s 12008 3 T T 3
. L E y Settling time < 0.04 s following on l
Equilibr it - Prp, = 100 W and Ky = 0.19 : - .
1205 * AR O = ! 120.06|- MIL-STD-704F Standard
Transient | gk *
se of 7/ >
120 1esponse o ;
9 119.5 3=
=
119 e
1185 - =
e ——d
£l
| |
181~ gettling time does not | A | Bl 7 4
adhere to Standard '
1175 L | i i : : H i L } : H
06 065 07 075 08 08 09 095 1 105 1.1 115 12 E 08 0.85 0.9 0.95 1 1.05 1»15
I.(A) L eeeeeeceeeieeeeeecceeceeseceseeesseeseeeceeeseeeeeeeneeeenandt
(A)

JUN 7.36 mylinTgiszuumlaile Py, = 100 W wae K, = 0.19 (n58l91 4) (n) dwsuiiansan

WEDYININVRITEUY (V) dnURAITUIReNNEYAYes ¥, (A) dmSuRiansan 7,

IUﬁWﬁ‘UGiEJll'T‘ﬂSﬂ‘\]'ﬁﬁlﬂﬂ’]i‘Ui’in’lﬂ'ﬁ“U']@LﬁaﬂiﬂWW%@ﬂﬁﬂV}@ﬁ@Uig‘U‘U

Tnlfadnwlunsdi K, amnniuly o sedu P, Wiy 60 W dswandlugun 7.37



243

3 X 10° 5
i [ m nitial point Perr=40 W and Krz=6.73 = —F —] = Initialpoint : Pcpr=40 W and Krp=6.73
Unstable PR ; 124 - ) _
25 #®  Equilibrium point Pepr=60 W and Krp= 6.73 123 &  Equilibrium point : Pcpr =60 W and Krg=6.73
122
1 \ 121
\ 120 X
12 N\ 119 »
3 \ < 18 Voo =119.9952V
< 1 S =
K 17
N\
05 Lieq =14208 A 16
NS 115}
\ \
ok hame V1 SO SRS 4 114
113
-0.5) . 112 111.1-124.4V following on MIL-STD-704F Standard
T T T 1T 1 T 1 7
= 5 = 110 - : i
3 25 -2 -l5 -1 <05 0 05 1 15 2 04 <02 0 02 04 06 08 1 12 14
La(A) L&)
(n) (¥)

JUN 7.37 mTlngissunusmaile Py, = 60 W lag K, = 6.73 (N58171 5) (n) dwisuiiansan

w@hgsnnvedsEuy (v) dviuiiansanueundgaves 7,

MnuanITATIERsUMElLFURN 7.37 asiulddn nsiinTuresen K, 1

= A 1 1

wniiuludediauingu 6.73 agluilunassenisussminisviaais snmuesgavagdey
seuulninifney LUe991nagylin1slAIsYRLAIR D UANNITOUNUSUUTEUI 1, uay X, 9
Py WU 60 W Aikanslugua 7.37 (n) eenvi1eainyadjiinuvesssvudionasiull

FINUDe STUUNTEDETAINAIENAIAINNITUTININTUIAENYTANAINAT K, NoBLAE

' [
= a [ 1

= 1 a' o a a
WEne (K, = 0.1 F99lia1ngud 7.34) enduu1vinladesn ndnasa nnel K., 1A1n

(%
a v o o

Wuaugndu Snnsdeviliussnutalniinszuanss 7, agfidniu 111.1 Vs 1244 v

[

Tidulumununsgiussyld Fdaneliannisinasvesdneuauniseyiusuussuny 1, way
v, lugui 7.37 ()
INHANITIATIETADYTAINAIENG U UNANAIEI N1TIATIERAIUTENOU

n3fdIusIn ks sgissuumantiminaueteiuausoaguladn maiuvesdn K,

] a 1 = ! a0 =
VlﬂJ’]ﬂLﬂ‘L!lUﬂBﬂﬂNaLﬁEJiI’]ﬂﬂ’J’]NﬂﬂG]E]ﬂ’ﬁUiin’]ﬂ’ﬁ“U’mLﬁﬂEJiﬂ’TW‘UE]\‘i‘QﬂVIﬂﬁ@Ui%UUVLWﬁ']

o '
[ a Y a

AAIUULATRITUNANYT MTUNITRLAT K, anulnaaniadlniiasdiinntuasnansun

Honldan K., NUoukasiiganasion1sussinInIsvIaEdesaIn s 9aufusauly 9

(Suyapan, A., Areerak, K., Bozhko, S., Yeoh, S.S., and Areerak, K., 2021) %&azaaﬂﬂﬁaﬂﬁu

L4 a LY

Poagunlaanmsiiesieiiadssninvesseuulihideuuasestunindausegeluuni 5
y

jd)}

& a ¢ ay v & aa Y] ! a v @ v a d'
u@ﬂf\ﬂﬂumaﬂ'ﬁ"]Lﬂi']SWVIVLﬂ"U']ﬂVN 3 'Jﬁﬂ']iﬂﬂﬂa’nﬂ@'l@?q LWUYDUANIUFDYTATNN

Usglevlagudasienssegenuarimuinisussimnisuiaaissnmanemaliaguenianly

e _



244

nsadaEiesmndUiuiagedinsuuusadn (conventional design method) fiea91n
ATUSIIINISTImER B e seg e llansausuUasu &, IWegssnludfidle
Inannndalnilasididniinegraiuiiiule Feazdenaliyanaaouszuuliiifiduy
iwsesduidnuliannsavihauldegiiieafiosnmnasatisnsvinuauissydumdalndig
Aiiie lngnisasiaadesnimdslsuinananatlasunisinausluidesduinly dwsu
n3ATINdeUATIgNABIINAMTTAT LT aLAluaTef 7.4.2 Fenssiaesanunizal
LAYAINAFIUINYANAABUIR arldunsinaueliluaden 7.5.1 wag 7.5.2
743  naadaaiesnmdaiuiadaeiimsuuurufnvesyanadey
nsadrnaissnindsliuiidieitnisuuudaiudmivganaaouas
Fuflunsmuduneuuaruionlaezunsunsesnuuuannisadinadesnimdsugidae
3%ﬂW§LLUU¢91J<1LaﬂJGUE]Q33‘U°U11/\|‘W7ﬁﬁﬁﬂuuLﬂéaﬂﬁuﬁﬁﬁﬁﬂLLNQQIUEU‘?II 5.18 YosuUnil 5 Fe91fE
nsmannisindludlsanioannisairnaiosnmdsliuiiifisumivielndifsady
duaiadesnmilldinanmslinsgietiosnin aglimguiunanaizas Insnanismauns

Indludlsadmivyanaaeusyuuliihmasuuesosdunifnwanunsonandlanagui 7.38

0.24 T — -
------ Stability Analysis based on Model

— |* Order Polynomial Fitting

022 4 .
— 2" Order Polynomial Fitting

= ramy J 6]
Km= 1251073 + 0.00425Pcz — 0.11 g
0.18 »
‘\\
S ot 3
0.14- |

! | Ny a
”) Krp = 0.023Pc5 ~0.0333
U
@/
0.1

0.08 I 1 1
55 60 65 70 75 80 85 90 95 100 105

Pepr(W)

JUN 7.38 aunisainsafiesnndalsuimiilaanninisuuunuiiuvesanagaey

310U 7.38 tdudsedane Wdustadesaim Balau1nEanIsiaTe
l@tesNINAIENguiUNALIzIliaaniaalninasd (P.,) SAsaus 60 W (gaufuRnu

Ay lisguuId@fesnIn) 09 100 W (@rananiaslnd1vedlnannidalnidingdi)

lnggn O 81 Q) NUTnguuiduaiaiissninde Al K, Nlsainaanisiesgiadesninly



245
VDN 7.4.2 NeiUNN TUAIUUBIEUNIINFLAAZFUNRUAD @uns1vesaunsinaludiea
DUAUNTN (first-order) wagidunsNpsaunIsInalulgadunuand (second-order) MUAIRU
TnedunsadundudalaunainaunisindlulloadusvanazifisummsalnatAgany
AUDLEDETANUINAINEUNTINARAIN LALNANNSINATUL T gad uaUN AeTuaNN1Ta519
a a [ LY =2 I3 a al % 9 d‘ /XY dl
i@dgsn U suRvemanaaeuInduaunsindlullsadudvaesivandlansaunisi (7-24)
1NAUNTTN (7-24) 9znuUI Wialnanniasbilinasiiinisasuwlasasyinlvaionsivens
K,, Mtesuaziisanedauusiddsulumeduiu ieuitymnisnauuniaaiosnmues
= gj U d‘ QI dy o [ L% d‘ 1 =
zUUBNASY dwlinannannisiiinduvedaniidalniiaw Tuvueial K, IAamn 9

Reulvnsvihauressyuu

CPL

K., =—1.25x107 P, +0.00425F,,, —0.11 (7-24)

o

o v,
fio Py, =1~

LﬁaLﬁums@ué’ﬂuquwﬁ’hm K,, iewalldanaunisadiaaiosamn
Beufuiluaunisil (7-24) aansaviliganaaoussuuliiidsuuedesduidnuidl
Paawansatunisdeszaumadtiilaautisafidn laglivszaudymnsvaatosnin
Suiflosnanuaveddnaniidlniiaesy 1uideineinusicldvnavenisiasiei
LEHEININVBIYANAABUAIENGWHUNANIILI AITHATIENFUTENBUNTTAINTIN way

nsIATesruIUua IneransIATeRanaansakanslafagui 7.31 m151e9 7.4 §

'
= £

A3 7.7 wagguil 7.34 §a3UN 7.36 auaiu Faasdunalaindunanisiinszibeniy
furansiaszvnladnauslilumded 7.4.2 velldunwszen K., Neuialaainaunisi
(7-20) o Wannadlnilmng q Gauanslunisieii 7.9 dawindue K, Avaaslunissi 7.3

Tunsain 2 feansain 4



246

TN 7.9 AN Pepy W8 K,y dMSUNMTAS DTN T IUTURIAEITMIUUUA LA LVR Y AVAGDY

sl Pes Kps
1 60 W (30 1akefiesnIn) 0.1
2 80 W 0.15
3 100 W (Wnaveadlwannidluinpgda) 0.19

]
a

NJUN 7.31 waggui 7.34 fagui 7.36 louandliiuegadniauii Al K,

Y

o w

fanunsouusiasueldnussiumasliivesvanidslifinilngoifonsdmonsn
aunsairaadosnmdsudluannisd (7-20) asnsaviliyamaaeuszuuliinmidauy
sduiTaauansnsalunisineseduindslnifigel uaufeenfidavosszuuld Snads
ilneundgaveisaiuldalifiinssuansalidregludae 111.1 V i 124.4 V aunseu
19557 MIL-STD-704F witegnslsfinnu nsadraafiosnmdssumdeisnsuuusaiuss
Uszaudlapmaisnandniivemansuaussussiudaliiinszuansdiagneldnsovannsgiu
fifvun Jufe 0.0 Furit Fefusuinerdnusdclddniausuumianisuidandae
MseenuUUANNsANaaTssMmBTusHusanes iU s UM LU UMY TsUiuiannse
11A3g1U MIL-STD-704F snfiansandadslussnitnisesnuuuls Snviadsdisananny
Fudouvesaunisairaaissnimdsuumfianideglusuvesaunisinaluilvasusuas
(FBnsuuudaiy) anivdsulveglusuvesaunisTnaludeasudunils Ssiesonisaiianie
TngodeifinsuArsnsuouzdoniniu Ssagldsumsinausluiaded 7.4.4 dwiumstusu
wan1saiaiesn mdalSudvesyanaasussuuliiiimdiuuaIeaduiidnuifae
Brswuusailunsufdreglasunisiiausluided 7.5.3 doly
744 n1sadraangsa ni@auSudifigdanasnuni1sAUNILUUAIY
WeuSuAlvesyanaEay
11383190870 MTIUTUFIAETANBTAUNTAUN U UUAULTIUTUFI VRS
yanpaavszuulnimdsuuedosduiifnwazdiiunisnuduneulunisesnuuuaunis
adaadosnmBeiusvessruuliihiduuatesduiiifdaussgeris 2 duneuildesune
WotsaziBonluiatof 6.2.2 vasunil 6 Feazumnsrsiuifion 5 dauded dadl 1 msUsuds
ﬁ;mﬂﬁﬁ’ﬁmumaaiwuﬁLLamﬂuﬂiaULé’uﬂz?ﬁfwL'Eusuaa'gﬂﬁ 7.39 ua¥M399 7.10 daudl 2

o A [ a v A [ N £ =
LL‘U‘U%']@EN“V]I&JLﬂuL%ﬂLﬁu%l‘ﬂUﬂﬂiﬂ’]uimﬁﬂNﬁﬁ]@Uﬁu@\‘i v, NuanslunsoulduUsdlnswed

SUN 7.39 wazaunisi (7-22) diuit 3 Heandueulveaunisiiimunainnssuuinsgiu



247

MIL-STD-704F Y84yanAgeuikaniiaainsi (7-25) @il 4 n518imesveddanasiunsAum

WUUURBUTUALERlUIN TN 7.11 Uagdiun 5 vauansAuniiandlumsed 7.12

Objective function

w
A\
Searchi t
earching parameters | _ ATS |«
apand a;
|
—————— —
| A \ 11
Nonlinear model of MEA with V,
b

Pepr loop-cacellation technique :
I
l | | given in (\7-\22) |

— — <

JUN 7.39 udenlaarunsunisesniuvanIsasaiesn T uRmedanesiunsAum

WUUAYLTIUTY

M50 7.10 IUfURnuveanageussuulnihideuuasesiundnm

UG TR szaumaslivasivanmasluiinea
1 Waesuan 40 Wil 60 W (geanaiaiosniw)
2 Wasuan 60 Wiy 80 W
3 Waguan 80 Wiy 100 W (fitavadlvantiddlnina)

Subject to Vi, <146.7V 01V, . =146.7V within 0.02s,
Vi imimy <88.9VoorV, i =889V within 0.01s,
T, <0.04s, (7-25)
Vs <1244V,
Yy ssminy 2 1111V,
AV, <27V,

WO Ve AD VWRMSTRTALTIINSTUARSIgERluan1IETIA3

Y

Vi A8 VW0MsUTALIINSTUaRSWgRluanIzting



248
T A9 929980
A U £y [
Vi o A8 VUIAMSITUTALIINTEUARSS9g0 lUaN 1ITRES

Vs iy 10 VUIAMTIFUTALNTNN S UARSIONGRIUAN 1 IL0E6

AVbss A9 VUIABIIAUNTLLNDY

M5NN 7.11 W1510ne3veeanesiunsAuMkuUm RIS uRdmSuganaaeuy

W1518Lne3 A1 S19az198n
Initial number neighbor 20 ﬁWUQUﬁWWSUL‘%Nﬁu
Number neighbor 30 MIUAINDUTOUTN
Radius 30 (%) AsminsAuAnduUesidudvesvauiun
DF 1.3 AR IUSUaRS AL
Round 50 IUIUTOUNITAUIN

M1519% 7.11 lokansnisniiinesveganasiunisaumiuunygauusii

d‘ o ¥ v 1 U a Q‘ a = [ U r-:!! =l
wmnzauievinlinsAumAIduUsEENS v sENN s Ina Ul oaduau nils (a, WAL a,) %38
AUNNTAS AR YININTIUSUMITUSEENS A NUND U T9azUsenaulusme UIUAINaUSUAY
F1UIUAINDUTOUTI N AISALNITAUNT A1ASI1USUARSAL WATIIUIUSBUNITAUN

TAEAINITINDSTY 5 duazlau1aInnIsnadaunIsIdmesilautaus i lunianuln 9.

Tunn5799 4.6 839151991 .10 IneRza1ABNagin1sHANTUNRNAY W 1adeNtiaenian

3197 7.12 YeuramsAuedNUsEAvsvesaunsaatiesn s usdmsuganagey

Do o YDULYANITAUN
ANdNUSTEaNS .
YIULVNAN YDULVAULY
a, -0.207 0.207
a, -0.2997 0.2997

NN 7.12 LUAnUBuAN IS ALY ANE AN SAUMLUUATURUTUAA

'
1 1

FududnesrusznounilandwanaUsednsnimnisaumedeiidedidey lnon1siivun

YOULIANISAUMAIENUTEENT ¢, WaE ¢, VOIFNNITASILEDYINIWTIUS UM NS AL



249

At 9 wiwesrdudsyansvesaunisindludeadudunilsiuanslugun 7.38 vewiaded

7.4.3 Faanunsananidnasalassannisi (7-25) Insvaulrnalsaziiaseanunoiduavlay

a

YOUIAULILTASEILNEUIN TS IEsEunveUAnsAumiLauiull onfiy
2 Wihvide 3 wiwesAduuseAnsvesaunisil (7-25) aeviliiAnduuseans o, uas o, #ldan
nszuaun1sdumdalndidestureuiauunieveunais dadeldinmneuiilassly
wnzay fauesdessiiunisusudsuveuwnvesiney wiouvainseunilviaunin
agldamnauimuzay ag13lsfing ninnisifiwesvesszuulniiidiuuniesdud
MsUFuLUABunessuUlnTin i didnwnudeuly endregradu ssuusislii (railway
system) warsyuulaseswnemdsldinssuanssvuindn (DC micro-grid system) 1usu

o & Y a:' 1Y Y o Y a I3 a
ANUUILADIUNTUFIULUAIVDULVANITAUNIAIELTUNY FI8ADINTUILUUNTEU ‘) 1U

K, =0.023P.,, —0.0333 (7-25)

~ b
kD PCPL =1 V;__

o

Sensuisesfusenouiisuduiemuadiniuniseonuuvannisaing
LaﬁaimwL%w%fué’waaéqmmaauLLé”Jﬁ;l'ja NTLUIUNTRBNKUY AMISEMBTUBI8aNESTY
MsfuuUUAY SRS Ud gAY wazveulansium Tuddudaluasdunsiiaue
HANITONKUUALNTAT AT TMNTUTUAIMEeana3iun1TAUMILUUA Y B TUA?

1AgNaN1T0BNLUUAINATIENNNTAEAILARITUT 7.40 Uazm59N 7.13



250

0.709 . . . . _
1 trial
& 2"{rial
i; & 39l
4™ trial
*  5%trial
0.7085 ~ -
3
g
0.708
DOGaani Y 7 4 AT Y I RO B S
O o 2 2 T O B B B B B B0 B B A R AN S A O
0.7075 ; ' SN S
0 5 10 15 20 25 30 35 40 45 50
Round

JUT 7.40 Msgimndmeu w 11a 5 asadmsuyanaaey

'
a

M1599 7.13 erdulsEavanvazauianveaunsaaatisn s susdvsuyavngeu

Y 4 AfgBNUUY v A e

A399] Av W AUNSETILEDNESARNUIUAD
a, a,

1 0.0197 0.1239 0.70764 K,,= 0.0197P,, +0.1239

2 0.018705 0.2281 0.70763 K,4= 0.018705P,,,+0.2281

3 0.018705 02281 070763 K.,= 0.018705P,,,+0.2281

4 0.018 0.2436 0.70788 K= 0.018P,,+0.2436

5 0.0175 0.2448 0.70769 K= 0.0175P,,,+0.2448

SUT 7.40 Uananan1sguinvesal w vianua 5 Ass ieihanldlunisidendn

a, Wae a, Noinzauige iudeulur w Mdesfian Ineaziiuledn A1 w3 5 assfiwwalidy

14
= = &

Aanaa TuuLNINUIUIBUNITAUNT (round) WINTY FaTun suadlmdiusgradaauin

Day

a [

9aNBTAUNITAUMMUUMIYBUTUR a11150AUMANEUUTEENT g, Uag ¢, VDIEUNTTATY

i@desnmdsusuiafivihlinanisnevausses v, faussousinvulduasdulumuuinsgu

MIL-STD-704F auglfunisiiiadiosniwgn o 9aufsAnunmdidvunlilumsisi 7.10



251

dldl %4 dl I Y

lngenilaiduingusvasd w AllAdeeignaziiawiiiu 0.70763 aagUsingeglunanisgiin

q

1% 1
a o a o

wAmay w luasedl 2 (@unsndditu) wazasen 3 (dunsvduns) viealaainuanis

panuwUUAIANUSEANSNIMUNzaugavesaun1sadate sa gl sudilunnsnen 7.13

sadulusuideineinusdslanansudenldan o, waz ¢, Windu 0.2281 wag 0.018705

lunsasiaunisaiinatosnndaliuimesyanageussuulihmduuesosdunfng
UBNNTILLAUDNI AFUUSEENT g, WBY @, NAIINAITOBNUUUT 5 ASS

Tupnsne?t 7.13 dendilnaldssiunserduyadeyaiiniznguiu dsiudadunissudssiulan

v

Vv a £ a A Y A PN 2/ 14 al
AduUTEEAND a, Lhae a, naenlduaimunsauNaniun1sas19dun1sas 1@ e5n N

q

a

WaUSudrvesyanaaousruulninnidauuaseslunfnel lngaunisasiauadesnin

a

WU FUMMasLAUN TN VRIENNTAINE1a11 509 LN ARFUTEAYINEYBIANT19N 7.13 uaz

a

JUN 7.41 auany

, —&— Conventional Design
35F T —_— I | —®— ATS Design

3 ' —_— = =

K = 0.018705Pp, + 0.2281

]
wn
T
1

Kip
wn

Kig = —1.25%1075P%; + 0.00425Pc =0.11

=
|
]

—0
0 Y . _;‘___ __________ 1_ ~CA CB -
_{].5 l L L L
50 60 70 80 90 100 110
P('PL(W)

a' Y] Y = a Y a =
E‘U'V] 7.41 Lﬁ‘Uﬂi'WWﬂlJﬂ'ﬁaTNLﬁﬂEJiﬂ'TWLsﬁﬂﬂiUmﬁsﬂaﬂsq@Vlﬂﬁa‘UV]L‘Vm']%all‘ﬂ?j@

NJUN 7.41 wandlmiuI 9aN93NUNTAUNIUUUAYTIUTUMI AT
ANAMNTUTDUTDIALNITAS @D 8T AWMU UFM LA T URE19R 1T9991Na1U150aNTUSUVD
aun1sasrnadesanusuineglusUaunisindluilisadudvass (Wannigldunsi

Aum9) F9b9aNITATRUUABAL mLﬁuaumia%ﬁuaﬁmmwL%W%’U@hﬁasﬁugﬂmaammﬁ



252

Indludeasusunils (wansfoidunsmdn) Faiedenisairssdumal folasendeiios
ueeaswouzdoniii
Waidun1sBuduuszaninmuazainuideiiovesranisosniuuaunis
asrafesnmidslsuiidieiu Tuadusentsuideinerdnusisladiauenisin sz
iafesnmvesyanaaouszuuliiiiiduueissduniiinisaiuatosnmidsuusade
9aNoINUNTAUNILUUAIULBIUTUM Aneldngu)unaAaizas N15ns1eailsenay
N13RAUTI WAZNITAATIERIZUIUINE
MTAATIEAFDETNINYDIYANATOUAIENG W UNANDIZ D
MFATgiaissnmiiafiuanuudeiovewaniseenkuUANNITAS
EHEINMTIUTUAIAIETANBTAUNITAUNIUUUAIUTIUTURT Anelangulunanaizasas
mﬁ'&mﬁmmﬁﬁmm?{auﬁLLaw‘hLmu'waqmLmzﬁmﬁ”’wuWuaqwmaauﬁzwlw%']ﬁwé’q
vuAsesdudmu 9 A (4 - 4) fuanduguil 7.42 luvngiiadasvenetoundu (k,,) &
nsusudsuliaenadestuseiumdsininvesinanidslniin (p,,) aufivandy
1397 7.14 Fsazdaunnleainguil 7.42 91 AezaaduressruvAe A war 4, d9az
uandsfuALIEsuLeyeMaFeu U NS UITIMTIRLER s SN WEAT K., Titoe
waziismenazlunsdiiinsadaatosamiBsusuiieisnsuuusaiuiisinzaunures
szuufe A uar 4, dauandldlugudl 7.30 vesiaded 7.4.2 TasnmaegsvesAnazaasy

A Wz 4, mmammmléfﬁqgﬂﬁ 7.43



253

4
x 10
= f “ F f
| | |
- | | |
27T Pepr=60W — 100W, “ '
Krp=1.3504 — 2.0986 ‘ 4 \
\ \ | A, XX
2 - i | -
@ | | |
o | | | 7
8 1" Y e e e Y A
z | | SN Z
S \ \ | \ 6
| [ | > 4
OO A—PX XX | | -
-
= | | |
= | | | /;4 q
.gb =1 : | | A= :
= | | ‘ /15
= | | |
o, I L S | s | I SN E——
. I | /x Xx
Pepr=60W — 100W, ‘ A4
3l Kep=13504-20986 .~ |
| |
| |
-4 b b r r r
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5
Real Roots(1/s) <10"

JUT 7.42 Angasiavanvesyanaaeuiiialinisaiiuaiesnmidsliusmmedane iy

NSAUMHUUIYRIUTUAT

AITNA 7.14 A1 Py, UaY Ky @195UN58519@ 0850 1USUA A8 8an o3 ANn1SAUNY

wuunYLIeUSuRveANIAdey

AsUN P, Ky
1 60 W (30 1AkefiesnIn) 1.3504
2 80 W 1.7245

[y

3 100 W (npvasluannidsluiinesi) 2.0986




254

400 |- : +
- X i
Z ! X i
i X .
2 | \ |
§ 0~ PCPL: 100 W PCPL: 80 W PCPL:GO\Nv
> with Kgg = 2.0986 with Kgg = 1.7245  with Kgg = 1.3504
E | / | |
2 200(- / | / )/
-400 ~ ' T
-600 r } r r r
-180 -170 -160 -150 -140 -130 -120
Real Roots(1/s)

PN i ! A o o a a v v v Y} a
E‘U‘V] 7.43 ﬂ’]L"U'wﬁ]\‘]L@um@ﬂ‘q@ﬂ@ﬂ@‘ULll@llﬂ'ﬁaiﬁlﬂl,aﬂﬂﬁﬂqwL%QUTUV\'J@'J?JBaﬂBTV]lI

NMSAUMUUUAURIUTUAT

amgﬂﬁ 7.43 9ziulddn Ananzanauvesszuulunsdifi &, TA1uUs
Wasulumuszauiddliivadduantidaliiasiaunsyisfianriiu 2.0986 fiendfidaves
Tnanrndslwiinaeia Sufide Py, = 100 W rildinasadauningudynen Feaonndaaiu
ﬁaulsumﬁﬁLaﬁaimwﬁQmiwmﬁwqnm‘i&ﬂuﬂszmumsaamwuammsa%fmaﬁaamm%aﬂ%’u&h
wsenanled nalnnisasiaaeuiatissnmaazitnIseeniuuasavinaulaegagnses
wugnunsTUswnsUAES

MTAATILIUTENBUNITIAIUTINYOIYANATOU

MsATERfUTEnaUnTduTmvesyanadeuiiinnsaaaiosnm
\Feuusdesanesfiunmsfunuuumydalfusuiiedieszimednysanugdiany
Aerdestuanazaneiu 4, uaz 4 viefiduddy fuiaiosnimvesszuudmiuinluldly
AsTUIUMTIATERsEuUWE azsflunsinnsandieiuioma 3 nsal auansed 7.14
FsazaenadosriunanTineiiaiiosnwenguiundiazasiliitausluguil 7.43 oy
WesndiUsEneun1sidsndmsunsdlfl 1 ansdifl 3 awnsouandldfiansned 7.15

7.17



255

AN 7.15 Wesngiusenoun1sidiusidlelinisasaanesn i K, = 1.3504 (n5ad#l 1)

Eig. I Eig. VI Eig. VII Eig. IX
I, 0.0138 0.3786 03786 1.6x 1077
v, 0.0805 0.7552  0.7552 2.5x 107!
X 6x 10 0.7538  0.7538 4.5x 107!
v 0.0576 0.0262  0.0262 3.1x 10°%°
Mode IV
Mode | Mode V

(Dominant mode)

MTNN 7.16 Wwesngsusznaunsldiusauilolnsasa@dusnIng K., = 1.7245 (n36i7 2)

Eig. I Eig. VI Eig. VII Eig. IX
I, 0.0264 0.585 0.585 4.1x 107
V., 0.0856 09179  0.9179 3.9x 107
X, 0.0012 0.8318 0.8318 1.1x 107!
V. 0.1106 0.0454 00454 9.4x 107!
Mode IV
Mode 1 Mode V

(Dominant mode)
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AT 7.17 wesng@iuszneun1siidiusdlelinnsasauanesnindg K, = 2.0986 (NSl 3)

Eig. I . Eig. VI Eig. VII e Fig. IX
I, 0.048 . 0.8946 0.8946 o 9.1x 107
v, 0.1461 1.1661 1.1661 1x 107
X 0.0022 . 0.9419 0.9419 . 4.5% 107
v 0.2046 o 0.0804 0.0804 o 2.4x 1070
Mode IV
Mode I Mode V

(Dominant mode)
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Abstract

Advances in the areas of electrical and power electronic technologies play a key role in more electric aircraft (MEA), especially
in power converters. Therefore, most electrical power loads on MEA are tightly controlled power converters that behave as
constant power loads (CPLs). These CPLs look like a small-signal negative impedance that can significantly degrade the
overall system stability. The destabilizing effect may result in poor performance until the DC bus voltage of the system does
not adhere to the MIL-STD-704F standard. Thus, a stability study is very important to avoid unstable operations. A proposed
MEA model which can be derived using the DQ approach is comprehensive in the introduced stability analysis methods in this
article. These methods, i.e., a small-signal stability analysis using the eigenvalue theorem, a modal analysis technique called
participation factor analysis, and a large-signal stability analysis via phase-plane analysis, are performed to investigate the
stability margin. Moreover, the impact of key parameter variations on MEA stability is also taken into account to deliver the
ways of parameter selection at the early design stages for an engineer. The MATLAB topology model and processor-in-loop
(PIL) simulations validated the analytical results. The results indicate that a good agreement between theoretical, simulation,
and PIL results can be achieved.

Keywords More electric aircraft - Constant power loads - Averaging mathematical model - Small-signal stability analysis -
Modal analysis technique - Large-signal stability analysis
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Reference stator voltage on d-axis
Reference stator voltage on g-axis

Stator resistance

Stator voltage

Reference modulation index

Input currents of the AFE rectifier
Natural frequency of current loop in rad/s
Natural frequency of current loop in Hz
Damping ratio of current loop
Proportional gain of current loop on d-axis
Integral gain of current loop on d-axis
State variable of current loop on d-axis
Control signal on d-axis

Reference modulation index on the d-axis
Proportional gain of current loop on g-axis
Integral gain of current loop on g-axis
State variable of current loop on g-axis
Control signal on g-axis

Reference modulation index on the g-axis
Natural frequencies of voltage loop in rad/s
Natural frequencies of voltage loop in Hz
Proportional gain of voltage loop

Integral gain of voltage loop

State variable of voltage loop

Modulation index

Individual droop gain

Global droop gain

Power of resistive load

Power of constant power load

Rated power of resistive load

Rated power of constant power load
Output current of active front-end rectifier
DC link capacitor

DC transmission line resistance

DC transmission line inductance
Capacitor bank

Current through the DC transmission line
Total load current

Current of constant power load

Current of resistive load

Overlap angle

PMSG rotor angle

Phase angle for rotating the dg-axis
Switching function on the d-axis
Switching function on the g-axis

Real part of the eigenvalues

1 Introduction
1.1 Motivation and incitement

To achieve the aim of reducing the fuel consumption, weight
of overall aircraft, operating cost, and environmental impact,
the concept of more electric aircraft (MEA) is one of the
essential tendencies in modern aerospace engineering that
convert the existing subsystems, i.e., hydraulic, pneumatic,
mechanical, and electrical systems, into only electrical ones
[1-7]. As a result, the efficiency of global aircraft systems
is tremendously raised, and power regulation is more flexi-
ble. Both fixed and varied AC distribution systems are firstly
used in MEA, while a hybrid distribution system is a second
choice. However, at present (and in future), a DC distribution
system is represented and significantly attractive for research
interest due to its several advantages, including higher per-
formance and reliability than other distribution systems. In
addition, lower loss of power and total weight of aircraft sys-
tems can be achieved because reactive power compensation
devices are absent. As mentioned above, electrical system
applications for MEA have utilization in many aspects; how-
ever, the stability issues should be taken into account in detail.
Itis recognized that most electrical power loads on MEA are
power converters with their controllers to regulate the motor
speed or output voltage. The power converter can provide
a high efficiency and low maintenance cost. Unfortunately,
the behaviors of regulated power converters can be similar
to constant power loads (CPLs) [8-11]. CPLs can directly
reduce the system damping, resulting in huge oscillations of
output responses. These oscillations may cause system dam-
age and affect the performance until controllers fail [2,9, 11].
Hence, a stability investigation is very important and neces-
sary, especially for the electrical power systems on MEA. The
destabilizing effect of MEA power system not only results
in performance regulation but also causes aviation accidents,
which will consequently impact passenger safety.

1.2 Literature review

The typically defined modeling level for MEA electrical
power systems can be classified into four layers [4]. The
first layer is the architectural layer, which is only used to
consider the overall power system architecture study in the
steady state. Thus, the model in this layer has the least details
and complexity and is suitable for sizing and system-level
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design. The second layer is the functional layer, which is
used for dynamic and stability studies of the electrical power
system. The derived mathematical model from this layer is
based on a non-switching averaged model that can efficiently
perform the behavior of the electrical system. The third layer
is the behavioral layer, wherein simulating frequencies up
to a few hundred Kilohertz can be achieved. A wide range
of this frequency includes the switching frequency of many
power converters. The main objective of behavioral simula-
tions is to design passive filters for harmonic and switching
frequency components. The fourth layer is the device physi-
cal layer, which is representative of a part of the equipment
on the system. The resulting model has the most complexity
and is typically used to validate and analyze in-depth equip-
ment or device behavior within the system. Therefore, this
model is not commonly used for simulating the electrical
power system. In this article, the functional layer, based on
time-invariant model, is selected for the studied MEA electri-
cal power system modeling. Consequently, power converter
modeling approaches are required to eliminate time variation
in nature due to the switching action. Subsequently, the time-
invariant power converter model can be achieved. Currently,
several approaches are developed to analyze the dynamic
model of power electronic-based systems. The generalized
state-space averaging (GSSA) modeling method has been
used effectively to analyze the controlled and uncontrolled
rectifiers in single-phase AC distribution power systems [12]
as well as power converters in DC distribution power sys-
tems, including buck and boost converters [13, 14]. However,
if the GSSA method is used for three-phase AC distribu-
tion systems, the derived dynamic model is a high-order
model, which is difficult for subsequent analysis. The nonlin-
ear average-value method (NLAM) modeling approach has
been used for the 6- and 12-pluse diode rectifiers [15] to pro-
vide a simple mathematical model. However, NLAM is not
flexible and should be considered case by case to model each
system. The direct quadrature (DQ) modeling technique has
been widely used for many power converters of three-phase
AC distribution, such as a three-phase rectifier in aircraft
systems [2, 3, 7], and bidirectional voltage source converter
in DC microgrid systems [16]. From the literature reviews,
the DQ approach can be applied to derive the time-invariant
model of the entire MEA model suitable for the stability
assessment, in which the three-phase active front-end recti-
fier was used.

For stability analysis, it can be divided into two methods,
i.e., small-signal stability and large-signal stability assess-
ments. The small-signal stability analysis is a method based
on the linearized conventional control system theory. The
dynamic model of the system is linearized around the equi-

librium point, and the derived small-signal model is analyzed
using the eigenvalue theorem [2, 3, 17] or Middlebrook’s
criteria [18-20]. The eigenvalue theorem and Middlebrook’s
criteriacan predict an unstable point by evaluating the system
eigenvalues and impedance ratio. The small-signal stability
analysis approach can provide beneficial insights into the
stability of the equilibrium point; however, it does not guar-
antee stability under large-signal disturbances and sudden
load transients or fault scenarios. The large-signal stability
analysis method canbe divided into two approaches. The first
is the phase-plane analysis approach [7, 11], in which the
phase-plane trajectory is generated to investigate the system
stability. However, this approach is only suitable for study-
ing low-order systems. The second approach is the Lyapunov
stability theorem [21-23], which is capable of estimating
the region of asymptotic stability and can provide accurate
analytical results. However, there is no unified methodology
to compute the Lyapunov energy function. Hence, the Lya-
punov function is determined from various methods, which
may lead to different conclusions.

Regarding the literature reviews of the stability study, this
article focuses on the small-signal stability analysis using
the eigenvalue theorem and the large-signal stability analy-
sis via phase-plane analysis for system stability investigation.
The eigenvalue theorem can be applied to a modal analysis
technique, i.e., participation factor analysis [24], to identify
the contribution of state variables relating to the dominant
eigenvalues of the system. The resulting stability information
will be utilized to determine the dominant state variables for
phase-plane analysis. Previous works have not reported the
application of participation factor analysis for phase-plane
analysis. Furthermore, the phase-plane analysis is also capa-
ble of analyzing the system dynamic response and can be
used as a beneficial and suitable tool to investigate the DC
bus voltage response adherence to the MIL-STD-704F stan-
dard [25]. However, the system instability on MEA does
not only depend on the influence of CPLs but may also be
affected by other system parameters. Thus, the effect on sta-
bility due to the variation of significant parameters, such as
control bandwidth and circuit component parameters, are dis-
cussed using the instability line created from the eigenvalue
theorem and phase-plane assessment. The detailed analysis
in this study can provide a good insight into MEA proper-
ties and appropriate design for MEA electrical power system
designers. Theoretical results demonstrate that the proposed
stability analysis techniques can effectively guarantee stable
and unstable operation region trends of astudied MEA. Good
agreement is also achieved between analytical results using
the eigenvalue theorem and phase-plane analysis.
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Fig. 1 Considered DC distribution MEA power system

1.3 Contribution and paper organization

The main contributions of this article are listed as follows:

o The considered aircraft power system is updated in which
the voltage compensator is used to regulate the DC bus
voltage.

The modal analysis called the participation factoris used to
identify the dominant state variables. After that, the phase-
plane analysis can be applied for the stability analysis.
The consequent results are beneficial and suitable tools to
investigate the DC bus voltage response adherence to the
MIL-STD-704F standard.

The parameter variations in terms of stability using the
proposed stability analysis can provide useful guideline for
engineering during the design process toavoid the unstable
operation.

The rest of this article is organized as follows. Section 2
introduces a single-generator/single-bus DC distribution
MEA power system. In detail, Sect. 3 describes how to
derive the averaging mathematical model of the considered
MEA using the DQ method. Section 4 addresses the sys-
tem stability analysis by a small-signal stability analysis via
eigenvalue theorem, a modal analysis technique using par-
ticipation factor analysis, and a large-signal stability analysis
via phase-plane analysis. Section 5 presents the validation of
the theoretical analysis by simulation using MATLAB topol-
ogy model and processor-in-loop (PIL) as well as analysis of
the MEA stability due to parameter variations. Finally, Sect. 6
concludes this article.

@ Springer

2 Considered MEA power system

Figure 1 illustrates the considered MEA power system. This
system consists of two subsystems. The first subsystem is
a feeder side, in which a permanent magnet synchronous
generator (PMSG), including its parasitic parameters (repre-
sented by R abe and Ls anc), is driven by a gas turbine engine
and generates AC power to an active front-end (AFE) recti-
fier. The resulting AC power is then converted by the AFE
rectifier to DC power to supply the main DC bus via a DC
transmission line (represented by R and L), in which a DC
link capacitor (represented by Cyqc) is used to reduce the ripple
voltage of the output voltage of AFE rectifier. The controllers
of the AFE rectifier, depicted by a gray areain Fig. 1, are the
classical vector controllers on dg-axis. The current controller
on d-axis is used to control the PMSG under full-flux oper-
ation mode by defining the reference curmrent (/§) to 0 A.
The current controller on g-axis and voltage controller are
used to regulate the voltage of the DC link capacitor (Vqc)
to be equal to 250-280 V (specified by the MIL-STD-704F
standard) [25]. Herein, the nominal voltage (Vi) is set to
270 V. The employed droop controller in this article, i.e.,
voltage-mode droop controller, is used to provide the desired
power sharing for all MEA loads. The droop controller (V)
output is the reference voltage of the V. controller, depend-
ing on the V-I droop characteristic. However, the behavior
of the droop controller results in a large voltage drop, until
the V4. and DC bus voltage (V) are unacceptable in certain
applications. Therefore, the voltage compensator is applied
to the modern MEA power system to mitigate voltage regu-
lation. Moreover, the minimum transmission line loss also is
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Fig. 2 Equivalent circuit on the dg-axis for the open-loop control of the
considered MEA power system

achieved [5]. The second subsystem, i.e., the load side, con-
sists of the bus capacitor (represented by Cp), resistive loads
represented by a wing deicing system, and the ideal CPL
associated with actively regulated power electronic loads.
From previous research [8—11], the CPL can significantly
degrade the system stability. Hence, in this article, the insta-
bility operation of the studied MEA will be predicted via the
proposed dynamic model as described in Sect. 3.

3 Considered MEA mathematical model

It is well recognized that the power converter model is
usually time-varying due to the switching behavior. Thus,
the DQ method is applied to derive the averaging mathe-
matical model of three-phase power systems to achieve a
time-invariant model appropriate for stability analysis. The
important assumptions for modeling are that the AFE recti-
fier is operated under the continuous conduction mode and
an overlap angle (1) below 60°, and the higher harmonics of
the fundamental are neglected. The establishment of math-
ematical model can be divided into the considered power
system modeling under open-loop and closed-loop opera-
tions, which is explained below.

3.1 MEA power system under an open-loop
operation

The open-loop control of the AFE rectifier is firstly analyzed.
The DQ approach was used to analyze the PMSG and to elim-
inate the switching action of the IGBT module in the AFE
rectifier, wherein the dynamic equations of the PMSG in dq
frame can be achieved, and the transformer with a constant
ratio is performed to represent the dynamic of the AFE rec-
tifier.

As aresult, Fig. 2 shows the equivalent circuit of the MEA
without the closed-loop control, when the phase angle for
rotating the dg-axis is set to the PMSG rotor angle (¢ = 6).

More details on how to derive the PMSG equations and
the three-phase IGBTs rectifier as a transformer by using
the DQ method can be found in [26, 27]. After applying
the basic circuit theory known as Kirchhoff’s voltage law

Classical Vector Controllers on dg-axis

i i

Y
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X

|
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Fig. 3 Inner structure of the MEA power system controllers

and Kirchhoff’s current law shown in Fig. 2, the proposed
averaging model of the MEA without controllers is given by

-] Ry Mq
T i s .
d i dt Welg L de
R M, .
Iy Bl iy D s . 508
q Lg Lq
s 3My,  3M, 1
Vie = Iy + —1 —1I 1
2 T 26 T T 0
1 R 1
I = Vi — I — Vi
c L. dc T c T b
. 1 1 Pcpr,
We =1l ———Vo—
Cp RLCp CpVp

where Mg and M are the time-invariant switching function
of the IGBT modules on a dg-axis.

3.2 MEA power system under a closed-loop
operation

The mathematical model of the considered MEA power sys-
tem under a closed-loop operation is developed from the
open-loop model proposed in (1). Figure 3 shows the inner
structure of the AFE rectifier controllers based on Fig. 1, and
the controllers were designed via the classical method in [5,
26, 27]. The details of how to design the controller are given
in Appendix A. From the control structure in Fig. 3, I} is
set to zero to provide the unity power factor. When the con-
trol loops are considered, the new state variables Xijq, Xiq.
andX, are obtained in the model. These new state variables
are referred to the /4, Iq. and V. control loops, respectively.
Based on Fig. 3, the control signals (Z; and Z7) and the ref-
erence modulation index on the dg-axis (M:; and Mé‘) can be
expressed in (2) and in (3), respectively.

Zp = —Kpaly + KiaXia + Kpal}

- s *
Zy = —Kpqly — Kpy Kpg Ve + Kiy Kpg Xy + Kig Xig + KpyKpg V)
KpvKpg(Ki—Ka)Vip + Kpv Kpq Pcpr(Ki—Ka)
RL L

(2)
* l %
i =\v- (Zi+ weLgly)

1
* * + weh,
M’I =i ( (Ic)(ZII weLglq + we m)
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The switching functions M4 and M in (1) are substituted
by the reference modulation indices (’}‘ and M; in (3) to
derive the dynamic model for the studied MEA power system
(see Fig. 1). The time-invariant model of the MEA in Fig. 1
with its control is given by (4), in which eight state variables
are obtained.

¢ (Kpa —Ry) Kiq Kpa
Ip=—P 2, My, B
i I ¢ = Xa— 7ol
. Kpa — R KK,
I —&pa — Rs) ")1(,+—P‘ Py
Lq Lq
Koy Kpg(Kt — K, K;
_ KpvKpg(Ky d)vh—ixiq
LyRy L;
_ KpvKpqPcpL(Ki — Ka) 1
Ly Vi
KivK, K K,
el O
Ly Ly
P e Kpal3 + KiglaXi
dc —chc : Ve : pdfq idddAid

+ Kpalaly — Kpg I + wepmly

KywKpq(Kt — Kg)
— KpvKpqlgVae + LNRL’i’]q Vi
KpyKpg P K: — K, I
+2pvipg cpL(K; d)'i+Ki\-qu1qu

Ly Vi

1
+ Kiglq Xig + KpvKpqly v,,*} TR

L=ty R ey
G Le dc Le c i b
1 B 1 / Pepr, 1
TG ° RuCh A s
* K: — K,
Xy =— Vg + &K = Ka) ‘[)Vh+(K1 — Ka)
P ! +Vy
CPL Vh b
.
Xid:—1,[+1;,k

Kp\'(KI — Kq) Vi
RL

1
+ Kpv(K; — Ka) PcpL - V_b

.
Xiq =- Iq — Kp\'vdc +

+ KivXy + Kpo V'
)

However, the nonlinear model in (4) is unsuitable for a
small-signal stability analysis. The first-order term of the
Taylor series expansion was used to provide the linearized
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Fig. 4 Validation of the dynamic model established by the DQ method

model, as expressed by

§X= A(X,, Up)dX + B(X,, Ug)du
8y = C(X,, ug)dx + D(X,, uy)Su

(5)

where the matrixes A, B, C, and D are the Jacobean matrixes
of the MEA in the general form of the state-space model,
depending on the systemoperation point. The details of these
matrixes can be found in the Appendix B.

The MATLAB simulation and the MEA power system
parameters given in Appendix C are used to validate the
dynamic model in (4) and (5). The CPL was changed from
10 to 14 kW and 12 kW at the time instants 0.2 and 0.3 s,
respectively. As showninFig. 4, the model validation results
can ensure that both the nonlinear and linearized models are
correct and can be used as a beneficial tool for the stability
study as described in Sect. 4.

4 Stability studies

This section evaluates the proposed MEA power system sta-
bility by the small-signal stability analysis via eigenvalue
theorem, a modal analysis technique using participation
factor analysis, and a large-signal stability analysis via phase-
plane analysis for instability condition investigation.
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Fig.5 Analytical result from the eigenvalue theorem

4.1 Eigenvalue theorem and participation factor
analysis

For the eigenvalue theorem based on small-signal stability
analysis, the Jacobean matrix A, as given in (5), was used to
calculate the system eigenvalues (1) by

det[AI -A] =0 (6)
The condition to identify the stable system is given as
o <0 (7)

where o is the real part of the eigenvalues and i =1,2,3,...,
n (n is the number of the state variable).

The system eigenvalues were calculated by the Jacobean
matrix with the system parameters from Appendix C to inves-
tigate the stability of the proposed MEA under the CPL
variation condition. Figure 5 shows the resulting dominant
eigenvalue plot, when the CPL power (Pcpr) was varied from
16 to 26 kW. As shown from the trajectory of the eigenvalue
in Fig. 5, the dominant eigenvalues (in black) are placed at
the left-hand side when Pcpy. ranges from 16 to 20 kW. This
means that the system remains stable at Pcpp, < 20 kKW.
Unfortunately, the system becomes unstable whenPcpr, >
22 kW (see from red eigenvalues). However, the eigenvalue
theorem can only provide when the system becomes unstable.
The information from this theorem cannot show the ampli-
tude of the DC bus voltage response, which is very important
for the MIL-STD-704F standard. Therefore, to study in depth
the system stability, the participation factor analysis based on
the modal analysis technique was applied to analyze the con-
tribution of the state variable as well as system parameters.
Table 1 presents the participation matrix in the case of Pcpy,

= 22KkW, calculated from the Jacobean matrix A. The condi-
tion for determining the dominant mode of the participation
matrix, as expressed in (8), is that if any eigenvalue is located
at the right-hand side of the s-plane or close to the imaginary
axis, then this is a dominant mode at that operating condition.

o >0
or (8)
loil <€

As presented in Table 1, the state variables /- and V), par-
ticipate most heavily in the dominant modes. As a result, /.
and V) as well as parameters L. and C, will be related to dom-
inant poles in Fig. 5. The derived information is important
and useful for the large-signal stability analysis, explained
as follows.

4.2 Phase-plane analysis

The large-signal stability analysis using phase-plane analy-
sis was used to investigate both system stability and the DC
bus voltage response (V) adherence to the MIL-STD-704F
standard. The system phase plane can be established by using
the state variables /. and V), that significantly participated in
the dominant poles. Using the nonlinear model in (4) with
the system parameters given in the Appendix C, Fig. 6a and
b depicts the trajectory of the proposed MEA on the I—V
plane when Pcpr. = 18 kW and Pcp, =20 kW, respectively.
As demonstrated in Fig. 6a and b, the steady state V), is also
in the range of 250-280 V, as specified by the MIL-STD-
704F standard. Focusing on the zoomed areas, the system
trajectories can converge to the equilibrium point, indicating
that the system remains stable at Pcpp, = 18 kW and Pcpr, =
20 kW, corresponding to the eigenvalue theorem analysis in
Fig. 5. Figure 6¢ shows the phase-plane analysis at PcpL. =
22 kW. The analytical result shows that the phase-plane tra-
jectory motion starts from the initial point and then diverges
from the equilibrium point, representing that the system is
unstable at Pcpr, = 22 KW (before a rated power of 38 kKW).
Moreover, the steady-state response of V;, does not follow
the MIL-STD-704F standard. Section 5 presents the simu-
lation using the MATLAB/SimPowerSystems environment
and the PIL to validate the analytical result from the eigen-
value theorem and the phase-plane analysis.

5 Simulation validations using MATLAB
topology model and the PIL technique

This section reports the validation of the theoretical results
by exact topological and PIL simulations. For the unstable
operation investigation using PIL simulation, the high-power
circuits of the proposed MEA, the PMSG, AFE rectifier,
DC link capacitor, DC transmission line, bus capacitor,
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Table 1 Participation matrix of

i coniidered s sowes symkr Eig1  FEig Il  Eiglll EigIV FEgV  Eig VI Eig VI  Eig VII
Iy 0.8333 0.8333 0 0 0 0 0 0
1, 0 0.0241 0.0241 0.9395 0.9395 0.1881 0.1881
Ve 0 0 0.1845 0.1845 0.2308 0.2308 0.62151 0.62151
1. 0 0 0.4895 0.4895 0.0148 0.0148 6.6 x 6.6 X
1074 1074
Vy 0 0 0.3209 0.3209 0.1255 0.1255 0.3128 0.3128
X, 0 0 8.0 x 8.0 x 0.0269 0.0269 0.8118 0.8118
1074 1074
X 08333 0833 0 0 0 0 0 0
Xiq 0 0 0.0076 0.0076 0.6224 0.6224 0.0086 0.0086
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Fig. 6 Analytical result from the phase-plane analysis. a Pcp = 18 kW. b Pepp =20 kW. ¢ Pep, = 22 kW

resistive load, and ideal CPL were simulated using the
MATLAB/SimPowerSystems environment, while the over-
all controllers of the system were implemented digitally in
the TMDSDOCK28335 board by coding the C programming
languages by the code composer studio (CCStudio) software.
Figure 7 shows the block diagram for the PIL simulation. The
main computer (Host) and the TMDSDOCK28335 board
(Target) were interfaced by the Joint Test Action Group emu-
lator. The blocks in Simulink, namely, From RTDX and
To RTDX, were used to send and receive data between
the MATLAB/Simulink program and TMDSDOCK28335
board, respectively. The details of the simulation process are
explained as follows. Initially, the rotor velocity (wy,), input
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currents of the AFE rectifier (/ipanc), load current (/,)), and
voltage across the DC link capacitor (Vqc) were detected from
the MATLAB topology model in the host and were sent to
the target via the From RTDX blocks. These dates were then
computed by the controllers in the board to generate the ref-
erence modulation indices (M;,M;, and M¥). M;,M};, and
M were transferred into the host with the To RTDX blocks
to control the IGBT switches of the AFE rectifier.

Figure 8 illustrates the confirmation results for the unsta-
ble point prediction. The exact topological and PIL simula-
tions were operated in the same scenario and are summarized
as follows.
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Fig. 8 Validation of the stability assessment. a SimPowerSystems®
simulation results. b PIL simulation results

Initially, the proposed MEA can stably operate when the
PcpL levels are continuously changed from 16 to 18 kW and
20 kW at the time instants 0.2 and 0.3 s, respectively.

Pcpy is increased to 22 kW at f = 0.4 s. As expected by
the analysis in Figs. 5 and 6c, the system becomes unstable,
which can be observed as the huge oscillation of V) that
is not constant within the range of 250-280 V, as specified
by the MIL-STD-704F standard. Moreover, it has a ripple
voltage that is equal to 44.4 V in the MATLAB topology
model simulation and 45.6 V in the PIL simulation, which
does not adhere to the standard that specifies the maximum
ripple voltage in the steady state (not exceeding 6 V).

The results from Fig. 8 show that the proposed model can
be used to analyze the stability with accurate results. Hence,
the proposed model can also be used to study the effect of
the aircraft parameters in terms of stability. The considered
aircraft parameters are the DC link capacitor (represented by
Cgc), DC transmission line (represented by R and L), and
DC bus capacitor (represented by Cp), as shown in Fig. 1,
while the controller parameters include the bandwidth of
the controller loop (fnv and f ;). These filter and controller
parameters were designed from engineering. The details of
parameter variations can be given as follows:

5.1 Effect of the DC link capacitor

Figure 9a shows the instability line constructed from the
analytical results by evaluating the eigenvalue location and
phase-plane trajectory for the different Cqc values. It can be
indicated that the studied MEA system will become unsta-
ble if the Pcpr. is equal to or greater than 16 kW, 34 kW,
and 50 kW for Cgc = 0.5 mF, 2.0 mF, and 4.0 mF, respec-
tively. The simulation results from SimPowerSystems® in
Fig. 9b and PIL in Fig. 9c demonstrate the high oscillation
of V, responses, which are not constant within the range of
250-280V following the MIL-STD-704F standard when the
Pcpr is equal to 20 kW, 40 kW, and 50 kW for Cyc = 0.5
mF, 2.0 mF, and 4.0 mF, respectively. Furthermore, the ripple
voltage in the steady state is also more than 6 V. Therefore, it
can be concluded from the good agreement among the ana-
lytical and simulation results that the increment of Cgy. will
significantly increase the studied MEA stability.

5.2 Effect of the DC transmission line

This section studies the effect of the resistance (R.) and
inductance (L) of the transmission line on MEA stability
via cable length changing. Figure 10a—c shows the instability
border, SimPowerSystems® of MATLAB, and PIL simula-
tions, respectively. According to the good agreement among
the analytical and simulation results, it can be noted that when
the cable length is equal to 20 m, 100 m, and 160 m, the
destabilizing effect of MEA will occur at the Pcpr, > 22kW,
26 kW, and 30 kW, respectively. The inefficient operation is
indicated by the huge oscillation of V, which is not constant
within the range of 250-280 V adherence to the standard and
the ripple voltage which exceeds 6 V. Consequently, it can be
summarized that the increases in cable length will improve
the system stability margin. This is because the increment
of R which is varied by cable length can increase the over-
all system damping [7, 10, 26]. The increased damping is
more dominant than the increased power loss. As a result,
the considered MEA is more stable.
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Fig. 9 Effect of DC link capacitor changing. a Instability line. b Sim-
PowerSystems® simulation results. ¢ PIL simulation results
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Fig. 10 Effect of cable length variation. a Instability line. b SimPower-

Systems® simulation results. ¢ PIL simulation results
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5.3 Effect of a DC bus capacitor

Figure 11a shows the instability line for different Cp val-
ues. From the theoretical stability results, it can be seen that
if the Cp = 0.05 mF, 0.2 mF, and 1.0 mF, the MEA will
become unstable at Pcpp. > 17.5 kW, 29.5 kW, and 15 kW,
respectively. Figure 11b and c illustrates the verification of
stability analysis in this study using the exact topology model
and PIL technique simulations, wherein the studied MEA is
unstable at Pcpr, = 20 kW, 35 kW, and 15 kW in the case of
the Cp = 0.05 mF, 0.2 mF, and 1.0 mF, respectively. More-
over, the V), responses do not follow the MIL-STD-704F
standard due to its huge oscillation (not constant within the
range of 250-280 V) and ripple voltage (exceeding 6 V). The
theoretical and simulation results are explicitly concordant,
indicating that when Cj ranges from 0.05 mF to 0.2 mF, the
studied MEA damping will be increased continuously [2].
This means that the system is more stable. In contrast, the
studied MEA stability will be decreased when 0.2 mF < Cp
< 1.0 mF. Hence, the inappropriate increment of Cj, not only
leads to adverse stability margin but also results in the addi-
tional size, weight, and cost of the entire MEA.

5.4 Effect of controller loop bandwidth

The MEA cascade controllers can be designed based on the
desired natural frequencies of voltage loop (fny) and current
loop (fni). The effect of these natural frequencies on the sta-
bility margin should be analyzed in detail. Due to the fast
dynamic response requirement of the overall system, the fp;
was determined to be > 10 x fyy Therefore, in this arti-
cle, the natural frequency variation study will change the
v alongside f; to correspond to the design condition. The
instability border of f,; and f;, shown in Fig. 12a, shows
that the system becomes unstable at Pcpr. > 40 kW, 25 kW,
and 13 kW for fpy = 150 Hz, 190 Hz, and 250 Hz or fpi =
1500Hz, 1900 Hz, and 2500 Hz, respectively. Figure 12b and
¢ indicates the simulation results for the confirmation of the
analytical result, in which the unacceptable operating point
in a certain application is indicated by a high V, oscillation
(>280V and <250 V) aswell as huge ripple voltage (exceed-
ing 6 V) that does not adhere to the MIL-STD-704F standard.
Referring to the simulation results, the destabilizing operat-
ing point will occur at Pcpr. = 40 kW, 30 kW, and 20 kW
when fry = 150 Hz, 190 Hz, and 250 Hz or f; = 1500 Hz,
1900 Hz, and 2500 Hz, respectively. Consequently, it can
lead to the conclusion that a tiny increment of bandwidths
fnv and f; can directly degrade the overall MEA stability.
Based on the overall results, a very good agreement exists
between the analytical, exact topological simulation, and
PIL simulation results. The considered MEA power system
becomes unstable when the Pcpy, level is equal to 22 kW
(before the rated CPL power of 38 kW), and the V, response
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Fig. 11 Effect of bus capacitor changing. a Instability line. b SimPow-
erSystems® simulation results. ¢ PIL simulation results
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does not adhere to the denoted standard. As for the impact
of key parameters, increasing the Cqc and cable length can
directly increase the system stability. In contrast, the incre-
ment of bandwidths fyy and fp; will significantly decrease
the system damping. However, variation in C, can improve
or degrade the MEA stability. This information is very ben-
eficial for engineers in designing the MEA power system in
terms of stability issues.

6 Conclusion

This study has introduced the modeling and stability anal-
ysis of a PMSG-based DC electrical power system in an
MEA. The modeling approach via DQ transformation has
been used to derive the time-invariant model. The stabil-
ity analysis based on the eigenvalue theorem, participation
factor analysis, and phase plane has been applied with the
derived model to study the system stability. As a result, the
instability operation of the system has been correctly pre-
dicted alongside the V', regulation performance investigation
that adheres to the MIL-STD-704F standard. Moreover, good
agreement has been reached between the theoretical analyt-
ical results and simulation results (derived from MATLAB
topology model and PIL technique). Consequently, the pro-
posed stability assessment techniques can effectively ensure
the destabilizing operation of a PMSG-based DC electrical
power system in an MEA. Moreover, the proposed model
with the proposed stability study process can provide the
guideline for the filter design to avoid the unstable operation
as well as the controller design of each loop in the MEA
system. In the future work, the proposed model will be used
to design the controllers to mitigate the system instability.
The resulting stabilization will always make the system sta-
ble until the rated CPL equal to 38 kW can be achieved.
The amplitude of the DC bus voltage can also follow the
MIL-STD-704F standard. Based on the proposed modeling
concept, other power system structures containing vector-
controlled devices, such as electrical railway systems and
DC microgrid systems, can be applied for the establishment
of the suitable model for stability analysis. In addition, the
proposed model is still useful for stability analysis of MEA
using other methods, such as the Middlebrook criteria and
the Popov criteria.
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AppendixA

The details of the classical method for vector controllers on
dg-axis are as follows:

Current loop control

The schematic of the current (/4 and lq) loop control of the
proposed MEA in Fig. 1 can be shown in Fig. 13. Because
the current loop control on d-axis and g-axis is identical, this
article will only present the methodology for designing the
current loop control on d-axis, wherein the controller on g-
axis can use the same equation. Closed-loop transfer function
of the current loop is given by (9).

1_,1 _ KpdS+Kid ©
l:; - L,/Sz ok (R& — Kpd)ﬁ' =Kiq

It is recognized that the closed-loop transfer function for
the standard second-order system can be expressed in (10).

(Uz
T G (10)

Y] +2Cwps + a),z,

Hence, the parameters K s and K4 can be designed by
comparing the denominators of (9) and (10) so as to obtain

an

{ Kpd = Ry — 2gjmniLla an

2
Kig = —Lawy;
As mentioned above, both d-axis and g-axis controls are

identical. Consequently, the equations for designing the con-
trollers on g-axis are shown in (12).

{ Kpq =Ry — 2LjwniLg i

Kiqg=— L(,wﬁl
where wpi =27 X fpi.
Voltage loop control
The schematic of the voltage (Vqc) loop control of the studied
MEA is depicted in Fig. 14. Closed-loop transfer function of

the voltage loop is determined in (13).

Vae _ 3m (Kpys + Kiv)
Vi 4Cacs? +3mKpys + 3mKi

(13)

Based on the current loop procedure, the equations for
designing the parameters K, and K, are depicted in (14).

va R 8(1-(;)11\'Cdc
om
2 (14)
Ko — 4Cycwpy
7 &
3m

where wyy =27 X fpy-
Droop control and voltage compensation

The schematic of the voltage-mode droop control and voltage
compensation is demonstrated in Fig. 15. Because the studied
power system in this article is a single-generator/single-bus
DC distribution MEA power system, the individual droop
gain(Kq) of droop controller is equal to the global droop gain
(Ky) [5]. The optimal gains K, designed via the minimum
transmission loss condition, can be expressed in (15) and

Fig. 13 Schematic of current loop control

Fig. 14 Schematic of voltage loop control
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Fig. 15 Schematic of droop control and voltage compensation

(16).

a3, )= F?’dc . #w(—ZKpdld.o + KiaXia, 0 + Kpal})
a@,2) e B L(—zkpql,,,m wepm — KpvKpqVie,0
2Cdc Vae,0
+ Ky KpqVy' + —KPVKN(KIQ: Ka)Ve.0
& KP“qu(Ii/lb:) Ka)PcpL +KigXig0)
a3, 3)= ﬂ VI (—Kpdli“ + Kiala,0 Xia,0+ Kpalao I}

2, KpvKpaKi—KlpoVeo , KpvKpa(Ki—Kg)PpLly.o
_Kl‘qll,_u + RL & Voo

(5) +wupuly.0+KivKpgly.0 X0+ Kigly,0Xig.0 + Ko Kpalg.0 Vi)
a3, 5) = 3KpvKpg(Ki — Ki)lg.0 3Ky Kpg(Ki — Ka) Peply.0
o 2Cyc Vac.oRL 2CqcVae.0VE o
e Kpu(Ki — Ka) — Kpu(Ki — Ka)PepL
(16) as, 5) = R V2
L 5.0
00000000
where r is ratio between the power of CPL (Pcpy.) and resis- 00000000
tive load (Pg, ). C(xg,up)=| 00100000
In this article, the PI parameters for both current and volt- 00010000
age loops are designed by selecting £; = 0.8, ¢ = 0.8, fni 00001000
= 2000 Hz, and f ny = 200 Hz. As for parameters for droop B
control and voltage compensation are set by defining PcpL. 000
= 10 kW and Pgrp. = 7 kW. D(xg, up) =| 000
000 354
g - K B
AppendixB -5 0 0
o _ KpvKpg _ KpvKpa(Ki—K,)
- L,V
The details of Jacobean matrixes A, B, C, and D can be 3Kpdlao .‘vaKp(lllq 0 3prvaqI;_tyl(;‘(,—K‘,)
expressed as follow: CacVaco  2CacVaco 2CacVac.0Vb.0
B u=| 0 p .
a8 B KpKpg(KK; — Kg) vaquPcPL(, K, — Ka) 3 , P
L4RL LgVio V.0
: 1 0 0
Kpv(K:—K4)
L 0 KPV V.o J8x3
r Kpq—Rs i o
2= 0o J 7T 0 0 c L
! Kpg—R, KpiK KivKj ’ K]
0 Pi s Pz Pq a2, 5) _ZivApq 0 _L_'q
<4 q q .
0 3KivKpgly.o 3Kigleo  3Kiglg.o
aG, 1) 43, 2) 0(3; 3) CRdc (1(3.15) 2C3cVdc.o 2C4cVdc.o 2C4c Vde.o
0 0 A ol 2 0 0 0
A(Xo, o) = L. IL“ 1 L PcpL
0 0 0 o %Gt G vio 0 0 0
0 0 -1 o Kk (Kotom 0 0
L ‘/172.0
-1 0 0 0 0 0 0 0
L 0 -1 —Kpn O a(. s) Kiv 0 0 ek
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AppendixC

The system parameters: Ry = 1.058 mQ, Ly = Lg = Ly =
99 wH, ¢ =0.03644 V.s/rad, p = 6, we = 2 x 400 rad/s,
Cyc = ImF, cable length = 10 m, R, = 6 mQ, L, =2 pH,
Cp, =0.5mF, R; =10, va =3.5744, K, = 2807.3541,
Kpa = Kpg = — 1.9895, Kig = Kig = — 1563.3453, K4y =
K; =006, [; =0 A, V' =270 V. PRLrated = 7 KW, and
P CPLrated = 38 kW.
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: ABSTRACT An important reflection of the overall efficiency, reliability, and passenger safety of a more
electric aircraft (MEA) is the output performance of its electrical power system (EPS) controller. This
output performance encompasses the rise time, setting time, and percent undershoot of the voltage across the
capacitor bank. Therefore, this article presents an optimal controller design using an artificial intelligence
method called the adaptive tabu search (ATS) algorithm. The state-variables-averaging model is applied
with the ATS algorithm to reduce computational time. Moreover, stability analysis based on the eigenvalue
theorem is used as the penalty condition during the searching process to avoid unstable operation. The output
performance of the proposed controller design is superior to that of the conventional controller design. All
design results are verified by good agreement with MATLAB and hardware-in-the-loop (HIL) simulations.

: INDEX TERMS More electric aircraft, vector control, state-variables-averaging model, adaptive tabu search
algorithm.

1. INTRODUCTION
According to published concepts for more electric air-
craft (MEA) [1], [2], [3], [4]. [5], [6], aircraft performance

power flow optimization based on particle swarm opti-
mization [9], ant colony search algorithm [10], antenna
array design using artificial bee colony algorithm [11], and

optimization, flight reliability improvement, and passenger
safety improvement are essential tasks. Altering the MEA
controller design is an approach with strong potential to
accomplish these tasks. Artificial intelligence (AI) techniques
are required to achieve the optimal output performance of the
MEA's electrical power system (EPS) controller in terms of
the rise time, setting time, and percent undershoot of the volt-
age across the capacitor bank. AI can be used for controller
design and many other functions. For example, AI has been
applied to the design of active power filters for the adaptive
tabu search (ATS) algorithm [7] and genetic algorithm [8],

The associate editor coordinating the review of this manuscript and

approving it for publication was Engang Tian

the application of the ATS algorithm to instability mitiga-
tion [12]. However, one of the crucial problems that arises
when applying Al techniques to the EPS of MEA is the
simulation time. This is because the simulation of EPS
using software packages such as PSIM and MATLAB causes
huge computational time due to switching behavior. Thus,
a time-invariant model is necessary and sufficient for the
controller design. There are several reasonable methods for
deriving the time-invariant model of EPS. The generalized
state-space averaging modeling technique [13], [14] has been
universally used for single-phase rectifiers of AC distribution
systems and the power converters of DC distribution sys-
tems. The direct quadrature (DQ) approach [1], [2], [6], [12],
[15], [16] is suitable for power converters in three-phase AC

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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distribution systems. The nonlinear average-value method
modeling technique [17] has been applied to analyze 6- and
12-pluse diode rectifiers.

Based on a literature review, the Al technique called the
ATS algorithm is selected for use in the present study because
it was mathematically proven in [19] to achieve conver-
gence and escape the local solution. As for the modeling
technique, the DQ approach is applied to derive the sys-
tem model because the MEA EPS system considered in the
present study consists of an active front-end (AFE) rectifier
in three-phase AC distribution systems. Unfortunately, most
loads on the MEA are power converters with controls, which
behave as constant power loads. These loads act as negative
impedance that can significantly degrade system stability,
resulting in undesirable output performance. Consequently,
stability analysis must be included in the searching process
as a penalty condition. The eigenvalue theorem [1], [2], [6],
[12],[15],[16],[18] based on small-signal stability analysis is
applied with the dynamic model for stability analysis in the
present study. The ATS algorithm uses its stability analysis
mechanism to search the MEA EPS controller parameters
until it reaches the acceptable condition. Under the stable
operating state, the output performance of the MEA EPS
is better when using the controller designed by the ATS
design method than when using the controller designed by the
conventional design method. Previous research publications
have not reported the application of an Al technique for
designing the control system, including the voltage compen-
sator, of modern MEA EPS [4]. Good agreement among
the theoretical design results, MATLAB simulation results,
and hardware-in-the-loop (HIL) simulation results verify the
design approach proposed in this study.

The proposed design process based on the ATS algorithm
has the following main advantages:

« The DC bus voltage response of MEA EPS obtained

when using the controller designed by the ATS algorithm
method is better than that obtained when using the
controller designed by the conventional design method.
Moreover, the application of an AT technique for design-
ing the control system, including the voltage compen-
sator, of updated MEA EPS has not yet been reported.
A short computational time can be achieved using the
state-variables-averaging model because the switching
action of the power converter can be eliminated. It is a
beneficial tool and is suitable for obtaining an optimal
controller design using Al techniques, wherein system
responses are iteratively and continuously calculated.
A stability assessment mechanism based on the eigen-
value theorem is integrated into design processes to
avoid the unstable margin of MEA EPS. Hence, con-
trollers designed using the proposed method can perform
better with confirmed stability.
The HIL simulation technique is used to validate the pro-
posed design concepts. This validation confirms that the
proposed controller design can be implemented using a
real TMDSDOCK?28335 board.

76580

o Other AI algorithms, e.g., artificial bee colony, ant
colony optimization, and flower pollination algorithms,
can be applied to achieve an optimal design using the
same process described in this article.

This article is structured as follows. In Section II, a single-
generator-single-bus DC distribution MEA EPS and its key
control parameters are introduced. The modeling of the MEA
EPS system using the DQ approach is detailed in Section III.
In Section IV, the ATS algorithm, including the stability
analysis mechanism during the searching process, is applied
to determine the controller parameters under load variation
conditions. The validation of the theoretical design results
by MATLAB and HIL simulations is presented in Section V.
Finally, Section VI concludes this article.

Il. STUDIED MEA EPS CONFIGURATION

A simplified architecture MEA, the single-generator-single
bus DC distribution MEA EPS [6], [16] illustrated in Fig. 1,
is considered in this study. It consists of a permanent magnet
synchronous generator (PMSG) with parasitic parameters
(represented by Ry qpc and Ly ac), an AFE rectifier, a DC
link capacitor (represented by Cyc), a DC transmission line
(represented by R and L), a bus capacitor or capacitor bank
(represented by Cj), resistive loads (represented by Ry), and
an ideal CPL. The resistive loads are used to represent a wing
deicing system, and the ideal CPL refers to most electrical
power loads on the MEA, such as the actively regulated
power converter. The rated powers of R (PRL,raed) and
CPL (PcpL, ratea) are determined to be 7 kW and 38 kW,
respectively. Consequently, the rated power of the studied
system (P,q) in Fig. 1 is equal to 45 kW (Pgp ared +
PcpL rarea)- The control structure, depicted by the dashed
line in Fig. 1 and detailed in Fig. 3, is the classical vector
controller on the dg-axis, which can be separated into an
inner loop and an outer loop. Ky, Kid, Kpq, and Kig are the
cascaded proportional-integral (PI) controller parameters of
the inner loop; these parameters control the inductor current
on the d-axis (/) and the inductor current on the g-axis (/g).
Kpy and Ky are the PI controller parameters of the outer
loop; these parameters regulate the voltage across the DC link
capacitor (V) and the voltage across the capacitor bank (V},),
ensuring that both are in the range 250-280 V (determined
using the MIL-STD-704F standard [20] after defining the
nominal voltage, V;/, as 270 V). Ky is the droop controller
parameter (individual droop gain) of the outer loop and is
responsible for sharing the power and current from the PMSG
to all loads on the MEA. K; is the voltage compensator
parameter [1] (global droop gain) of the outer loop, and it is
responsible for preventing or reducing voltage drop due to the
droop controller’s operating behavior. To determine the opti-
mal controller parameters, the ATS algorithm is used to tune
Ky, Kid, Kpg. Kig, Kpv, Kiv, K4, and K; via the state-variables-
averaging model until the optimal output performance is
obtained. Unfortunately, an ideal CPL acts as a negative
impedance that can directly reduce system stability. Reduced
system stability may result in huge oscillations of voltage
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FIGURE 1. Representative DC distribution of MEA EPS.

TABLE 1. The parameters of MEA EPS.

Parameter Value Description

R, 1.058 mQ Stator resistance
L 99 uH Stator inductance
Ly 99 uH Inductance on d-axis
L, 99 uH Inductance on g-axis
?, 0.03644 V-s/rad Flux linkage
P 6 Poles
, 27 x 400 rad/s Electrical rotor angular velocity
Cuc 1 mF DC link capacitor

cable length 10m Length of DC transmission line
R. 6 mQ DC transmission line resistance
L, 2 uH DC transmission line inductance
Cy 0.5 mF Capacitor bank
R, 10Q resistive load
o 0A Reference stator current on d-axis
A 270V Nominal voltage

and current responses, potentially causing these responses
to become out of control. Hence, the stability assessment
mechanism should be integrated into the searching process.
Additional details on how to design the MEA EPS controller
using the AI approach and stability assessment are provided
in Section IV. The system parameters are given in Table 1.

1Il. MODELING OF REPRESENTATIVE MEA EPS

As mentioned in Section II, an MEA EPS controller can
be designed using the state-variables-averaging model and
the ATS algorithm, hereafter referred to as the ATS design
method. Thus, the establishment of a time-invariant model
that is easy to use and suitable for designing system con-
trollers is essential. Referring to the literature review in
Section I, the DQ modeling method is selected to derive

VOLUME 12, 2024

Current Controllers

FIGURE 2. Equivalent circuit on the dq-axis of MEA EPS under open-loop
operation.

the state-variables-averaging model of MEA EPS without
the control system, where the PMSG and the IGBT mod-
ule are mathematically analyzed as dynamic equations and
transformers, respectively, on the dg frame. The resulting
equivalent circuit of the MEA without closed-loop control is
presented in Fig. 2. After applying Kirchhoff’s voltage law
and Kirchhoff’s current law to Fig. 2, the dynamic model in
the form of differential equations is obtained and presented
in (1). More details on how to derive the mathematical model
using the DQ modeling technique can be found in [16].

Ty e b g o My

d = Iy d I‘:ﬂ q ﬁd dc 3
L3 We'

Iy = —welg — _-‘1(, L e I T ETE

Ly Ly Ly

e Py My Ty N
.”‘_lzcd,. d & 2Cuc T Cae

Ie="Vi— LI ——V,

c T dc Tz C T: b

Voo b Ly, P
PTG T RG T GV

where My and M are the time-invariant switching functions
of the IGBT module on a dg-axis. The model in (1) is time-
invariant.
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: Classical Vector Controllers on dg-axis
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FIGURE 3. Vector controllers on dq-axis for closed-loop operation of
MEA EPS.

Next, the MEA EPS model under closed-loop operation
is considered. Figure 3 shows a block diagram of classi-
cal vector control on the dg-axis, in which Xj; of the Iy
control loop, Xj; of the I, control loop, and X, of the
Ve control loop are defined as new state variables of the
model. According to the control structure shown in Fig. 3,
the control signals (Z; and Z&*) and reference modulation
index on the dg-axis (M} and M) are calculated using (2)
and (3), respectively. Under the closed-loop operation of
the MEA EPS, My and M in (1) become M and M;
in (3). After substituting M and M(;‘ for My and My and
adding all new state variables of controllers, the nonlinear
model of the system shown in Fig. 1 derived from the DQ
approach is expressed in (4), as shown at the bottom of the
next page.

The mathematical model given in (4) is a beneficial tool
for computing the desired system responses of the controller
designed by the ATS design method because of its accuracy
and short computational time [21], [22]. For stability analysis
during the design process, the eigenvalue theorem based on
the linear time-invariant (LTT) model is a suitable tool. There-
fore, the first-order term of the Taylor series expansion is used
to transform the nonlinear model in (4) into the LTI model
in (5).

Z} = —Kpala + KigXia + Kpal }
Z; = _qulq = vaKp(/th ot Kivaun
+KigXig + KpvKpq Vi)
4 vaqu(Kl — Ka)Vp 4 Km'quPCPL(Kt —Ky)

Ry Rp
@
1
M= Vo (i + weLygly)
de @
My = (5 (z; =Ty w‘,¢,,,)

5= A(x,, Ug)3x + B(X,, U1g)ou .
3y = C(X,, Ug)8X + D(X,, uy)du

where matrixes A, B, C, and D are the Jacobean matrixes
of the MEA EPS depending on the system operation point.
The details of §x, du, 8y, A, B, C, and D can be found
in Appendix.

To validate the mathematical models, an exact topological
simulation was conducted using MATLAB/SimPowerSystem
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TABLE 2. J value results of conventional design and ATS design method.

Design method
Vector controller

parameters// value

Conventional method ATS method
Ko ~1.9895 -1.1167
K —1563.3453 —17846.259
K, —1.9895 —0.84887
Ky, —1563.3453 —15350.0928
K 3.5744 5.3025
K, 2807.3541 4772.5019
Ky 0.06 0.0571
K, 0.06 0.0571
J 1.0 0.6861
| | Exact topological model
290 | 3 fr{ = Lizearizzd model
a0l : S Nebue et
) ‘ 10kW 14 kW 12KkW
&
5| NG, S TN NI FE . T
1 355 o2 035 o 0. 04
14 kW
ol
£
=
| E
&5 .
01 ixs 2 025 ols o 04
» A ! ‘ Exact topological model
L
H | ===~ Nortrear mose
o 10kW 14 kW 12kW
S i
wl i
" |
“u1 015 02 025 03 0.35 04
time(s)
FIGURE 4. Validation of nonlinear and LTI dynamic models.

with the system parameters in Table 1 and the con-
troller parameters in Table 2. The controller parameters for
model validation are designed by using the conventional
design method, which will be explained in Section IV. The
model validation results when the CPL is changed from
10 kW to 14 kW and 12 kW are shown in Fig. 4. These
results confirm that the nonlinear and LTI models provide
good accuracy.

To determine the benefit of the state-variables-averaging
model, the computational time of the simulation is plotted in
Fig. 4. Simulation by the exact topological model consumes
18.84 s, whereas simulations by the nonlinear and linearized
models consume 0.63 s and 0.25 s, respectively. Therefore,
the computational time savings are 96.67% and 98.66% when
the system is simulated using the proposed nonlinear and
linearized averaging models, respectively. The short simula-
tion time is useful for the ATS design method because the
ATS algorithm must perform iterative simulations during the
controller design process.
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FIGURE 5. Block diagram of current loop control.

IV. OPTIMAL MEA EPS CONTROLLER DESIGN

The controllers designed for the MEA EPS using the conven-
tional design method and the proposed ATS design method
are detailed in this section.

A. CONVENTIONAL DESIGN METHOD

The conventional design method for vector controllers on the
dg-axis uses the characteristic polynomial of the standard
second-order system to design the PI controllers for both
current and voltage loop controls.

1) CURRENT LOOP CONTROL

Figure 5 shows the block diagram of the current loop control
of the studied MEA EPS, which is used to design the con-
trollers for regulating the inductor current on the d-axis (1)
and the g-axis (Iy). Only the design procedure of the current
loop control on the d-axis will be described in this section
because the loop controls on the d-axis and g-axis are iden-
tical. The closed-loop transfer function of the block diagram
in Fig. 5 is expressed by (6).

Kpa and Kjq are established and presented in (8).
P %)
52 + 2L wps + wF
Kpd = Ry — 2¢iwpiLa
Kig = —Law?

The equations used for designing the current loop control
on the d-axis can also be used for designing the current loop
control on the g-axis. The equations for calculating K,; and
Kiq are presented in (9).

{ Kpi = Ry — 2oLy

(®)

)
Kia = —Lqw};

where @i =27 X fi.

2) VOLTAGE LOOP CONTROL

Figure 6 shows the block diagram of the voltage (V)
loop control of the MEA EPS, which is used to design the
controller to regulate the voltage across the DC link capac-
itor (V). The closed-loop transfer function of the block
diagram, presented in Fig. 6, is expressed by (10).

Vae _ 3m (Kpys + Kiy)
Vi T 4Cuest + 3mKpys + 3mKjy

c

(10)

Using the same procedure implemented for designing the
current loop control, the equations for designing the PI con-
troller of the voltage loop, K, and Kjy, are established and
expressed in (11).

8¢y Cic
Iy _ Kpd\ + Kia (6) Kp\' = C‘(:+‘l?d(
I L+ (R — Kpa) s — K o _ dCawry an
- —
After comparing the denominators of (6) and the standard 3m
second-order system in (7), the equations for the parameters where w,y = 27 X fuy.
o ” Ki K
=%y, ][Ld Ii— L—':X:u = —L';—dlj
e (X, pd Ry) Kerpq pv (](KI Ki) Kl{] K/)LK/N/PCI’L(KI —Ky) 1 Kn qu
Ip= Iy + Vie = Vo — =Xy — o X
KoK Lq Lq LqRL Lq Lt[ Vi L([
PYRPG 1
= —1 VI?
I KpKpg(K; — K2)
Ve ,(I 75 [ K/ulld + KialaXia + K/nildld _qul + @e ¢mlq KPI'KP(]I(]VLI( + R—qub
KpgPeprL(Ky — Ka) 1 1
4 RPN T 8 A RiKpgleXy +KiglgXig + KowKpglg V] — =1
Lz] Vi Cac 4)
B 2 R, \%
c 2 dc L. [& 2 b
‘; 1 I 1 Pcp, 1
b= le—5—=W —
. G RCoy W !
%= —Vae+ S KDy 4k, — KpPerL - =+ V3
. Ry Vi
Xia = —lq +1;
> va(Kl — Ka) 1 *
Xig = —lg — KpvVac + — QR Vi + Kpu(Ky — Kq)Pcpr - A + KXy + KoV
b
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FIGURE 6. Block diagram of voltage loop control.
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FIGURE 7. Block diagram of droop control and voltage compensation
under voltage mode.

3) DROOP CONTROL AND VOLTAGE COMPENSATOR
Figure 7 depicts the block diagram of droop control and
voltage compensation under voltage mode, in which the indi-
vidual droop gain K of the droop controller is set equal to the
global droop gain K; [4]. This is because the power system
investigated in this study is a single-generator/single-bus DC
distribution MEA EPS. Under minimum transmission loss
condition, the optimal gains K; can be designed by using (12)
and (13).

1
if;Srsl
-y B [ B (12)
Ri— <KafPof /T8 R 1
Ll+r< '_Z(V +r )
if r>1

R.f | 1 (13)
0<K; < 2 (\I+r 1)
where r is the ratio between the power of the CPL (Pcpr) and
the resistive load (P, ).

For this study, ¢; = 0.8, ¢, = 0.8, fui = 2000 Hz, and
fw = 200 Hz are selected to design the PI parameters
of the current and voltage loops, and Pcpr = 8 kW and
Pg, = 7 kW are used to calculate the K; and K, gain
for the droop control and voltage compensation, respec-
tively. The resulting controller parameters of MEA EPS
designed using the conventional design method are shown
in Table 2.

B. ATS DESIGN METHOD

The methodology for designing the MEA EPS controller
parameters using the ATS design method is described in this
section. The ATS algorithm is selected for the optimal design
because it can ensure convergence and escape the local solu-
tion [19], [22]. The ATS algorithm will search the controller
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FIGURE 8. Process diagram for the optimal MEA EPS controller parameter
design using the ATS design method.

parameters (Kpq, Kia, Ky, Kig Kpy, Kiv, Ky, and K;) - until
the optimal solution is obtained, resulting in the opti-
mal output performance. A block diagram representing
the process of optimal MEA EPS controller design by
the ATS algorithm is shown in Fig. 8. To investigate
system stability during the searching process, the eigen-
value theorem based on small-signal stability analysis is
used as the penalty condition. The four steps of the
design process are described in the remainder of this
section.

Step 1: The operating range of MEA EPS is determined
by defining the value of Pcpy. There are three conditions for
setting Pcpr.:

Condition I: Changing Pcpy from 8 kW to 10 kW;

Condition 2: Changing Pcpy, from 10 kW to 12 kW;

Condition 3: Changing Pcpy, from 12 kW to 14 kW.

For the criteria of selecting these conditions, the mini-
mum value of Pcp;, must be more than one-third of Pg,
(7kW/3 = 2.33 kW) [4] to achieve the minimum power loss.
The maximum value of Pcp; must be less than 22 kW, which
is the unstable margin of the considered system [16]. The
sampling power for setting the conditions can be determined
arbitrarily.

Step 2: The stability margin is assessed for all conditions
in Step 1. The Jacobian matrix A(Xe,u,) of the LTI dynamic
model is expressed by substituting the system parameters
given in Section I and the vector controller parameters from
the ATS searching process into (5). The cost value for the
penalty condition or stability analysis condition (wy,) is deter-
mined by (14). According to (14), if the system is unstable
Re{r} = 0, wy is set to 10000 to eliminate these parameters
to make the system unstable. However, if the system is stable,
wy is set to 0.

ifRe{r} > 0
wg = 10000

else

wg =0

end (14)
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Step 3: The V), responses for all conditions in Step I are
calculated using the nonlinear model, which is expressed
in (4). Asin Step 2, the system parameters from Section I and
the controller parameters randomly searched from the ATS
are substituted into (4). The resulting V), response is used to
compute the cost value of the performance condition ()
expressed by (15).

Ty ats ) ( Ty.a1s ) (P»U -ATS )
Wpf =« + B8 +vy
o ( T;.con Ts,.con P.U.con

(15)

where T, .con, Ts.con, and PU.coy are the rise time,
setting time, and percent undershoot of V) response
when the system is controlled using the vector controller
parameters designed by the conventional design method.
Ty atss Ts.ats, and P.U.a1s are from the controller designed
by the proposed ATS design method. The priority coefficients
of T, Ty, and P.U. are , B, and y, respectively, which are
set to 0.33, 0.33, and 0.34, respectively. The sum of these
coefficients must always be equal to 1.

Step 4: The stability analysis results and V}, response per-
formances are assessed on the basis of cost value J calculated
by (16). The ATS algorithm iteratively tunes the controller
parameters Kpq, Kid, Kpg, Kig, Kpv, Kiy, Ka, and Ky until
J is minimized, indicating that the optimal V) response
performance is obtained with stable operation. The ATS
parameters, i.e., initial number neighbor, number neighbor,
radius, decreasing factor, and round, are set to 20,40, 0.3, 1.4,
and 50, respectively. The setting values of these parameters
can be derived from a trial-and-error test under the condition
of minimization of J. As for the defining boundary, the
setting procedure is based on the conventional design: the
upper and lower limits are, respectively, set to be 1.8 and
0.2 times the value of the controller parameters designed
by the conventional design method. The resulting upper and
lower limits of K4, Kia, Kpg, Kig, Kpv, Kiv, Ka, and K;
are set to [—3.5810, —0.3979], [-3126.6906, —28140.2161],
[—3.5810, —0.3979], [-3126.6906, —28140.2161], [0.7149,
6.4340], [561.4708, 5053.2375], [0.012, 0.108], and [0.012,
0.108], respectively.

n
J= Zw/y’.i + Wi (16)
i=1
where n is the number of operating conditions. It is set to 3 on
the basis of Step 1.

The resulting controller parameters with their cost values
represented by J and the convergence of J value are given
in Table 2 and Fig. 9, respectively. Unlike the conventional
design method, the ATS design method can provide the opti-
mal DC bus voltage response (V},). Figure 10 presents the
theoretical stability analysis results when the ATS algorithm
is used for the searching process. This figure shows that
all solutions from the ATS algorithm can be confirmed
for stable operation during the searching process. To verify
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FIGURE 9. Convergence of J value from ATS design method.
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FIGURE 10. Dominant eigenvalue plot for the MEA EPS with the
controllers designed using the ATS algorithm.

the proposed optimal design method, simulations using the
MATLAB topology model and HIL technique are presented
in Section V.

V. VERIFICATION BY MATLAB AND HIL SIMULATIONS

The proposed ATS design method can provide the optimal
DC bus voltage response under stable operation conditions.
In this section, the effectiveness of the controller designed
using the ATS design method is validated through inten-
sive time-domain simulations using MATLAB and HIL.
For the HIL setup, Fig. 11 shows the connection between
TMDSDOCK?28335 board and the SimPowerSystem®)in
MATLAB. The MEA EPS controllers designed using the con-
ventional and the ATS design methods are digitally embedded
in a TMDSDOCK28335 board, and the remaining elements,
depicted in Fig. 1, are contained in MATLAB. The V),
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1. Code Composer Studio™ v3.3 IDE
2. MATLAB Program

3. SimPowerSystem™ of MATLAR

4, TMDSCOCK28335 Experimenter Kit

FIGURE 11. Connection between TMDSDOCK28335 board and the
SimPowerSystem()in MATLAB.
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FIGURE 12. The resulting V;, waveforms under the condition of Pcp,
changing from 8 to 10 kW. (a) MATLAB simulation results. (b) HIL
simulation results.

waveforms corresponding to the conditions of changing Pcpr.
from 8 kW to 10 kW, from 10 kW to 12 kW, and from 12 kW
to 14 kW are shown in Figs. 12, 13, and 14, respectively.
Focusing on the transient responses, MATLAB and HIL
simulations confirmed that the output performance of MEA
EPS controllers designed by the proposed ATS design method
is superior to that of MEA EPS controllers designed by the
conventional design method in terms of rise time, setting
time, and percent undershoot.

Overall, good agreement is observed among the theoretical
results, MATLAB simulation results, and HIL simulation
results under all three Pcpy, variation conditions. Using the
MEA EPS control system designed by the proposed ATS
design method, the system operates stably and produces the
optimal V}, response.
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FIGURE 14. The resulting V;, waveforms under the condition of Pcp
changing from 12 to 14 kW. (a) MATLAB simulation results. (b) HIL
simulation results.

VI. CONCLUSION

In this study, the ATS algorithm is applied to design con-
trollers for the DC EPS of MEA. A modeling technique
based on DQ transformation is applied to establish the state-
variables-averaging model. The resulting nonlinear model
can rapidly and accurately simulate the dynamic response to
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evaluate DC bus voltage waveform (V},) performance. For
stability analysis during the design process, all eigenvalues
are iteratively computed via the LTI dynamic model using a
stability analysis technique based on the eigenvalue theorem.
The results explicitly demonstrate that the MEA EPS under
study maintains a stable state when the load conditions vary.
The V), response performance of the EPS is better with the
controllers designed by the ATS design method than with the
controllers designed using the conventional design method.
These conclusions are validated by good agreement among
the results of theoretical analysis, MATLAB simulations,
and HIL simulations. Although the proposed algorithm can
perform better than the conventional approach, it requires
extra time for the search process. Furthermore, the proposed
design method can aid in the controller design of other power
systems such as bidirectional AC-DC inverters in electric
vehicles and bidirectional voltage source converters in DC
microgrid systems. In addition, instead of the proposed ATS
algorithm, other AT algorithms, such as artificial bee colony,
ant colony optimization, and flower pollination algorithms,

a(3,2)
3 1
= ﬂ . m (_2Kp([1([<0 + wem — Kpl'Kde¢:0

+K K Vi
+ vaqu(Kl —Ka)Vbo i KpVKp([(Kt — Ka)PcprL

RL Vb.o

+K1quq.0)

a(3,3)
3 1

= = (—K,ulli o + Kiala 0Xia,0 + Kpala ol

2Cic Vaeo '

2
*qulj,o

+K/7\'qu(Kl — Ka)lg0Vh0 i KpvKpg(Ki — Kq)Pcprlg o
Ry Vo
+le'¢"11qu + Kh'qulq.OXr‘O + Ki1[11[<OXiq40
+KpvKpglg.oVy)
a(3,5)
_ 3KpvKpg(Ki —Ka)lgo — 3KpvKpg(Ki — Ka)PcpLlyo

can be userd to.design controllers by following {he methodol- 2CaVacoRL 2Cdz~Vdr,0V,,20
ogy used in this study. However, a drawback of the proposed *
technique is that if MEA EPS parameters or their operating (- 3)
points are varied, the controller parameters obtained from the - Kiw(Ki —Kua) _ Kpv(Ki — Ka)Pcpr
ATS algorithm must be designed again following the process R V]i 0
diagram shown in Fig. 8.
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: ABSTRACT The number of power converters that act as constant power loads (CPLs) has increased
continuously with the penetration of power electronic technology in more electric aircraft (MEA). The
negative impedance of CPLs can drastically degrade overall stability, resulting in system instability and
poor output performance. Herein, stabilization gain based on loop cancelation is introduced to stabi-
lize the electrical power system (EPS) of MEA. After applying the proposed stabilization, the MEA
EPS can return to a stable state and operate at high-power levels until the rated power is achieved.
A robust analysis is also performed to ensure that the MEA system with the proposed stabiliza-
tion technique remains stable under all operating conditions despite changes in parameters. Moreover,
the voltage response of DC buses can adhere to the MIL-STD-704F standard. Intensive time-domain
and hardware-in-the-loop simulations are used to verify the effectiveness of the proposed stabilization
technique.

: INDEX TERMS More electric aircraft (MEA), loop cancelation, active stabilization technique, stability
review.

1. INTRODUCTION loads (CPLs) [7], [8], [9]. These CPLs can directly degrade

More electric aircraft (MEA) technology is universally
acknowledged as a crucial solution for minimizing gas emis-
sions, optimizing global aircraft performance, increasing
flight reliability levels, improving power regulation effi-
ciency, and reducing maintenance and operating costs [1],
[2], [3], [4], [5], [6]. Wing ice protection, flight control
actuation, and fuel pumping systems are traditionally pneu-
matic, hydraulic, and mechanical systems in conventional
aircraft that have been completely or partially replaced by
electric systems in MEA architecture. In MEA systems, sta-
bility issues are important because most electrical power
system (EPS) components are power electronic converters
with feedback control loops that behave as constant power

The associate editor coordinating the review of this manuscript and

approving it for publication was Tariqg Masood

system damping, resulting in global system damage and poor
output performance. In previous research, stability assess-
ments based on the state variable-averaging model with the
eigenvalue theorem [1], [2], [6], [10], [11], [12], [13], Mid-
dlebrook’s criteria [14], [15], and phase-plane analysis [6],
[10], [13] have been proposed to predict unstable points
and study the influence of parameter variation in terms of
stability. However, if an instability margin occurs before the
expected power level is reached, prediction results cannot
guarantee stable system operation until the rated power is
achieved. In this case, instability mitigation or stabilization
is a major solution for extending the system’s operating
range.

Stabilization techniques can be categorized into two types.
The first is passive stabilization [16], [17], which is a simple
approach in terms of design and practical implementation.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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FIGURE 1. Configuration of the considered system in MEA.

Passive devices, e.g., resistors, resistors with inductors, and
resistors with capacitors, are installed into systems to increase
overall system damping. The drawbacks of the passive
approach are its effects on global system size, price, weight,
and loss. Therefore, the second type of stabilization, namely
active stabilization [18], [19], was introduced. In this tech-
nique, the virtual impedance established via control loop
structure modification was used for instability mitigation
instead of additional components. Active stabilization can
provide higher effectiveness and reliability than passive stabi-
lization. Active stabilization of electrical power systems can
be classified into three methods. The first is active stabiliza-
tion from the load (CPL) side [12], [19], [21], [22], [23],
[24], [25], wherein the control loop on the load side is
modified to compensate for the instability effect of CPL.
The disadvantage of this technique is that load performance
is considerably reduced. The second method involves elim-
inating destabilizing effects by installing external circuits
between the source and load subsystems [10], [20]. It is suit-
able for applications with a feeder side that consists of non-
switched converters, such as single- and three-phase diode
rectifiers. Its drawback is that it increases complexity, costs,
and losses. The third method, namely, active stabilization on
the source side [26], [27], [28], [29], is the best choice if load
dynamics and entire system performance are of concern and
crucial. This method can be specifically applied to switched

VOLUME 12, 2024

Loop-Cancellation Technique :

converters, e.g., bidirectional voltage source converters in
DC microgrid systems, three-phase rectifiers in electric rail-
way systems, and bidirectional DC-DC converters in electric
vehicles. In this technique, the compensation signal was gen-
erated and used to modify the control structure. Only the
resulting signal is injected into the control loop of the feeder
side.

Based on the literature on the stabilization approach,
this paper focuses on the active approach at the source
side using loop cancelation [6], [10], [11], [27] because its
study system is a single-generator/single-bus DC distribu-
tion MEA that includes an active front-end (AFE) rectifier.
Herein, instability mitigation can be easily implemented
in microcontrollers by coding a program and installing a
voltage sensor. Consequently, external components are not
required, and the existing load performance is still achieved.
Moreover, the essential capability of loop cancelation is that
it can completely eliminate the destabilizing effect of CPLs.
Therefore, the system can operate at high-power levels
until the rated power is achieved. A simplified technique
based on the averaging mathematical model was presented
to design the gain of the loop cancelation approach. After
the proposed stabilization is applied, the system becomes
constantly stable, and the DC bus voltage response (V})
adheres to the MIL-STD-704F standard [30]. Intensive
MATLAB simulations and hardware-in-the-loop (HIL) were

100909




321

1EEE Access

R. Phosung et al.: Improvement in the Stability of DC Electrical Power Distribution Systems in MEA

used to validate the proposed stabilization method. Good
agreement among theoretical, simulation, and HIL was
obtained.

The main contributions of this article are as follows:

« A simple technique based on the averaging model for
designing stabilization gain to eliminate the unstable
effect is presented.

Robustness analysis was performed to demonstrate
that parameter variations did not affect the stabiliza-
tion results when the proposed method was applied to
MEA EPS.

The proposed design concepts for instability mitiga-
tion in MEA are intensively verified by using HIL
simulation.

The rest of this article is organized as follows: The
MEA EPS with a single-generator/single-bus DC distri-
bution and the effect of CPLs on system stability are
introduced in Section II. In Section III, the principle of
loop cancelation for eliminating the CPL effect in MEA
EPS is described. An explanation of the design of the
compensated gain of the cancelation loop, mathematical
model derivation, small-signal stability analysis based on
the eigenvalue theorem with participation factor analysis,
and large-signal stability analysis using phase-plane anal-
ysis are described in Section III. The verification of the
theoretical analysis using MATLAB and HIL simulations is
presented in Section I'V. Finally, the advantages and benefits
of the appropriate gain design are discussed and concluded
in Section V.

1. MEA EPS WITH THE DESTABILIZING EFFECT OF CPLS

The representative DC distribution MEA EPS shown in Fig. 1
consists of three parts. The first part (A) is called the
source subsystem, which contains the connection of a per-
manent magnet synchronous generator (PMSG) with its
parasitic parameters Ry .- and L 45 with a DC transmis-
sion line (represented by R, and L) via an AFE rectifier.
This AFE is used to convert AC power (generated by
PMSG) into DC power to provide the MEA loads in Part B.
The smooth output voltage of the AFE rectifier (V) can
be achieved using the DC link Cye. The control scheme
used in the AFE rectifier is illustrated in the gray area
in Fig. 1. The classical vector controllers on dg-axis were
applied, wherein the reference current (Ij) is set as 0 A
to enable the PMSG in full-flux operation mode by using
the current controller on the d-axis. The current controller
on the g-axis and voltage controller are used to control
the voltage of the DC link capacitor (V) and DC bus
voltage (V}) to be equal to 250-280 V (defined by the
MIL-STD704F standard) by setting the nominal voltage ( Vi
as 270 V. The desired power and current sharing for MEA
EPS loads is provided by the droop controller under volt-
age mode. However, when droop control is applied in
traditional aircraft [4], [6], a massive voltage drop occurs,
resulting in unacceptable Vy- and Vj in certain applica-
tions. Consequently, voltage-regulation issues are important
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FIGURE 2. Stability prediction results of MEA EPS without the proposed
mitigation technique. (a) Analytical results. (b) Simulation resuits.

and must be addressed. In this study, a voltage compen-
sator, which was widely applied in modern MEA EPSs,
is used to mitigate voltage drop issues and minimize power
loss [4], [13], [31]. All controllers of the AFE rectifier were
designed via the classical approach [13], [31]. In the second
part (B), i.e., the load subsystem, depicted in blue areas,
consists of a bus capacitor (represented by Cj); resistive
loads or a wing deicing system (represented by Ry ); and
an ideal CPL associated with the active control of power
electronic circuits, such as power converters under volt-
age mode control and electric motor drive under speed
mode control. The rated power of Ry (PRL.rawea) and CPL
(PcpL, raea) are set as 7 and 38 kW, respectively. This situ-
ation indicates that the rated power of the considered system
(Pratea) is equal to 45 kW (Prr raea + PcPL.rated)- The
third part (C), namely, loop cancelation, is further explained
in Section ITL. The system parameters of Fig. 1 are given
in Appendix A.

In the case without loop cancelation (third [C] part), CPLs
can directly degrade system stability. A stability study is,
therefore, essential. In this study, the PMSG and AFE models
are mathematically analyzed to provide the time-invariant
mathematical model of the entire system. The resulting model
is suitable for stability studies. The dominant eigenvalue
plot and simulation result of system in Fig. 1 without the

VOLUME 12, 2024
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stabilization technique are obtained on the basis of the pro-
cedure in [13] and are shown in Fig. 2.

The analytical results in Fig. 2(a) show that the CPL’s
behavior can destabilize the system at the CPL power
level (Pcpr) of 22 kW. Fig. 2(b) depicts the validation
of Fig. 2(a) using MATLAB simulation. As can be observed
from Fig. 2, the unstable point of MEA EPS occurs before
Prared (45kW). Therefore, stabilization approaches are nec-
essary as explained in the next section.

1Il. ACTIVE STABILIZATION WITH LOOP CANCELATION
Fig. 3 shows that active stabilization at the feeder side using
loop cancelation was applied to mitigate the instability issue
in the MEA EPS. As a result, the considered system can
operate until the rated power is achieved under a stable
condition wherein the rated power of the considered sys-
tem is equal to 45kW. Moreover, the application of the
loop-cancelation technique to AFE rectifier—based AC-DC
converters does not require passive devices or external cir-
cuits. Given that only a voltage sensor is added to the
system to detect V), the size, weight, price, and power loss
of the overall system are unaffected when loop cancelation
is applied.

In the block diagram of the MEA EPS with the pro-
posed stabilization approach (Fig. 3), the effect of CPLs
that can reduce system damping is represented by the
term (Pcpr /V}p) in the red area. The proposed mitigation
technique was initiated by detecting the inverted voltage
across the capacitor bank (1/V}). This inverted voltage is

VOLUME 12, 2024

then fed through a low-pass filter (s/(s+w.)) to provide
a stabilization signal (Vj, gqp). The slope of the stabiliza-

tion signal (Vj gap) can be obtained using a derivative

term (s). Subsequently, the resulting slope is multiplied by

feedback gain (Kpp) and directly injected into the voltage
*

control loop to generate the new voltage reference Ve as
calculated by

Vier = Vie + Keps Vi sab
Vi — v: 4 kpfeEC . A M
dcl dc S+ woc Vh

where @, is the cutoff frequency (rad/s) at which w. is
designed to be 1.25 times the resonance frequency (1.25w,).
, can be calculated by using (2):

1
VLcCp

The Kpp gain can be adjusted to obtain the appropriate
value for eliminating the instability effect of CPLs. The Krp
gain, depending on the power level of CPL, can be designed
using a dynamic model with stability analysis. In this study,
the averaging mathematical model of the MEA EPS shown
in Fig. 1 can be derived by applying the DQ modeling
approach. The MEA EPS without closed-loop control is first
considered for the initiation of model derivation. The DQ
approach was used to analyze the PMSG and eliminate the
switching action of the IGBT module in the AFE rectifier.

(2)

Wy =
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As aresult, the dynamic model can be expressed as (3).

. R, My
Ig = _L_; d +we1q = Evdt
C: Ry Ml/ @ePim
Iy ==wely = —lj——"Vg+ ——
§ S e
o= el 6)
€T 20 T2 Cuc”
gy Ly
G L dc L c L. b
2 1 1 Pcpr
Vo= —l————Vp— ”

Cp RLCp CpVip

where M, and M, are the time-invariant switching functions
of the IGBT module on the dq axis. Additional details on how
to derive the MEA EPS model using the DQ method can be
found in [13].

As shown by (3), the model is time-invariant after deriva-
tion. However, the model of (3) can describe system behavior
under open-loop control. For closed-loop control, Fig. 4
shows the schematic of classical vector control on the dg-axis
(gray area) with loop cancelation (green area), wherein new
state variables, i.e., Xz, Xig, Xy, and Vg, are considered
in the model. The new variables Xiq, Xig, Xy, and Vygqp are
related to the 7, Iy, V4 control and mitigation loops. Ana-
lyzing the structure in Fig. 4 using basic circuit theory yields
the control signals (Z; and Z;) and the reference modulation
index on the dg-axis (M} and M;‘) given in (4) and (5),
respectively.

Z} = —Kpala + KiaXia + Kpal}}
Z; = _K/n/[(/ = K/n'qu Vac + Kn*quXv

Kerpq(Kf — Ka)Vp
+ KigXig + KpKpgV + —P—PEp =2

it KpL'quPCPL(KI —Ka) [ K/)Vqu(Kt — Ka)Vp

Ry Ry,
KgR, Pcrr (K, —Ky)
+ qu;i—fll N vaquKFBerh.mzl)
we
Vi & K/n'quKFBVb
(C))
1 "
M= (W) (Z) + welqly)
1 5

1
* *
My = (W) (2 — weLala+ wepn)

The switching functions M, and M in (3) can be replaced
with the reference modulation indices M and M in (5). The
nonlinear time-invariant model of the closed-loop MEA EPS
with loop cancelation can be expressed as (6).

However, a linearized model is also required for stabil-
ity studies based on the small-signal stability technique.
Therefore, the first-order term of the Taylor series expan-
sion was used to derive the linearized state—space model.
As a result, the set of differential equations suitable for
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where matrices A, B, C, and D are the Jacobean matrices of
the MEA EPS in the general form depending on the system
operation point. The details of A, B, C, and D can be found
in Appendix B.

As shown in Appendix A, intensive MATLAB time-
domain simulations using system parameters with w. =
39528.47 rad/s and Krg = 1 are performed to validate the
nonlinear model in (6) and linearized model in (7). The CPL
changes from 22 kW to 26 and 24 kW at the time instants
of 0.2 and 0.3 s, respectively. Fig. 5 shows that both models
can provide the correct transient and steady-state responses.
Therefore, the derived models can be used to design the Krp
value. The mitigated system is expected to be stable when
it reaches the rated power of CPLs without encountering
instability or operation issues. The method for designing the
suitable Kgp is described below.

A. DESIGN OF APPROPRIATED Kgg GAIN

The design of the appropriate Krp gain based on the math-
ematical model of the MEA EPS with loop cancelation is
introduced in this section. Stability assessment techniques,
namely, small-signal stability analysis using the eigenvalue
theorem, a modal analysis technique called participation
factor analysis, and large-signal stability analysis via phase-
plane analysis, are performed to provide a sufficiently small
Kpp for instability mitigation at the full power of CPLs.
Fig. 6 shows the dominant eigenvalue plot obtained by
using the linearized model in (7) with the parameters in
Appendix A and o, = 39528.47 rad/s when the Krp gain
changes from 0 to 1.1 and the CPL is fixed at the rated
power of 38 kW. The trajectory of the eigenvalue in Fig. 6

VOLUME 12, 2024

time(s)

posed model established through the DQ approach.

illustrates that the real part of the dominant eigenvalues
exceeded 0 when 0 < Kpp < 1. The system is therefore
unstable at Pepy, = 38 kW if K < 1. By contrast, the system
can return to the stable state again when Kpp ranges from
1.01 to 1.1 (refer to the blue dominant eigenvalue located on
left-hand side of the s plane).

However, information from the eigenvalue theorem
is insufficient to assess the adherence of Vj to the
MIL-STD-704F standard. Thus, participation factor analysis
is applied with the eigenvalue theorem to identify the con-
tribution of the state variables, including the related system
parameters, and to study the stability of the MEA EPS in
depth. Tables 1 and 2 show the participation matrices calcu-
lated from the system model in (7) the absence of mitigation
(Krg = 0) and in the presence of the appropriate mitigation
(Kpg = 1.01), respectively. The details of the calculation
of the participation matrix can be found in [12] and [13].
Tables 1 and 2 show that the state variables /. and V}, are
related to parameters L. and Cj, which are involved in the
dominant poles of Fig. 6. Therefore, the state variables /. and
V), are used to construct the phase plane in Figs. 7 and 8.
As depicted in Fig. 7, the phase-plane trajectory on the
IV}, plane when Pcpy = 38 kW with Kpp=0 starts
from the initial point and then diverges from the equilib-
rium point. This situation indicates that the system was
unstable at this operating point. Moreover, the steady-state
response of V, does not follow the MIL-STD-704F stan-
dard (exceeding the range of 250-280 V). If the proposed
stabilization is applied with Kzg = 1.01, the MEA EPS
can maintain stable operation at the rated power, and the
characteristics of V}, can also adhere to the MIL-STD-704F
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FIGURE 6. Dominant eigenvalue plot of the MEA EPS with loop
cancelation for the design of the appropriate K.
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FIGURE 7. Analytical results of the phase-plane analysis for Pcp, =

38 kW with Kpg = 0.

standard completely. The MEA EPS trajectory in the mag-
nified areas of Fig. 8 moved to the equilibrium point,
whereas the amplitude of V}, was in the range of 250-280 V.
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TABLE 1. Participation matrix in the absence of mitigation. TABLE 2. Participation matrix in the p of approp g
Eig. 1 Eig.IIl  Eig. IV Eig. IX Eig. 1 Eig. 1l Eig. IV Eig. IX
Iy 0.8333 0 0 0 Iy 0.8333 0 0 0
1 0 0.4896 0.4896 £ 0 I 0 R 0.5125 0.5125 2 00014
Vs 0 0.3220 0.3220 Sae 0 Vs 0 v 0.3266 0.3266 0.3792
Vis, 0 0 0 1 % 0 0.0378 - 0.0378 0.0196
: Mode IT , Mode IT
Mode 1 (Dominant mode) Mode V Mode I (Dominant mode) Mode V

Simulations using the MATLAB/SimPowerSystems environ-
ment and HIL were performed to verify the effectiveness of
the proposed instability mitigation. Its results are presented
in Section IV.

IV. SIMULATION VERIFICATIONS USING A MATLAB
TOPOLOGY MODEL AND HIL TECHNIQUE

As discussed in the previous section, the unstable oper-
ation of the studied MEA EPS in Fig. 1 occurs when
Pcpr > 22 kW. The proposed technique based on loop can-
celation was introduced to solve this issue. The theoretical
results in 6-8 confirm that the system using the proposed
mitigation technique is always stable under all operating

VOLUME 12, 2024

conditions and exhibits the desired V},. The intensive verifica-
tion by simulation using the MATLAB topology model and
HIL technique is reported in this section. Figs. 9(a) and (b)
present the rig and block diagram of HIL simulations,
respectively. Herein, the simulation of high-power compo-
nents, i.e., the PMSG, AFE rectifier, DC link capacitor,
DC transmission line, bus capacitor, resistive load, and ideal
CPL, are assessed in the MATLAB/SimPowerSystems envi-
ronment, whereas the employed vector controllers on the
dg-axis with the loop-cancelation technique are digitally
generated on a TMDSDOCK28335 board by coding with
the C programming language and Code Composer Studio
software.
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The details of the HIL simulation are explained below.

Step 1: The rotor velocity (w,,), input currents of the AFE
rectifier (/i abc), load current (I,), voltage across the DC link
capacitor (Vg¢), and DC bus voltage (V) in the MATLAB
topology model in the computer acting as a host are detected.
Next, these data were exported to the TMDSDOCK28335
board acting as a target via From RTDX blocks and the Joint
Test Action Group emulator interface.

Step 2: The received data (@, Iinabes lo. Ve, and Vi)
are assessed by the implemented controllers on the board to

generate reference modulation indices (M7, My, and M[}).

100916

Step 3: M, M}, and M} are returned to the host with
RTDX blocks to control the AFE rectifier.

Efficiency tests under various operating conditions can
be divided into two cases. In the first case, the MEA EPS
operation must be stable until the rated power is obtained
without encountering instability issues. Moreover, V}, should
adhere to the MIL-STD-704F standard. In the second case,
the proposed active mitigation technique must maintain
system stability under all operating conditions despite the
change in aircraft parameters. The simulation results from
MATLAB and HIL, which verify the efficiency of the

VOLUME 12, 2024
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(a) MATLAB simulati

result for R, +2% =102 2.

(b) HIL simulation result for R, + 2% = 10.2 €. (c) MATLAB simulation result for R, — 2% = 9.8 €. (d) HIL simulation

result forR; — 2% =9.8 Q.

proposed mitigation technique, are illustrated in Figs. 10, 11,
and 12.

The MATLAB and HIL simulation results in
Figs. 10(a) and 10(b) confirm that the system can return to
a stable condition and operate at high-power levels until the
rated power is achieved. The output response performance
investigation shows that the proposed design can provide
the V), that agrees with the MIL-STD-704F standard. The
amplitude of V}, is constant within the range of 250V-280V,
and the maximum ripple voltage does not exceed 6 V.
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Figs. 11(a)—(d) show the simulation results R. + 2% =
6.1 mQ and R. — 2% = 5.9 mQ. Fig. 12(a) — (d) provide
the simulation results in the case of Ry + 2% = 10.2 Q and
Rr — 2% =9.8 Q. Even though R and R, change, the system
can maintain stable operation within the rated power by using
the Kpp designed on the basis of fixed R, = 6 mQ and
Ry = 10 Q. This situation indicates that parameter robustness
does not affect the active stabilization results when the Kpp
gain is appropriately fixed in accordance with the proposed
technique.
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Overall, good agreement was found among the analyt-
ical, MATLAB topology simulation, and HIL simulation
results. Initially, a system without mitigation might enter
an unstable state when the Pcpy level is equal to 22 kW
(<rated power: 38 kW). After activating active stabilization
based on loop cancelation, instability can be completely
eliminated to maintain stable operation under all oper-
ating conditions within the rated power. Moreover, the
output voltage performance adhered to the MIL-STD-704F
standard.

V. CONCLUSION

Active mitigation at the source side of the DC electrical power
distribution system in MEA using loop cancelation was pre-
sented. The proposed technique for designing the appropriate
Kpp gainis provided to eliminate system-destabilizing behav-
ior owing to the CPL effect. As a result, the MEA EPS can
return to a stable state and operate at a high-power level
until the rated power is achieved. Moreover, the resulting V;,
agrees with the MIL-STD-704F standard. In addition, key
aircraft parameter variations within £2% did not affect the
active stabilization results. Theoretical results (derived on

the basis of the eigenvalue theorem, participation factor
analysis, and phase-plane analysis), MATLAB topology
simulation, and HIL simulation were used to confirm the
effectiveness of the proposed active stabilization method.
Consequently, stable operation and V), conforming to the
MEA standard can be achieved. The proposed stabilization
concept can be applied in other power system architectures
containing control loops on the source side, e.g., electrical
railway and DC microgrid systems, for instability mitigation.
Moreover, the definition of the suitable Kgp in this article
remains useful even when system parameters or rated powers
change.

APPENDIX A

THE SYSTEM PARAMETERS

The system parameters are as follows: Ry = 1.058 m,
Ly =L = L(/ = 99 uH, ¢, = 0.03644V.s/rad, p = 6,
we = 2 x 400 rad/s, C4c = 1mF, cable length = 10 m,
R =6mQ, L =2 puH, C, =05 mF, R, = 10 Q,
Kpy = 3.5744, Kjy = 2807.3541, Kpg = Kpg = — 1.9895,
Kig = Kig = — 1563.3453, K = K; = 0.06, [; = 0 A, and
Vi =270 V.
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KR ‘ -
i s P 0 0 0 0 i 0 0
Ly Ly
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0 0 — Qs - 0 0 0 0
= L. ]L( |k,
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APPENDIX B

THE DETAILS OF THE JACOBEAN MATRICES

The details of the Jacobean matrices A, B, as shown at the
bottom of the previous page, C, and D can be expressed as
follows:

a(2,5)
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TUSLNSUNNTANLINNS a9 a1 AT NSAIUN AT IRRNFARSYIRIR UL — STEY

dmiuAaAuALnE

9%%%UsENARNNNTIENETA o vessyuuiieldmuinmeluan1izogfi%e%

clc

clear all
Rs=1.058e-3;
Ls=99e-6;

Ld=Ls;

Lg=Ls;
Flux=0.03644;
Poles=6;

Fe=400;
W=2*pi*fe;
Ws=(4*pi*fe)/Poles;
Wm=Ws;
We=(Poles/2)*Wm;
Cdc=1e-3;
Rc=(0.6e-3)*10;
Lc=(0.2e-6)*10;
Cb=0.5e-3;

RL=10;

m=0.75;
Xs=We*Ls;
Z=s5qrt(RsN2+XsN2),

Gamma=atand(Xs/Rs);

9%%%MMUARSUAULAEAIAINAINARDUEIEANE BN TULA% %%

Pcpl=10e3,;

Egen=((((Poles/2)*Ws)*Flux*(Poles/2))*3)/sqrt(2);

Vitgen(1)=Egen;




351

Vdc=(2*sqrt(2)*Vtgen(1))/m;

Vb=(Vdc+sgrt((VdcA2)-(4*((Re/RL)+1)*Re*Pcpl)/(2*(Re/RL)+1));

lc=(Vb/RL)+(Pcpl/Vb);

PRL=(VbA2)/RL;

Ploss=(IcA2)*Rg;

Pcon=(PRL+Pcpl+Ploss)/3;

Delta(1)=asind((Pcon*Xs)/(Egen*Vtgen(1))),

ea Vtgen=100;

ea Delta=100;

es=1e-10;

k=1;

%%%gUIUTUNTUNITANNIUNIAT S MEIoN15V0IIIRU — 3IMTU%%%

while 1

f1=(Vtgen(k)*Egen*cosd(Gamma-Delta(k)))/Z-(((Vtgen(k)" 2)*cosd(Gamma))/Z)-Pcon;

f2=(Vtgen(k)*Egen*sind(Gamma-Delta(k)))/Z-
((Vtgen(k)A2)*sind(Gamma))/Z)+(((Egen*Vtgen(k))/Xs)*cosd(Delta(k)))-
((Vtgen(k)A2)/Xs);

f1_Vtgen=(Egen*cosd(Gamma-Delta(k)))/Z-(((2*Vtgen(k))*cosd(Gamma))/2);

f1_Delta=(Vtgen(k)*Egen*sind(Gamma-Delta(k)))/Z;

f2_Vtgen=(Egen*sind(Gamma-Delta(k)))/Z-
(2*vtgen(k))*sind(Gamma))/Z)+((Egen/Xs)*cosd(Delta(k))-((2*Vtgen(k))/Xs);

f2_Delta=-(Vtgen(k)*Egen*cosd(Gamma-Delta(k)))/Z-
((Egen*Vtgen(k))/Xs)*sind(Delta(k)));

Vtgen(k+1)=Vitgen(k)-(((f2_Delta*f1)-(f1_Delta*f2))/((f1_Vtgen*f2 Delta)-
(f1_Delta*f2_Vtgen)));

Delta(k+1)=Delta(k)-((f1_Vtgen*f2)-(f2_ Vtgen*f1))/((f1_Vtgen*f2_Delta)-
(f1_Delta*f2_Vtgen)));

Vdc=(2*sqrt(2)*Vtgen(k+1))/m;
Vb=(Vdc+sgrt((VdeA2)-(4*((Re/RL)+1)*Re*Pcp))/(2*((Re/RL)+1));
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lc=(Vb/RL)+(Pcpl/Vb);
PRL=(VbA2)/RL;
Ploss=(IcA2)*Rc;
Pcon=(PRL+Pcpl+Ploss)/3;

ea Vtgen=abs((Vtgen(k+1)-Vtgen(k))/Vtgen(k+1))*100;
ea Delta=abs((Delta(k+1)-Delta(k))/Delta(k+1))*100;
%%%AluanTzeyivesszuukazA1 & filsnnsAumeisnsvesiagi - sdy
If ea Vtgen<=es&&ea Delta<=es
Egen;
Vtgen=Vtgen(k+1);
Delta_degree=Delta(k);
Delta_radian=(1/180)*pi*Delta_degree;
Vdc=(2*sqrt(2)*Vtgen)/m;
Vb=(Vdc+sgrt((VdeA2)-(4*(Re/RL)+1)*Rc*Pcpl))/(2*(Re/RL)+1));
lc=(Vb/RL)+(Pcpl/Vb);
PRL=(VbA2)/RL;
Ploss=(IcA2)*Rc;
Pcon=(PRL+Pcpl+Ploss)/3;
Qcon=-(((Egen*Vtgen)/Xs)*cosd(Delta degree))+((Vtgen/2)/Xs);
break

end
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a b7

FeazideavaiuuuTraaneadinaansignilidudaduluaunism
(3-47)

WA OX Su Sy A(x,,u,) B(x,,u,) C(x,,u,) 4oz D(x,,u,) Tuaunisi
(3-47) uanslédedl

sx=[s1, &I, &V, &I, &V, X, 56X, 6X,]
* " T
su=[8I, &V, 5P, ]

sy=[oV, oI, oV,]

K, —-R . ]
_pd s 0 0 0 0 0 _& 0
Ld Ld
0 qu _RS K/WKM 0 a(2 5) _K’VKI”I 0 _&
L‘/ L‘i L‘i L‘I
3K K I, 3K, 3K, I
aB,)  a(3.2)  a(B3) - 1 a(3,5) _ry 40 4 40 4.0
Cdc 2 Cdc Vdc.O 2 Cdz‘ de‘,O 2 Cdz: de‘.O
1 R
Ax,,u,)= 0 0 — —, 4 0 0 0
LC L(‘ L{?
0 0 0 B s PC*’; 0 0 0
Cb RL Cb Cb Vdu .0
N K -K,)P,
0 0 -1 0o K K, (X, 2") L 0 0 0
) Vio
-1 0 0 0 0 0 0 0
|0 -1 -K,, 0 a(8,5) K 0 0.
; K K (KK -K,) K K P, (K -K))
Lfl@ a(2,5):— PV g t d + pv T pg CPL2 t d
LqRL LqI/;),0

3001 .
TR (“2K 1,0+ K X,y + K 01}

a(3,1) =
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3 1 K K (K, —-K,V,
a(3,2) = —| 2K I +o¢ -K KV, +—2ri L <00
( ) 2Cdc V;C’O( pq-q,0 e¢m pv T pq’ de,0 RL
K vK (Kx _Kd)PCPL *
+ V +K K, X, ,+K X, +K, KV,
b,0
3001 , . ,
a(3,3) = T (=K li g+ Kl o X oo + K ol ol =K, Iy + 0,8,
de de,0
+ vaqu (Kt _Kd)]q,OI//LO + vaqu (Kt _Kd )PCPL[q,O
R, Vio
K KL, o X o+ K 1o X o+ KK T V)
4(3.5) = 3vaqu(Kl —Kd)lq,0 B 3vaqu(K; —Kd)PCPLIq’O
2Cdcl/dc,ORL 2Cdcl/dc,OI/If0
a(& 5) _ va(Kt _Kd) _ va(Kt _2Kd)PCPL
R, Voo
I _& 0 0 ]
L(l
0 » vaqu > vaqu (K, -K,)
Lq Lqu’O
3Kpd1(1’0 3vaqu1q,0 3vaqu1q,0(Kt—Kd)
ZCdCVdc,O zcchdc,O ZCdCVdc‘OI/h,O
Bx,u)=| ‘ ;
0 0 - !
Cbe,o
0 1 Kz _Kd
Vio
1 0 0
0 va K])v (Kt - Kd)
L I/b’o 18x3
001 0O0O0O00O0 0 0 0
C(x,,u,)={0 0 0 1 0 0 0 0 D(x,,u,)=/0 0 0
0000100 0], 00 0],
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a b7

FeazideavaiuuuTraaneadinaansignilidudaduluaunism

(5-10)

WA OX Su Sy A(x,,u,) B(x,,u,) C(x,,u,) 4oz D(x,,u,) Tuaunisi

(5-10) @usauanslasadl

ox=[s1, oI, oV, oI,
* " T
su=[8I, &V, 5P, ]
T
Sy=[oV, &I V]
(K, —R,
£ : 0 0
Ld
K —-R K K
0 rq v pq
L(I LI
a3l a(32)  a(3,3)
0 0 !
A(x,,u,)= L
0 0 0
0 0 -1
-1 0 0
0 -1 -K,,
0 0 0

e a(2,5)=—

v,

(=]

| :\Q‘_.

o o o;’)‘—nb

(=]

T
5Xv 5Xid 5)(1‘1 51/17,3[11[7 :‘
L,
a(2,5) _KiKy 0 Ky, KK, @K
L, L, L,
aB,5) 3K,»‘K,,q[q,o 3K, 1, 3K“11q’0 4(3.9)
2C Vo 2C V0o 2CiVieo
i . o O
LL‘
_al Pcpé 5 0 o .
RLCb Cthc,o
0(6,5) 0 0 0 _Kpgwc
0 0 0 0 0
a(8.3) K, 0 0 K, Knya
o ) . . .
Voo
Y Joxo

vaqu (KKt - Kd) + vaquf)CPL (Kt - Kd) + vaquKFBa)C

LR,

[98)
—

Lq I/1)2,0

’ _(_2Kpd1d,0 + KidXid,O + Kpdl::’ )

Lq I/;72,0



301 K, Ky (K =KV
a(3, 2) :E'a(—zqu[q’o +a)e¢m _vaqu%c,O + P e RL
K K (K,—K,)P K K K. o
+ pv pq(Vvt d) CPL + pv ;] FB™'C —vaquKFBa)CVb’mb,o
5,0 5,0
+Kivaqu,0 + Kiniq,O + 1(17"1<17‘1V;7 )
3 1 2 * 2
a(3,3) = T (—Kpd]d’0 + Kyl o Xigo + Kyl y ol =K, 12+ 0,8,
de de,0

pv T pq Py pq

R, Vio

K K K, o.l
w2 pg M BTCTa0 g g g Vi sab0

v pv: T pg T FBTq,0
b0

+K K (Kt_Kd)Iq,OI/Iw,0+K K (Kz_Kd)PCPL]q,O

+

+K, K, o X+ Kl o X o+ K KTV

v pgtq,0 iq” q,0%igq,0 v pgt g0

3K, K, (K, =K, 3K,K, (K ~K)Pul,, 3K,K, Kol

v pg g

a(3,5)=—1—1 ; S
ZCdCI/ch,ORL 2Cch;’c,OI/b,0 2Cdcl/dc,01/b,0

3.9)=— 3vaquKFBwC]q,0 6.5) = Kr _Kd o (Kz _Kd)PCPL _ KFBa)C
Cl( s )_ Cl( E) )_ 2 2
2Cdcl/dc,0 RL I/b,O V;),O

K, (K, -K,) B K, (K,—K,)Fy, 4 K, Ko
Vo Vo

a8,5) =

i



_& 0 0
L,
0 _ vaqu _ vaqu (K, -K,)
Lq Lqu,o
3Kpd]d’0 3vaqu[q,0 3vaqu]q,0(Kt -K,)
2 Cdc Vdv,O 2 Cdc Vdv,O 2 Cd(‘ Vdc,O Vb,O
0 0 0
B(x,, =
(x,,u,) 0 0 1
CVio
0 1 K&,
Vio
1 0 0
K (K —-K
0 va pv( t d)
Vio
0 0 0
001 0O0O0O0UO0OF® O
C(xpu,)=0 0 0 1 0 0 0 0 0
000 01O0O0OU0F®O0

3x9
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—19x3

D(x,,u,)

Il
S © O
S o O
S © O

3x3

a b7

F8az88nvaLUUTIRINNAdnA1Ensngni IR dwdaduluaunish

(7-23)

TWARLATY SX Su Sy A(x,,u,) B(x,,u,) C(x,,u,) ki D(x,,u,) Tuaunisi

(7-23) @unsanandlasadl

ox=[sl, o1, oV, oI,
su=[s1, oV 6P, |
sy=[ov, o1 o]

é‘I/b 5X Y S‘thd 5‘Xv1q é‘I/;J,stab ]

T
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Rm‘ +K]Jd 0 _ K,prd 0 a(l,5) KwK,m K,d 0 7vaKpdwCKFB i
L, L, ’ L L, L
R +K K,
0 - n 0 0 0 0 0 4 0
L, L,
1 3Kvild1vdA0 3Kid1u1(] 3K! ]x 0
3,1 3,2 3,3 - 3,5 — L — 0 iq” 5q. 3,9
D 2 a3 Cu 33 2C Vo 2C, Vo 2C Vo a9
1 R, 1
AGx,u,)= 0 0 Z —Z _Z 0 0 0 0
0 0 0 LI +L”§ 0 0 0 0
Ch RLCh CIJVd(xO
0 0 -1 0 a(6,5) 0 0 0 —K oy,
-1 0 -K,, 0 a(7,5) K, 0 0 K, Ko
0 -1 0 0 0 0 0 0 0
0 0 0 0 - L 0 0 0 —w,
L V”j“ doxo
Lﬁ@ a(l,5) = K, K, (KK, -K,) K, K, Fop (K, —K,) K, K, Ko
)= - 2 - 2
LfRL Lbe,O Lbe,O
3 1 KK, (K, - K, )Vb 0
a(3’ 1) = ’ 2Kpdlsd,0 +vaKpdVdc,0 — - t ’
2Cdc Vdc,O RL
K, K, (K, =K ) Fep, K, K, Ko K K K Vv
" V i V + pv o pd FBa)C b,stab,0
b,0 b,0
¥
+Vsd h Kn-Kdev,o - KidXid,O - vaKpdVb )
30)=—e L (0K 1 KX, 4K, I
(l( ’ ) - 2C g V ( pq” 5q,0 2 ig*~ iq,0 + Pq sq)
de de,0
3 , .
a(353) - _2C ' Vz (Kpd[m’,o _KivadIm’,OXv,O _Kidlxd,OXid,O +vaKpd1sd,OI/h
de dec,0
_ vaKpd (Kt - Kd )[sd,Ova,O _ vaKpd (Kt - Kd )PCPLIsd,O
R, Vo
K K K. o1
pv pd T FBYC* sd 0
- + K, K, Kis®cd oy Vs ano Vel sao
Vio
2 *
+ qulsq,O _Kiqlsq,OXiq,O - qu[sq,Olsq )

3vaKpd (Kt - Kd )Isd,() + 3vaKpd (Kt - Kd )PCPLISd,O + 3I{pvl<pafI<FBa)C]sd,0

a(3,5)=—
( ) 2Cdcl/dc,0RL 2Cch/dc,0I/b%0 2Cchdc,OI/lfO




4(3.9) = 3K, K, Kol a(6,5) = K -K, (X, —sz Wer KFBZCUC
2Cchdc,0 RL I/b,O I/b,O
a(7’5) _ va(Kt _Kd) _ va(Kt _de)PCPL _ vaK;FBa)C
R, v v
i O vaKpd vaKpd (Kt _Kd)
L, LV,,
K 1
o 0 0
L,
3qu[sq,0 3KpVKpd]5d,0 3vaKpd1sd,0 (Kt _Kd)
2Cd<'Vdc,0 zcch:ic,O 2Cchdc,OI/b,0
0 0 0
B(x,,u,) =
(x,,u,) 0 0 A B
Cloo
0 1 A x %
Vo
. o K, (K,~K,)
Vio
1 0 0
L 0 0 0 —19x3
001 0O0O0O0OTO0OQ 0 0 0
C(x,,u,)={0 0 0 1 00 0 0 0 D(x,,u,)=|0 0
0000 01O0O0O0D0O0 0 0

3x9

oS O O
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nansuAsaUmMATinesvesdanasiiunsdumuuunydiudad
wnzauigadmiuszuu i dsuueiesduniniausegs

MsnageUMAITNTnefueIaneIiunsAuMLUURYTsUSUF snzandian
AnSunITeeNRUUANNASLER BTV URAZEUAIAINNISIAFEUMAIS IIUAAEU
Suduilminzauiige nglddidunismaaeuiiaiitiu 10 20 30 40 uag 50 ARBY LAY
AMUUATHTIUIUTBUNITAUNUAIAY 10 59U TTIUIUAINDUTBUVIUNIAY 30 ANRDU

ANSALINTAUNIINAU 50 Wasidus wazdnsnusuansalvingu 1.3 sakanalalunsian 1.1 aadl

ANSN 4.1 NTNAADUINUIUAINBULSUAU

A w
Y . FuuAIRUSHEY (A1nav)
AT
10 20 30 40 50
1 0.74494 0.744904 0.744885 0.744915 0.745015
2 0.744959 0.74494 0.744991 0.744998 0.744943
3 0.744972 0.744922 0.744996 0.745801 0.744958
4 0.745002 0.744883 0.745808 0.744947 0.744915
5 0.744889 0.744922 0.74501 0.745001 0.744892
ﬂ"]LQgEJ 0.744952 0.744914 0.745138 0.745132 0.744944

Tuddusiaunzidunisnageumeaduiudneuseudnsmuzauian lagldvinnig
NAFDUNANYINU 10 20 30 40 hay 50 A1MBU TUIUENIIUIUTDUNITAUNUNINY 10 SaU
TIUIUAINDULSUAULYIIAYU 20 AIRBU AISANNISAUNINAAY 50 LUasiFud way

an51USUanSATIWNAY 1.3 Aakanalalun1s1an 1.2 fadl
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A w
4 UIUAIMBUTIUTN (A1Mav)
R
10 20 30 40 50

1 0.745102 0.744936 0.745002 0.744925 0.745009
2 0.744989 0.745047 0.744956 0.744851 0.744916
3 0.745066 0.745044 0.745039 0.745024 0.74494
4 0.745172 0.744997 0.744976 0.744895 0.744909
5 0.744902 0.744928 0.744941 0.744903 0.745248

Aade 0.745046 0.744991 0.744983 0.74492 0.745004

Tugdudnunasiiunsmageumasalinsdumamunzauiian lagldinismagey

AAYIATU 10 20 30 40 waz 50 LWosgus TurueNT1UIUTOUNISAURIWIAY 10 SoU

FIUIUAINBULIUAUMNAU 20 ANMBU 91UIUAINBUTOUT1LNINNU 40 ANHBU WAY

das1USvansativingy 1.3 sakanslalunisnen 4.3 fail

ANS9% 9.3 NSNAFBUAISALINITAUIAN

Al W
e ANSASNTIAUIA (Wasidud)
ATl
10 20 30 40 50

1 0.743974 0.743883 0.743805 0.745081 0.744961
2 0.743965 0.743825 0.743872 0.74492 0.744905
3 0.743812 0.743962 0.743905 0.74496 0.745027
4 0.743955 0.743971 0.743948 0.744967 0.744965
5 0.743861 0.743959 0.743928 0.744849 0.744877

Aade 0.743914 0.74392 0.743892 0.744955 0.744947

dmsunsnageumasnsuTuanaiinmuzauigalavinimegeuitanriniy 1.1

1.2 1.3 1.4 wag 1.5 IngmAUALAIIUIUIOUNITAUNIWNAY 10 S8U 91UIUAINDULSLAY
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WINAU 20 A1HBU FTUIUAIRBUIIUVIINNAU 40 ANMNDU WALAISAINITAUNRYINNY

30 Wosdus satanslalumisen 4.4 sail

ANS99 9.4 NSNAFBUAIDRIIUSUARSAL

A w
4 AdnIIUSUanIAd
AN
1.1 1.2 1.3 1.4 1.5
1 0.744872 0.744878 0.744845 0.744818 0.744896
2 0.745076 0.744923 0.744927 0.744899 0.744777
3 0.745847 0.744807 0.744809 0.744819 0.744802
4 0.744877 0.744803 0.744832 0.744799 0.744893
5 0.744903 0.744834 0.744899 0.744775 0.744864
?ﬁWLQgEJ 0.745115 0.744849 0.744862 0.744822 0.744846
ludduannnevesnisnadauaziunsnageumsnuIusaunsaum nalaviinis

q

NAFBUNAYINAU 20 30 40 50 Wag 60 SOU MVULNIIUIUAINBULSUAUMNAY 20 ANBU

o o £ ! [ o | [ | [ § = 3
FTUIUAINBDUIBUVININU 40 ATABUY AISANNITAUNRLNINU 30 LUDILTUR Ay

an51USUanSATWNAY 1.4 Aananalalunisan 1.5 fatl

AT 4.5 NSNAFDVIIUIUTOUNITAUN

A1 W
% 4 IIUIUTIUNITAUNN
AN
20 30 40 50 60
1 0.744892 0.744876 0.744892 0.744463 0.744842
2 0.744844 0.744792 0.744831 0.744489 0.744764
3 0.744765 0.74496 0.744876 0.744489 0.744894
4 0.744891 0.744764 0.744789 0.744464 0.744972
5 0.744832 0.744853 0.744764 0.744491 0.744876
Aade 0.744845 0.744849 0.744831 0.744479 0.74487
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INANTIN 1.1 DIA15199 4.5 LDRINTUNFINATNISINLMND VIO ANDINUNITAUN

o

WUUIYRUS UM gaungad munsesnwuuaunsaiaate sn U udruReuly

a0 2 =

A1 wwdsnladesnan laTIUIUAIARUITNANTNIMNIzANNaAWINAY 20 ANRBY
IUIUAMBUTOUTITMZANdAWINTU 40 AMmaU ASATNITAUM AN auNgaiiY
30 Wesidus dnsusuansalimunzaniigaviniu 1.4 wazd uiuseunisiumimuizay

ngawiniu 50 sou

HANTNAFIUNIAINITINLABTYBITANDINUNTAUMUUUAYLTIUT UM

wzaufigagmuyanagausuulniiidsuuesasiy
MsvadeUMANIEne fesdaneiTiunsAuLUUMY BT UM TNz anian
dwFunsesnuuvaunisaiaaissnmdalfuiaEuduannmsnageumesauiney
Suduiivanganiian lnglddudunismaaeuiiaindu 10 20 30 40 way 50 AABY LAz
AMMUATRTIUIUTOUNITAUNUNIAY 10 59U T1UIUAINBUTOULIWIAY 30 AN

ANSALINSAUMINAU 50 WasHud wazdnsusuansalivindu 1.3 dakandlelun1s1ai 1.6 fell

AN 1.6 NSNAADUINUIUAINDULSUAY

Al W
Y 4 Furufnausudy (Fmeau)
AT
10 20 30 40 50

1 0.707763 0.707741 0.707758  0.707746 0.707745
2 0.707768 0.707743. 0.707744  0.707745 0.707794
3 0.707765 0.707745 0.707749  0.707744 0.707898
4 0.707782 0.707744 0.707744  0.707745 0.707703
5 0.707764 0.707750 0.707744  0.707750 0.707707

Anade 0.707768 0.707745 0.707748 0.707746 0.707769

TugdumenazilunisedeumaduiuAneuseulRmIzaufiagn Tnglaviinis
NAFBUNANYINAU 10 20 30 40 kag 50 AINDU PUTULNIIUIUTOUNISAUNINAY 10 58U
FUUANBUSUAWNNAU 20 AR ANSAINISAUNLYNAU 50 Wasidus wazdnsiusuanseil

WU 1.3 AWAASLAUAISI9N 9.7 fadl
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Al W
Y . IMUIUANBUTBUTN (AnaU)
G
10 20 30 40 50

1 0.707757 0.707744 0.707748 0.707748 0.707743
2 0.707773 0.707748 0.707743 0.707781 0.707744
3 0.707758 0.707749 0.707745 0.707743 0.707758
4 0.707748 0.707744 0.707742 0.707743 0.707749
5 0.707753 0.707765 0.707742 0.707744 0.707751

Aade 0.707758 0.70775 0.707744 0.707752 0.707749

Tugdudnunasdunisnaaeumesaiinisauniunzauiian laglavinismegeu

AAIIAU 10 20 30 40 haz 50 Wasgud TurueNI1LIUTIUNITAUNIWNAY 10 58U

FIUAUAINBULIUAULMINU 20 ANRNBU 91UIUAINDUITBUTNILNINAU 30 ANHDU WAy

dns1USUansATNAU 1.3 fananalalua1san 1.8 fadl

ANS19% 4.8 NSNAFBUAISALNITAUIAN

AW
‘4 ArsATnIsAUM (Wasidud)
ATl
10 20 30 40 50

1 0.707765 0.707742 0.707742 0.707766 0.707744
2 0.707749 0.707771 0.707749 0.707758 0.707745
3 0.70776 0.707742 0.707742 0.707751 0.707744
4 0.707758 0.707742 0.707745 0.707743 0.707743
5 0.707746 0.707744 0.707743 0.707743 0.707751

ﬁ’]LQ’gEJ 0.707756 0.707748 0.707744 0.707752 0.707745
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dmsunsnageumaArsnsiuuanaiinmuzaungalavinismegeuiianviniy 1.1
1.2 1.3 1.6 kag 1.5 W0egmNUALiaIuIUTBUNISAUNINIAU 10 89U 31UIUAINBULSUAY
WINAU 20 ANHBU FTUIUAIRBUIOUVIMNNU 30 ANMDU WALAISAINITAUNLYINNY

30 Wosdud satanslalumisnen 4.9 sl

dl ! L U v a
AN 9.9 NMIVNAFBUANBNIIUIUARNSFAL

Al W
4 AU UanIAY
ATl
1.1 1.2 1.3 1.4 1.5

1 0.707646 0.707643 0.707642 0.707642 0.70765
2 0.707644 0.707643 0.707644 0.707642 0.707644
3 0.707643 0.707649 0.707644 0.707650 0.707653
a4 0.707645 0.707643 0.707643 0.707652 0.707652
5 0.707658 0.707642 0.707643 0.707655 0.707645

ﬂlﬁmgﬁl 0.707647 0.707644 0.707643 0.707648 0.707649

Tugrugaiingvesnismageuasilunismadeumduausaunsaum lagldviinis
NAFBUNAYINAU 20 30 40 50 wag 60 58U tUIULNINUIUAINDULSUAUWINAYU 20 AIRBU
TIUAUAINDUTOUT1NIAYU 30 AIRBU AISATNITAUNINIAU 30 Wasidusd wag

das1uSuansativingy 1.3 sananslalun1sna 4.10 el
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A1519% €.10 NSNARBUIIUIUTOUAITAUN

Al w
Y IMUIUTDUMTAUNI
ASN
20 30 a0 50 60

1 0.707647 0.707644 0.707632 0.707632 0.70766
2 0.707645 0.707645 0.707645 0.707632 0.707635
3 0.707644 0.707650 0.707642 0.70763 0.707644
q 0.707646 0.707633 0.707633 0.707632 0.707643
5 0.707649 0.707632 0.707635 0.707636 0.707656

ﬂ"lLaa‘lﬁl 0.707646 0.707641 0.707637 0.707632 0.707648

a

= i A a a i a s o as 1%
INMNTITIN 1.6 AT NN .10 LHBWINTUNADNATIWITIULHRDIVDIDANDINUNITAUIN

o a o Y 2/

WuumYBIUSUiIMmInraungadiunansesnLuvann1saatesn U SuRasuy

v oA

Roulve w adenialesNan AzladauluAmousuAUNmINzauNgaYiy 20 A1neu

q
AN UTOUT I TVZaNTIgAWINTU 30 Amau ASAINTAUMI AWMz auUNgaLviiy
30 Wosidus dnsusuansallilnuizauigaviniu 1.3 LagdIuiuseunIsAUMNImLIEay

figawiiu 50 soU
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MeasBunlUswnsuNsmUANLs LTl nsswansweyanaaeustuU i MasuATas U

/% Ussmasentdauileaidunnsgiu library uazfulsvasuasa DSP ¥/
#include "DSP28x_Project.h"
#include "DSP2833x_Device.h"
#include "DSP2833x_Examples.h"
#include <stdio.h>
#include <stdlib.h>
#include "IQmathLib.h"

#include "math.h"
#include "params.h"

7 damnmsldnunesauourdeniuiineaiiesuianisuees ¥/
#if (CPU_FRQ_150MHZ2)
#define ADC_MODCLK 0x3
#endif
#if (CPU_FRQ_100MHZ)
#define ADC_MODCLK 0x2
#endif
#define ADC_CKPS  0x0
#define ADC_SHCLK 0x1
#define AVG 1000
#define ZOFFSET  0x00
#define BUF_SIZE 1024

/* faenilafidusing q fldou +
void InitEPwm 1Example(void);
void InitEPwm2Example(void);
void InitEPwm3Example(void);
interrupt void epwm1 _isr(void);
interrupt void epwm?2_isr(void);

interrupt void epwm3_isr(void);
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interrupt void cpu_timer0_isr(void);
void Gpio_select(void);

Uint32 EPwm1TimerlntCount;
Uint32 EPwm2TimerlntCount;
Uint32 EPwm3TimerIntCount;
Uintl6 EPwm1 DB Direction;
Uintl6é EPwm2 DB Direction;
Uintl6 EPwm3 DB Direction;

/% fuadn dead band Aldlunisadedoyanas PWM vosaindlo3diine 6 & */
#define EPWM1 MAX DB 0x03FF
#define EPWM2_MAX DB 0x03FF
#define EPWM3_MAX DB 0x03FF
#define EPWM1 MIN DB 0
#define EPWM2_MIN DB 0
#define EPWM3 MIN DB 0
#define DB_UP 1
#define DB_DOWN 0

7 dngilerdundnuasaadnang 4 vesuasa DSP */

void main(void)
{
InitSysCtrl();
EALLOW,
SysCtrlRegs.HISPCP.all = ADC_MODCLK;
EDIS;
Gpio_select();
DINT;
InitPieCtrl();
I[ER = 0x0000;
IFR = 0x0000;

InitPieVectTable();
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EALLOW,;
EDIS;
/% amsinunesaueusdenduninea */
InitAdc();
AdcRegs. ADCTRL1.bit. ACQ PS = ADC SHCLK;
AdcRegs. ADCTRL1.bit.SEQ CASC = 1;
AdcRegs. ADCTRL1.bit. CONT_RUN = 1;
AdcRegs. ADCTRL1.bit.SEQ OVRD = 1;
AdcRegs ADCTRL2.all = 0x2000;
AdcRegs. ADCTRL3.bit. ADCCLKPS = ADC_CKPS;
AdcRegs. ADCMAXCONV.bit. MAX_ CONV1=0xf;
AdcRegs ADCCHSELSEQ1.bit.CONVO0 = 0x0;  //A0
AdcRegs ADCCHSELSEQ1.bit. CONVO1 = Ox1; //Al
AdcRegs. ADCCHSELSEQ1.bit. CONVO2 = 0x2;  //A2
AdcRegs ADCCHSELSEQ1.bit. CONVO3 = 0x3;  //A3
AdcRegs ADCCHSELSEQ2.bit. CONVO4 = Ox4; //A4
AdcRegs. ADCCHSELSEQ2.bit. CONVO5 = 0x5;  //A5
AdcRegs ADCCHSELSEQ2.bit.CONVO06 = 0x6; //A6
AdcRegs ADCCHSELSEQ2.bit. CONVO7 = Ox7; //AT
AdcRegs. ADCCHSELSEQ3.bit. CONVO8 = 0x8; //BO
AdcRegs ADCSTItINT SEQ1 CLR = 1;
/% Wanslaau ePWM #/
InitEPwm1Example();
InitEPwm2Example();
InitEPwm3Example();
/% Earnsiawmesing q fidnsegneluuesn DSP ¥/
DINT,;
IER |= M_INTL;
PieCtrlRegs.PIEIERL.bit.INTX7 = 1;
EALLOW,;
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 0;
EDIS;
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EALLOW,
SysCtrlRegs.PCLKCRO.bit. TBCLKSYNC = 1;

EDIS;

EINT;
ERTM;

/% Wdgunisvihanuldiaviaseuan v, v, V., L1, I V, Wag I, */
for(; X
Van=(Voltage VR1*0.0732601)-150;
Vbn=(Voltage VR2*0.0732601)-150;
Ven=(Voltage VR3*0.0732601)-150;
lan=(Voltage VR4*0.0138141)-28.2843;
Ibn=(Voltage VR5*0.0138141)-28.2843;
lcn=(Voltage VR6*0.0138141)-28.2843;
Vdc=(Voltage VR7%*0.0990183)-0.3689;
l0=(0.00736*Voltage VR9)-0.121;

/% msulasusarunaznseualnihaunalmdunssunagnseualniuuwnu of ¥/

Valpha=(ksqrt23)*(Van-(0.5*Vbn)-(0.5*Vcn));
Vbeta=(ksqrt23)*((0.866*Vbn)-(0.866*Vcn));

if (Valpha>=0)
if (Vbeta<0){theta=(atan(Vbeta/Valpha));}
if (Vbeta>=0){theta=(atan(Vbeta/Valpha));}

if (Valpha<0)
if (Vbeta>=0){theta=3.1415927+(atan(Vbeta/Valpha));}
if (Vbeta<0){theta=-3.1415927+(atan(Vbeta/Valpha));}

lalpha=(ksqrt23)*(lan-(0.5*Ibn)-(0.5*Icn));
Ibeta =(ksqrt23)*((0.866*Ibn)-(0.866*Icn));
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/% mswlasissnuasnseialifnanumauumwnu aﬁiﬂaguiuul,mu dg */
Vbusd=Valpha*(cos(theta))+Vbeta*(sin(theta));
Vbusg=-Valpha*sin(theta)+Vbeta*cos(theta);
lind=lalpha*cos(theta)+Ibeta*sin(theta);
ling=-lalpha*sin(theta)+Ibeta*cos(theta);

/% NSEUIUNSAIUANLUUN LB YR USIiY ¥/

err_v= Vdcref-Vdc-(lo*Kd)+(lo*Kt)

Upv=Kpv*err v;

Uiv=(Kiv¥(err_v)*Ts)+Uiv_1;

lind_ref=Upv+Uiv;

if(lind_ref>10)
{

lind_ref=10;
}

if(lind_ref<-10)
{
lind_ref=-10;
}
/% N3EUIUNTATUALLUUN LBURIUNTEUaULMILR */
err_id=lind_ref-lind;
Upid=Kpi*err_id;
Uiid=(Kii*(err_id)*Ts)+Uiid_1;
Upi_id=Upid+Uiid;

/% NIBUIUNITAIUANLUUNLBYRIUNTEUAUUMALAT */
err_ig=ling_ref-ling;
Upig=Kpi*err_ig;
Uiig=(Kii*(err_ig)*Ts)+Uiiq_1;
Upi_ig=Upig+Uiig;
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/% dnanAANURaNaInvULSIRULAENTEILE */
Uiv_1=Uiy;
Uiid_1=Uiid;
Uiiq_1=Uiig;
/7 avwaeiielflunsdmnamdyaumues %/
Vbusd comp=-Upi_id+Vbusd+(ling*Lf*Wm);
Vbusq_comp=-Upi_ig+Vbusg-(lind*Lf*Wm);

/% MswUasdyaaniuaNuuLY dg leguuunu af */

M alpha=Vbusd comp*cos(theta)+ Vbusq_comp*(-sin(theta));
M beta=Vbusd comp*sin(theta)+ Vbusqg_comp*cos(theta);
M_0=0;

/% MsuUasdya uAIUANUNLAY o Tidu ToyeyeuAIUANEUNE */
Ma=2/(Vdo)*(((kinvsqrt23)*(0.6667*M alpha)));
Mb=2/(Vdc)*(((kinvsqrt23)*(-0.3333*M alpha+0.5774*M beta)));
Mc=2/(Vdc)*(((kinvsqrt23)*(-0.3333*M_alpha-0.5774*M_beta)));

Ma_compare=((Ma+1)*0.5);
Mb_compare=((Mb+1)*0.5);
Mc_compare=((Mc+1)*0.5);

Va = 3750*"Ma_compare;
Vb = 3750*Mb_compare;
Vc = 3750*Mc_compare;

if(Va>3750)
{

Va=3750;

}

else if(Va<0)
{
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Va=0;

if(Vb>3750)

{

Vb=3750;

}

else iftVb<0)

{

Vb=0;

}

if(Vc>3750)

{

Vc=3750;

}

else if(Vc<0)

{

Vc=0;

}

/* asndyeas PWM lagmsidseuiieudaaamivauanunaiudyayiauiinives

Uain DSP */

EPwm1Regs.CMPA.half.CMPA = Va;
EPwm2Regs.CMPA.half.CMPA = Vb;
EPwm3Regs.CMPA.half.CMPA = Vc;

/% NINTUNITVNUYBINDTH ePWM 1 */
void InitEPwm1Example()

{
EPwm1Regs. TBPRD = 3750; // Period = 1600 TBCLK counts
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EPwm1Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm1Regs. TBCTL.bit. CTRMODE = TB. COUNT _UPDOWN; // Symmetrical mode

EPwm1Regs. TBCTL.bit.PHSEN = TB_DISABLE; // Master module

EPwm1Regs. TBCTL.bit.PRDLD = TB_SHADOW,;

EPwm1Regs. TBCTL.bit.SYNCOSEL = TB CTR ZERO; // Sync down-stream module

EPwm1Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW;

EPwm1Regs.CMPCTL.bit. SHDWBMODE = CC_SHADOW,;

EPwm1Regs.CMPCTL.bit. LOADAMODE = CC_CTR_ZERO; // load on CTR=Zero

EPwm1Regs.CMPCTL.bit. LOADBMODE = CC CTR ZERO; // load on CTR=Zero

EPwm1Regs. AQCTLAbit.CAU = AQ SET; // set actions for EPWM1A

EPwm1Regs. AQCTLA.bit.CAD = AQ_CLEAR;

EPwm1Regs.DBCTL.bit. OUT MODE = DB FULL ENABLE; // enable Dead-band module

EPwm1Regs.DBCTL.bit.POLSEL = DB ACTV_HIC; // Active Hi complementary

EPwm1Regs.DBFED = 20;

EPwm1Regs.DBRED = 20;

}
/% MAFUMTINUTDMNBSH ePWM 2 */

void InitEPwm2Example()

{

EPwm2Regs. TBPRD = 3750; // Period= 1600 TBCLK counts

EPwm2Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwmM2Regs. TBCTL.bit. CTRMODE = TB_ COUNT_UPDOWN; // Symmetrical mode

EPwm2Regs. TBCTL.bit.PHSEN = TB ENABLE; // Slave module

EPwm2Regs. TBCTL.bit.PRDLD = TB_SHADOW,;

EPwm2Regs. TBCTL.bit.SYNCOSEL = TB_SYNC_IN; // sync flow-through

EPwm2Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW,

EPwm2Regs.CMPCTL.bit. SHDWBMODE = CC_SHADOW,;

EPwm2Regs.CMPCTL.bit. LOADAMODE = CC_CTR_ZERO; // load on CTR=Zero

EPwm2Regs.CMPCTL.bit. LOADBMODE = CC_CTR _ZERO; // load on CTR=Zero

EPwm2Regs. AQCTLA.bit.CAU = AQ_SET; // set actions for EPWM2A

EPwm2Regs. AQCTLA.bit.CAD = AQ_CLEAR;

EPwm2Regs.DBCTL.bit.OUT_MODE = DB_FULL ENABLE; // enable Dead-band module
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EPwm2Regs.DBCTL.bit.POLSEL = DB ACTV_HIC; // Active Hi complementary

EPwmZ2Regs.DBFED = 20;

EPwm2Regs.DBRED = 20;

}

/% MATUNISVINUTDINDSH ePWM 3 %/
void InitEPwm3Example()

{

EPwm3Regs. TBPRD = 3750; // Period = 1600 TBCLK counts

EPwm3Regs. TBPHS.half. TBPHS = 0; // Set Phase register to zero

EPwm3Regs. TBCTL.bit. CTRMODE = TB_COUNT _UPDOWN; // Symmetrical mode

EPwm3Regs. TBCTL.bit.PHSEN = TB_ENABLE; // Slave module

EPwm3Regs. TBCTL.bit.PRDLD = TB_SHADOW,;

EPwm3Regs. TBCTL.bit.SYNCOSEL = TB_SYNC IN; // sync flow-through

EPwm3Regs.CMPCTL.bit. SHDWAMODE = CC_SHADOW;

EPwm3Regs.CMPCTL.bit. SHDWBMODE = CC_SHADOW,;

EPwm3Regs.CMPCTL.bit. LOADAMODE = CC_CTR ZERO; // load on CTR=Zero

EPwm3Regs.CMPCTL.bit. LOADBMODE = CC CTR ZERQO; // load on CTR=Zero

EPwm3Regs. AQCTLA.bit.CAU = AQ SET; // set actions for EPWM3A

EPwm3Regs. AQCTLA.bit.CAD = AQ CLEAR;

EPwm3Regs.DBCTL.bit. OUT _MODE = DB FULL ENABLE; // enable Dead-band module

EPwm3Regs.DBCTL.bit.POLSEL = DB_ACTV_HIC; // Active Hi complementary

EPwmM3Regs.DBFED = 20;

EPwm3Regs.DBRED = 20;

}

/* flaidumssarme fndunauaziowimavatuasa DSP ¥/
void Gpio_select(void)

{

EALLOW;

GpioCtrlRegs.GPAMUX1.all = 0x0000;
GpioCtrlRegs.GPAMUX1.bit.GPIOO = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIO1 = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIO2 = 1;




379

GpioCtrlRegs.GPAMUX1.bit.GPIO3 = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIO4 = 1;
GpioCtrlRegs.GPAMUX1.bit.GPIOS = 1;

GpioCtrlRegs.GPBMUX1.all = 0x0000;

// GpioCtrlRegs.GPBMUX2.all = 0x00000000;
GpioCtrlRegs.GPCMUX1.all = 0x0000;

// GpioCtrlRegs.GPCMUX2.all = 0x00000000;
GpioCtrlRegs.GPADIR.all = 0x0000;
GpioCtrlRegs.GPBDIR.all = 0x0000;
GpioCtrlRegs.GPCDIR.all = 0x0000;

EDIS;

}
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