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Adel El Shahat, Georgia Southern University; Ra mi

Youaki m Kalaani, Georgia Southern Universit
Abstract motor, temperature §ensitiv'
an additional, critical fac
i gpeed. pmgmenentnsem) - CGECCodE MRAREY LF ollen used
generators play an importa@éalrio V\}inthp vge]:,r,\'/I %%@?rgfﬁt'a o
vol ving smart grid applications. I'n this study, the a
devel oped an optimized anallyﬁiFﬂ|sd%§lirg%npngt8891par d
with an original machine-dgﬁl\/gpowghh ﬂthB'BaLegdpo
speed of 250 m/ s. The two 8petsa} incsalta(}(?o'lp\}voo&to L§,[id §RL}
mul tiple factors including I0 g?is?aﬁ'hﬁ-%éii'a 5 & o é'cﬁ?ér&ént
mul ati on for optimizing ef% Fbe'f'%¥towristh i%LI' qd’? conp
straints. A particle swarrrﬂat%)ptoinmi ia.[thio'he( %QPecatigg\Peri
was used to maxi mize efficbg{?ﬁae&lsc@mstorbd'iencttsl_ve-rhoer ofpit
function and to mini-Irriinzeearmqfquiscn-eStsuid_} mﬂyﬁha% Ot Rorr ati o
tion with bounded paramet ey, 4Cqnst.n i| tnsg'thglarltt'(i/vfaes %W’
al gorithms —baeecpopuleﬁlliocrkshaoﬂ‘ tbhierdso Oerntii’%ﬂ ¢ L0 mit
sects swarming. The par ameff H@;{,Eptﬁ]g “FSgul?loirnéhfﬁ
of optimizatio—Ineneigeﬁlnhsairrsetteu)fcrlagbprer par,a eters |ike po
rotor radius, and stack | e %ti‘é q o?]strartE?%u wes el MG lgWdigng,
tions using PSO Tool i n Mrg FF‘@ 1S c?é("?eid nSiegxnainﬁpiICeasntwiitrﬂ
provement i n machi ne desigdni qrb(ftpgﬁ o?g@g?e.loggégheg—
mor e, it was observed thataltjwda I[prd)\p-o’(f dj tt&cgﬁé\ﬁuph’(_paﬁ]
advantage of i miting Ioss?§oﬁtt &ﬂhpgué.requencies Wi
weight/volume applications, thereby improving overal/l
ciency. Other system paramet,er s such s ower factor w
al so i mproved. Finally, s e Jr%lssalnagl@jic L zd'esniggn prob
with waveform variations, harmonics distortion, rotor
es, and effects of changingTh®levendlel ppPowWedeHde@di & HN
merit of the proposed opti Misdatilon Wietchh-An0 QtyhkeW. r aTnhgee sotfr ux
t her mal desi gmagheta ma&achmament
. affected by the selections
Il ntroduction rials. The sizing and perform
pend on the materi al propert.i
There has been increased i[mt3er estthel NmaSgMaertts Grhiotu | &n do eMisCe
grid connected systems, espeQgiualle tahiosegdramaddmetwid hfpa
generation [1]. This is ma!@hy_due to t%e l'imtations i
use of traditional power plants heavily constrained by
nomic and environmental -regNd@itiioansall2intfdhpdecieonerelhhsd
speed peagaeént( HSPew)ermitcorosypiePad®@uBves can be found i
sent a viable and compact mhmstjoB] foRapESEhPtHEMAGALL Q!
smart gridsiadsdtdieamother | $rloye d®OHtigh performance when
i mportant factor, defined ggetthe drodPtrerad sSpPceveetr rdaetnisq tiyn
speed applications [3]. Clajsisiceqal amd pPphéesprM WesgfFgnsheo
HSPM generators have been Ngdpdpeds forefddmsitdd bné edu PO Wiet

generation purposes -ypided IRWMatiheapgasqg2¢f .  a high
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Usually, the rotor is buiétatfomomdaedhieg s aine-prooate ew saypadll liays ad
stator to simplify the man®hadthwer iontghepr olceersds,. tHmeves kot
not uncommon to have statomdesmgde pofovedenaamisa allridy vhioauksli e
materials such as steel [28Ihsubamé omf tFheg umaes t3 ciolmnmuosnt rnaa
terials used in theadé9singrrskteeyk | g saitor sf aaateorl oiwn t he sl ot
silicon (Si) steel s, ni ckeli {Né)emdéd olye tsweseen st, h ea nsdl octo bdae
all oy steels [ 2¢99augeTheel el Iwiiicdst lha. s 2I19ni cpawer applications

steel used for its economipghasdesd,ioltd cyo, n fti hgiur alt a minrsa tairoen st
high saturation flux densi tiy,i twhailc hmaicshi ankeo Wte sli.g&h. T [ 28] .

Wsb

Machine Design Parameters

The main aspect considered in thils
mechani cal design, which can be| ei

projcess is the stat

h Wsbg Sjot Bottog Wesltlg o r s | o't
Wst: Slot Top Wi

design. Figure 1 shows the sl ofl ess stathggmmelghwdhhich has art
ture windings |l ocated in the air ga of | WhbepressyaWgtth i ne. Fi g

shows the slotted stator, whic h h afr WP E" ™ wi ndi ngs

wound around the sl ots or teet h.

Stator Winding “
Air Gap

Stator Core Figure 3. Stator Slot Geometry
Rotor aspect r a tti-obi, a ndeet feirn e(dL /
rati o, is an imppe¢adnbpplict @t
typical L/ D ratio for a -wound
1.0 compare® foramaowrrvd miachi n
machine tip speed, which is t
is governed by the rotational
fined by Equation (1):

=W (1)

e
Rotor Core h
(Shaft)

Rotor Magnets

Vtip

Figure 1. Slotless Stator DeS'wgnneries the rotowyirsadtihues r(ont)ata
Back Iron gul ar speed (rad/sec).
The tip speed upper bound for
bet ween 100 and 250 m/ s, deper
design [31]. I n a balanced r of
T poles is determined by Equatio
Slot
Depregsion N(2 p) =120f (2)

wheNes speegds(tphm) number of pc
fi s t he ferleegcuterniccyal( Hz ) .

For a given rotational speed
have a | arge number of poles
Figure 2. Sl otted Stator Des'd—h.pwever, _th's mi ght induce co
n the air gap reluctance, fl
The overall performance oFe§°§V8tIt@é§ dS8UEr IMATHNERWa PP

ferior to equivalent slottbBeseaYBFl YelsonynisSkgmijigned pbey
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sm(nqs) Ra Ls

k, = q/ ( 3) _/\/\/\’_m.

+
whergei,s the skew ramsgl-hEahre(mroand)c ajn d

number .
“6) "

Usi ng -oa dfeirr satppr oxi mati on, heT air gap flux densi -
tyBg Ccan be represented by Equa ion (4) [32]:

B,=_ B (4)
h,+9 .
FigurePHas®eModel

whehs@g,s the magn@tshé—@@ﬂna(mrmm'
anBjs the magnet remnant ef

s a e of tRe caompple
£Sil Sy ("f)

ated” u Equation (8):
I'n order to get wuniform magnetic fieldsg, the magnet hei
i s usually Ilgaarpg ebry tah afna ctthoer aocifr 5 t o 1FQ'=53A (8)
Power , current, and voltage rating el ectri mac h
are determined by the numbdhepigs pthhaes eCs0 H%UﬁcvtéOﬁfeb'ye'nEg&ma i 6
(5) : ity;and, Ai s wisreccitn @ naro sag e a .
P+iQ=g3 V3 (5)

The condusd Otri ocnAag s saameabe obt |

reaQi powee r(eWe)cUtsiiv_”eg ptchv@erslot area and sl ot f

whemPeé s the
he numbeées bhepﬁmseé@ase vol t -
a

(VAR]) s

t
age (M) s he, RMS current (A). _A3/
Aac—zsN (9)
The number of sl onfsi peanpiompopeanphase,
par ameter when considering generator des |gn and can be
calculated using Equation (W@)e:%es the sNots” athea namber of
oli | .
_ N (6) . .
_23p3q Figure 5.|Ilustrated the pow
currents in the sl ot conduct c
wheN&,s the numberthe pdeEssEhﬁFéncﬁnéi” the _W'”d'”g [33],
the number of phases. Equation (10):
L

A slot &il[l26lacitoorysed to det er mi n/é—t—h—e—e—x—t—e—r?l/ t o
whi ch thesesltatonarlosasrea i s occupi d bv windiupggx
materi al, as defined by Equatlwg

_ Winding Area (7) £ z

*  Total Slot Area h" | —> y
Overall, sl ot fildl f—Oa.c?to[rSG_]v, y |n value from O
depending on the number anl' %$Y4"fe fRetchtea”SB'n"ﬂrucCtod“rdé'Cﬁ%r tG
sl ot s. A slot fildl factor of 0 5 was assumed for this ¢

i . 1

design P = T SLWN W A, (10)

Machine Calcul ated Parameters

Assuming the machine is bé(vlhgtﬁ"’@iesd,th‘g;art% efris&:d-hd?eit”at%“a‘tngs\:ig
mi ned erhasepédrasi s and can %%a%%pﬁ’?re a'ltly'phases,

as shown in Figure 4.
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Skin depth is defined by Edlheat ifoatc ¢(lolrl )can t hen be deri ve
shown in Equation (18):

5= 2 (11) ag, _.an®pg
w s K, —smae— 0° sinee——0 (18)

And, Equation (10) can be rewritten as shown in Equatio
(12): whenmes the har mobis nhenbshomamn

p—LM/Ch3H2 coil, as illustrated in Figure

ec_65d m (12)

A phase winding normally cons:¢

Assuming that the sl ot camducst orisnkameg @i sxr ishutgdd | ynii
formly in the slot, t he t osthaolwnslimt Féddyecudrrent l 0oss ¢
cal cul ated by substituting field inte ity into Equation
and summi nngoodectalbk, as defined by q
(13):

o 22~
e:adSLh n; Q. (13)
¢ s dw, 2

wheties the RMS comiducttloe <luotr ewitd
(m); dseeadt he sl ot depth (m).

The ssilnogtl er eRg,i saasm@omguct or s
connected in series, is given by EquatTo (14):
Figure -Bi.t ShoCai |

2
rnilL
N (14)

kchsds
do ttheengadinduct or paclk
ssemte| amdli oaroda cooocsusf
0 theriesnttihree eslleoctt rarc

tor, whi ch
conductors
resi swimpi.ty (

whebies t he kdljo
i
t

Using Equation (14)R,;tbantbeal s | ance,
rewritten as Equation (15):
Rst:Rsl+Rec:Rsl(1+De) (15)Figure 7. Winding Breadth
. tion (19) can be used to
I'n EquatDoRIR(ilss)a f-depae defgua /
term. Using Equations (13 )e Her(lqwj\gn?tm%altlexmorcagneobnéetsri
plified and rewritten as Equation (16);
ans ms gq
2 S|n%270
13d. 5'ahs = ¢ < =
p, t e - 1408 2N (16) o ms sing- 98 e
Rsl 9901_90’_ SIQ 2 2
Wi ndi ngky,f aict otrhe rati o qu |l i nked b an agtugpl
winding to the pr|utxchI|cnoknec<¥¥ %Wea%ehthuel_lnul%ber IOF sf?oottshs pel
fackorand a breadthky/ dastshb up Oedefc crt'ocra, angle o e ¢o
Equation (17): Equation (20) is the equatior
Kam = Kon 2 Ko (17)magnet configuration:
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Rnp_l % np 6 ( n.+1 no+1 np 2n 1-n 1-n ?
Kgp = —5 53 "0 R, .Rlp)+—3RSP3(R1 - R, “)u (20)
9 Rszp_Rzp e?]p+lg n,-1 g

p
wheRg,s the outer Raigmn ett h € wiheeteeeld ar Yy he r ecoB/il s pehenembimhahn
boundary ofRitshe hmadgmete;r madamrsitcy kijou)htdrrarydel uct ance fact
anByi s th

e inner boundary of the magnejf.
B(g) = & B, * sin(npg)
Rs=R+hnp+g s
not (25)
R=R=R 4 . N .
_ . anpg,, Q, . anp g
B, =—3B,3k,, 3 sinee—"0° singe—
R,=R+hy, "Thp 0 T2 P02 2
The air gap flux density drmd andqses edthfee entagdhebyph hWei amalg nee
geometry in the air gap, as depicted by Equation (20). S
the magnet poles rotate nor®ABssmunig, tthker aidB;adapsl fiski unkuhsdoe
shape can be approxi-mabpdaddi ndg SHEqi wHEUtiodtsh e( 2@ &k fflouw x ,t hi
illustrated in Figure 8. i deal coil is given by Equatio
B(Q P
: P
B _ f= Fﬁﬂux3 RSS Lstdq ( 2 6)
0
P % 3 2P q=
2P 2P P
] f _23R53Lst38ﬂux (27)
pk ~ D
Figure 8. Air Flux Density Through FaradayodsELafvor t hbe be
N chine is given by Equation (29
e [}
e u = .
« =6 1 U /{g)=a/,° sin(npq) (28)
© € 4 & g .ou (21) ot
é 753@374.189
e ¢ Ws wher e,
3 3 3 3 3 3
\{yhewsei,s the averwipges shettwbtjhh,vyi-d?rl& Loi® N2 ® By % Kup ® ks
U=we+w; amd Wtwsy /2 " p
s . (29)
9. =k.* 9 (22) E. = &V, sin(npg)
whegekes the effective air gap; fodd
h and where,
PC= 3m (23) d
e Cf Vn:_t/n:M/Osln
wheP€,s the permeanéescobefifdivent and
concentrationp¥fgactor (Am/ Ag)The fundamental components at
180 internal vol tage of the gener
(30) and (31) [4, 33, 34]:
B = NG g
Dogek s Me (24) B, =22 8,2 k, 2 sind g (30)
" PC P c 2 =
00000000000000000000000000000000000000000000008008001T
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2 2
;=22 RO LN K, k2 By CC=XP,./9
p
V.'- BBV,’- CC=0
E, = w3/ (31)
wher e,
The number of Njar mamnurbee tfwrumsd, usi n
Equation (32), assuming that eachvs__l\783+\/3525r4QCwo ha({B5%0i |
2 2
N, =23 p3 N, (32)
and where, the air gap power
wheNg&,s the number of turnstpem ¢&i6l .
The vector relationship, il Pust8Rltedwi=FR, FR gtk . 936bet w
the termiVWali vioétt rEgle ,avnodl ttahgee , sy n -
chronous reactance voltage d@pbpopalsulbbaiéizbd partackhgaiciomiEec
tion (33) [35]: trated winding carrying a cur
which | eads to an air gap fl u>
v A tion (37) [33]:
Ea Bflux = a. Bn 3 Sin(npq)
n=1
nis odd (37)
Xs la
anis m 3Na3|
o (g+h,) 2p
- \{A V. xV i )
The air gap flux density becon
\J
_ _ _ B:ﬂai s 8 Ny ® |
Figure 9. Phasor Relationship no 9 np (g+hn) 2p
Va:\/Eaz+(x53|a3cosf)2+x53|a3sinf(33) The flux can be found wusing
flux | ienkage Wish all real wi n
wher e, cluded, the air gap inductanc
P (38):
|a:$ (34) / 4 3 3L3N23kW2
g3V, 3 cosf L /1 _Q9; 4, M R Ly a n (38)
W2 n*3 p?3(g+h,)
By substituting Equation (34) into Equation (33), assun
ingf=o6. @W9I9%and performing Asma minaighe mati ¢hle sl ot is rec
simplification,V,t hearn ebbeni deals wioldl tdasgemat e d , in Figure 4,
the resulting quadratic equetri awm,i tad esmhgavhn gii v elng bayt iEqgru a(t
2
_ 1. h h (39)
2 _p2 2 2_pE2 2 Vinput Perm==3 —= + 4
Va Ea +Xs|a Ea +xs§@) 3 Wst Wd
, Equati gmM*)(, 4 Gpssd wmisngoer pol e
4 2 2 2 Poout _ and a stathdyred dowmblieg, show
Va - BaVL - X 9 =0 inductance for-pbakt, wnmandualgs,
fully:
wi t h,
BB=E ? L, =23 p3 L3 Perms [43 ch(m- Nsp)+ 23 N, ® N’]

(40)
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Lam:23p3Lst3Perm3Nsp3NC2 (41) For rotors operating at high

can cause | osses, which resul't
ducti on. Frdicagd o/ [w3 :1]Jd aggree gi v
Lyot = Las - Lam (42)(49):
F’windch?’p3 /‘air3,/'/33 r43 Lst ( 49)
a2p 4
Ls|ot:Las-23Lam3CO%q8 (hi old@hasewheCés the frict japins ctoheef fd ecn seir
cH - air.

From the work by Hans-ebmanmhhel Dlef ficeéenbbtaf femidcti on ¢
i nductance per phase can begdaftiimend (lBYO)Equati on (43):

2 3 5 C .0725 - 0.2
Le:ngaNcaNastS3|n9P[53p8 (43) f@ Rey (59)
2 8?/23&9 wheRsg,s the Reynoldbés number .

The total inductance for thgjphjagel | sMalteh e thme ofS it rej R
inductances and is given by Equation (44): |

_ _ Air gap magnebi ci ss htehaer nsatgrneest

= = 3

L Lag+leot+Le’ X =17 L (44)force devel oped per uni t gap

. magnetic design and ther mal ma
Basi c Losses Equation (51):

t” K,B, (51)

Empirical -1Patfga2 9fger mdt er i al ) were ob-

tained. An exponenti al cur we eflies wae tstheenKsiapsptlrheesdss u(ppf shib)e;
in order to obtain an equatdiemrs i fiByirs ataltdé maiti ngag hfel wx reker
as defined byy4EQuR26pPns (45)

P

epi and Mongeau [ 36] provi de
éB(”)éB éf@ef air gap shear stress for diffe
P.=PR3 83 8 (45)shear stress of 10 psi was as
Cbh+ cCclo+ sizing calculations, &a®oUmidng
The fundament al out put machi n:
V2 lized to derive the rotor radi
PRC(W)Zg (46)chine, as defined by Equation
Pwr: ZantVtipt ( 52 )
_ 3PPL N . | .
RC(W)- . A5, 28 4 > g wheries, t he rotseqrs nmacki g axrkd | en
&kaigaigmabwgmaeggu (47) |
FelFe ;%;ét h O y"*hsou The electrical frequency and
- CvTy determined by Equation (53):

factfap%o
r t-hessroab;c sl aheosfaker tooth width;

)
is the spemifsi ct e oamadtmeyrs;t eet h w=2pf (53)
h

wheR&E,s t he «coregegi sr etshies tcaonrcregct i on
f

i

the slothasglseéeatandyoke height.

w= pw,

nductor | osses are then evaluated uspi"hg Equation (48)
power equation, for a rwhsirstsarnchee deelfeicnterdi:cenli sf it ev@u emec
chanical frequNingytlie asdpesed)(r

P.=0% 173 R, (48)
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Machine Detailed SiZinhgottom width:
si zi nge rwtars aroanpy saitvéb,:WsaéQ\?-l'g-"rhs-"h)(R+g+hm+hd) (57)

Once basic
conducted in order t asce ain the ove | erformance
Che machine with a 500 kw POWEPT QT & oo o e §dSeensians (a
ing method was developed usi ng MAT sing th
model , al | of the desired machine gyrmeR}JB weret§8)lcul
ed. The machine sizing par fers s a Bg vol ume
and generator mass wer e cal atpé&C icr‘?é ¥VSIC geome
ric equations(®9) Equati ons (54) _
stp_ Ns/(zp) ( 59 )

Rotor variables | - h )
hm = 0.02 [ Magnet thickness '%%t)ﬁa col throw:
Br =1.2 [Magnet remnant flux density =N. - N 60
Gn = 50A [Magnet physical angle (deg)pt 'SP "o ( )
Magnet skew angle (actual deg) = 10A

End turn travel (one end):

Stator :variabl es

g =3 (number of phases) _ ) 3

Ns =36 (number of sl ots) Iaz_p(R g+hm+hd+o'5hs) Nsct/NS (61)
Nsp =1 (number of slots shor itched . i

g =0.002 [air gap (m)] Il_'n(PIengt (half coil):

trac 0.5 (peripheral tooth fraction) |=,03| 6 2
hy =0.010 [slot depth (m)] (62)
hy = 0.0004 [sl ot depression pt m]

wg = 168 sl ot depression WlthT ?e ?né ﬂ (axial d|rect|on)
Srat 0.7 stator back iron ratio (yoke |th||fpk/rotor 36 us)
N =1 (turns per coil)

/s =0.5 (slot fill fraction : :
Ssi = 6. 07(1st at or winding condé>uct|vi|tynylehIne length:

rms r o-méasnquar e L =L, +2| (64)
Densities 3 _ Core inside radius:

rs = 7700 [steel)]Jdensity (kg/ m

fm = 7400 (Magnet density) —R+h_+g+h + (65)
re = 8900 (conductor density) Mo +g+h +h,

Core outside radius:
Constant s

& =4 T 1of space permeability) R,=R, +d. (66)
rair=1.205 (air dends)ity at 20 AC [kg/ m
Magnet Mass: Overall diameter:
My =08(pe g, )(r +h,) - r2Lor, (54) Dinacn = 2R (67)
Tooth width: Tooth flux density:
V\/tzzp(R+g+hm+hd)3 tfrac/Ns ( 5 5) Bt:Bg/tfrac ( 6 8)
Back iron flux density:

Sl ot top width (at air gap):

=B, ® R/{p* d, 69
Vvt :Zp(R-l-g-l-hm-l-hd)3 (1- tfrac)/Ns ( 56 ) Bb 9 R/(p ) ( )

0000000000008000000000800000000000000800008300007109d0029
12 INTERNATI GOWARNAFMODERBNGI NEERI GBUME 7 UMBNER ,ALE WNTRRO 1 6



000000000000000000000000000080000000000000003000719dd20

Equati grb9)( 5wy e mainly exwhaedtesedt heomt aher Womrke back ir
by Hansel mann [ 25] and Hendershot Mi Il er ?)1 .
-Lr?N (75)

w.h, +20Rh, - N.hyw,
Particle Swarm Optimizatio , _
wheMgi,s t he tNeiest ht hnea snsu;mpiesr o f

The particle swarm opti mi zhaetiO%Othwdé’vé)dt@?gﬁlpwhﬁjneRNresSSi
used in this current study and for i
ciency as an objective functloMMagnW|H]té(quEtrt)§'rvjz' )st6 ?ﬁniter
constraints. Partlbzaseedswaalrgmnlstham populatlon

based on flocks of birds ofWhe¢RsS:tsh esmf‘&a}%entém'pgqr%tsemeoapr‘?@%
i ngari abl esl emaeh armetter r at idF,N S WY S, amgqgipol e "pairs number

us, and stack | ength. Si mul ations were_ performed_using
PSO toolbox in MatlabsulThedPSO al gMgsIRh/is well (77)
for solving optimization problems that are too complicat
to be solved using conventional op gl miz tAia n methods u
as problems in which the objective °9%hc °n i s (ggbntl
ous, stochastic, or highly nonlinear. )

whetlbt,gi,s the ar maturgd csomndthec aom

HSPM Generator Optilmi, EIfrfiarenjey (o=

Using PSO Si zing

L. =2N,(L, +2le,) (79)
The particle swarm optimization (PSO) al gorithm has
been wused to optimi z29]genEhator engCFt-,\sl)é(ZNg)y [ 37 (80)
optimizat ixpq vawad abLé® rati o, rotor ra-
dius, and rotor stack | enomhreNgirsespleet humbegr Icheakmet ©mna
function was i mpl eme-+ftidd. ilileneghten f(AQiadh f b fte Bdilsomtt haer esal; ot f
PSO algorithm was then usetdi othoN;imsaxtihne zteurtntse pef f icoii éncy
function and obtain the required variables using [1 0 0]
straints as the | ower | Amit Toanadc c[o3unl 1f]orasthdaead|d|be|iohia
of the detail ed var i abslpeese dweecrhei nev aclowdtiendy, f @ar 18 %hsghvi ce
p e r mamaegnnt e t synchr o2nbo,s3ugemmdgeat ot alf mass [ 36] ,-(&4) define
Equati dB89)(70)

( ) MSerwce 015(MC0nductor MShaft+MMagnet+ Core) ( 8 1)
MTota|:MCore+MMagnet+MShaft+MC0nductor+ Service 70
I:?I'otaI_Lcnsses_ I:)Core I:)Conductor-'- I::’Wind ( 8 2 )
IVlCore = Mcb+Mct ( 7 1 ) I:?nput = I:?I'otal_Losses-'- Pout ( 8 3 )
out/ input ( 84 )
Mcb:’sp(REO'Rczi)Lst (72)
Based on the application, t h
wheMgd,s the backrsi sohhmass eueskegdg ptnosiagyt i mi ze (minimize) t
(kg R s the core oRt si deherpaadituesof atnhde, machine, or any ge
inside radius;

R, =R+h +g+hy+h, (73)Design Comparisons

I n order to make a compari sor

wheheg,s the magnedi st htihcek naeisrs |, ¢ ap io(t”i‘)m'um design methods, b
hsi s the sl ot deprhgsssitohne dselgo&tgpdée[npgtdh Lf"f‘é‘ldng a tip speed of
(m); of 500 kW-12Fisghuorwe st hle0 wavef or m
R, =R, +d sity, EMF, and harmonic conter
0 i e (74)sical desi-8. shkogut he &383me for
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design. Tables 1 and 2 show ti gener a
parameters for the original .a , resp
. 0.8 4
tivel y. :g
15 006 4
~ 8
S | S——. PRI N — 8 ‘E> 04
> | | | | | | 0
B 05K | | | | \‘ £
g OJ‘ “v‘ ‘;‘ “N j L 5 | S0z J
5 \ | ‘w “ “
Loo.05- | | | | | | 8 0 : — L —— J
= w‘ ‘w \ | | | 0 5 10 15 2 % 30 3% 40
2 A Pl i S Harmonices Number
A5 p ) s . s . , Figure 12. InitiaR. BA)7 foori ct Cont e
Rotor Angle (T) Original Design
Figure 10. Initial Fl ux Density Waveform for the Original
De S | g n 1.5 T T T T 1
1500 o, ey ‘W‘Ww‘ 1
1000 — —— T E | | ‘ “ ‘ ‘\
3 el I o
£ s 1 E \, J ‘ ) X
8 . \ | 4 v" ) I
: * 2% A . .
E -500 H “ ‘\ | | \ |
z 1 [N NI S
w 1000 - _/ N \__/ 4
E L L 1 L I L 1 i 1.5 L L L L J
15000 1 2 3 4 5 6 7 ’ ! ? I:otor Angle (‘:) ’ ° !
Rotor Angle (T) i 13 . . | F D . W
. S i gur e . nit.i a ux. ensit
Figure 11. I ni ti al EMF Waveformgfor the riginal H)e3|gn y
Table 1. Complete Classical Design Parameter.

Machine Si ze

Dmach 0.1397Dm= 0.0608 wyr 0. 0042.=m0. 0071wswr O. 0046w 0. 0O04|6

m
Lmacs 0.2023 Ly 0.1519 |[g= 0. 025/2,em 0. 025PI,.an 0. 0792wy 0. 0037 m
Lac 7.4476 M, 1. ®42mme |As: 4. B64v7 e R 0. 0699QRm= 0. 0648 m

Machine Ratings

Speed = 78,57|9Va1:p1’n,225.8 E.= 1,284. 4PVs 507. 42 |KW¥ 135.96P2 A

Ra= 0.@119|Pair=Gap660.4237 WafXs= 0. 4216 |eff = 0.97|pf = 0.96|4

Stator Parameters

L= 1. R07He |Loi5. 5. B7 5wHe Bb= 1.2262BmH 1.7166 ped = 0T 0736

Rot or Parameters

ke= 1.187[1gp= 0.0023 nBy= 0.8583 [T,& 1.-209 [G= 0.0088

Machine Losses

P.= 4,289.6 [Watm 2, 465.5 WaltTtotal Rotor Losseg§Psw 2, 054 . WatWat t

P.= 2,338.2 Watt THD = 12.2077 % Piiossed , 415. 5 Watt

Ti me Harmonic Losses = 23$SpaWatHarmonic Losses = 14.6 Whtt

Machine Weights

Mc= 3. 455PpMckeg 2. 0288 kfMcome 5. 484BMeg 2. 3768 Mcg = .4. 9989 kg

Msha:ft3-3918 kg Mcondu:Dtozr-O729 kg Mtort 15.3247 kg
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Original Desi gn Res
1000 -
g - Ef fi eQpetnicnyi zed Desi gn
£ Optimizing=var B,&8Be 840D, 1134.
E-SOO
Effect of Number of P
T T S Parameters and M/ C Ch
Rotor Angle (T)
Figure 14. Initial EMF Waveform@onsider the case of 50 kW of
1 ent tip speeds of 250, 200, 1
numbers of poles (4, 6, and 1°:
o the number of poles affects t
z structural performance, which
HY frequency, voltage wavefor ms,
vol ume, air glmaock ainrdonrnt htehisd kan «
goe 168 depict these various eff ec
* Figur-8 diow that 1) rpm spe
, 1 ‘ | each tip speed because the fr.
’ ’ ° 15Harmonit:zeosNumber25 * * ° I n g p0| € nu mber S’ 2) freq uenc y
. oL . t he numg ol at each ti
Figure 15. Initial Har moni c C(frhtceréaé §6V\F7t6h /O}he number of |
From these waveform compaarlrﬂoslotn%t,alitlOcsasnesbe seen that
THD was i mproved as a result of reduced | osses and en-
hanced machine performance.
Table 2. Complete Optimized Design Parameters
Machine Si ze
Dpach 0. 1651 Dm= 0. 08wd&= M. 0050Ld.=m 0. 009 pwsm O. 0055|wp= 0. 0055 m
Lmach 0.21729| g 0. 11341l,m 0. 029Fl@m 0.029[(7l.em 0. 0933 |wmyE 0. 0046 m
L= 7.2023 |mM,= 1. 56l e [ A= 5. G696 € R 0.0826/Rn= 0.073J1 m
Machine Ratings
Speed = 58, 68[av,x pm56. 8998/ E\ 815. 273 Pvg 506.52 kW= 220.19¢65 A
Ri= 0.®095 |P,i, capl, 378 WatliX;= 0.@562 [eff = 0.992pf = 0.99
Stator Parameters
le=1.3829&el [Loy5 3. 8B23mHe [By,= 1.2232/BmH1.7124 mHa = OT. 0625
Rot or Parameters
ky= 1. 131Pg= 0.0024 |B,= 0.8562 [flL,s 1. @80fHe |U= 0.0106
Machine Losses
P.= 2,672.9 MWat® 2,465.5 Wabotal Rotor Losses Pz 117,73 4 WA t W4t t
P.= 1,278 Watt | TH D = 11.6276% [P ozse6,516.3 Watt
Ti me Harmonic Losses = l1f§BpacWaHiar monic Losses = 10.2 Waltt
Machi ne Weights
Mc= 4.0548Mkag 1.8204 [kMeo7 5. 8752 Mgg 2. 2274Mkg 7 .2. 2622 kg
Msha:ft4-5417 kg Mcondu:Dtozr-4367 kg Mtort 17.3436 kg
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x10*

2!

w b i

= of the machine could be decre
i quency increased. These desig
i mpact on the number of sl ots
and the output waveforms of th
provide further i mprovement in

u
u

Frequency (Hz)

o
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Yoonil |l Lee, Purdue University Northwest
we l | as wireless | ocal].arTehae
AbStraCt | arge PAPR problem in OFDM ca
Orthogonal-difvriesc'qmmeﬂnmyultipI%”):(P'\r/Jg OFDnR/I)because it s base
an attractive modul ati on teg‘hrhiugn%%rf%rf rg rgbaatc'hrb enfafv ect
del ay spread in a muItipatPhAPchhqrngLmu” vf/)gp jﬁ oMal n
di sadvantage of OFDM-tJaS/etrIaq; diutct'?ao skcan be c
power ratio (PAPR). One teg%péaegleiﬁ%g Bé?pl gd acnd II|s
Scheme |, introduced by ‘J°|5‘§rstiél atrans i heq%fbnc anbﬁ
co'dlng scheme using an oddt%%rll tryescer}q/cakt tbn & Ny mla] npj'enwgti
3bit data Wwotdcowtoward. O Ehicg' Ss %Vd%/”tﬁgoeweovfer the focus
Scheme | is that it can onrhgtgigeodrug:e 'PAPR when the |l engt
of the code word is an intege multiple of four . Anot h

technique is Scheme 11, i ntroducegd ragi a m et al
for |l onger code words. I n %réh%%eﬁ Iﬁ,)bdihenrg I\s%crhdewearwl
defined as the |l ength of aCch@eck/oriatnd(tSQ;herngeh Io) a
word, respectivel vy, one additional bit representative of
compl ementl)dfh tbhie (oN the damthae Wod ndp |ieSx UePreviediegdpe of t he
as the (N+1)th bit of the clhant apewanrd t$e@hathahoWn bief o
N+ 1. Effectively, PAPR can be reduced even though M is

not an integer muItlpIIlemlotflrfg)u ,t)_é Fisv ngfté(q a |les)s
selection of M. However, ains ? "M e d i‘on are mar
gi nal as M increases. I n this paper, the author propose

i

new approach called SchemewhddeptsO thet aiat afiehy s=mBh R Raf otf h

duction, by adding two add|n§horoq:IDMblstysmbtaqheSc g-MBeti ofs G
be

ingly, M comes N+2 rathererdgitam oN+* lifhied Senahhi -cu@lTe B aln!
Scheme 111 i's suitedarfroirerlsprapge) tUueRbeOrN s dadr at%bom; raemrd angu
expense of two additional bsihtasp-e off. dur ati on

l ntroducti on With no | oss incagrenkeealimiyte

simplicity. Then Equation (1)

A meclatrir i er transmission sEcqhuean]ie' °§1uc(hz)és orthogonal
freqguwdmwdyi on mul tiplexing ( OFDM) has¥ibegn pro-

posed for many wirel ess appllcatloﬂté ae%ﬁgste it is(zan at
tive modul ation technique for mitigat'Pf ng effects of del
spread ipmtad mhlaminel . However, t he mai i sad-

vantage of OFDM i s +dater a %Qeatqeareneve i€ power*of t
power ratio (PAPR), whi ch hn'ye@yufphm Ines( Kt *h’?“‘t'ﬁfec"a%t qesq
ti on when OFDM signals ar e °fdddIld €t #1 o gt 24P Cgﬁlp'h'én er
device such as a transmitt "B odWwér 'a?rrwznloirf”?aelr'zeé: M CPW%
combined whkitnhp umu kotuitppliep | e ytts. Urne @BPRI s f' '
technology (e.g., mul tiple 'arnﬁte’nnE\E af””f?\% | toérds
re

|ty of the system. Such a MIMO-OFDM system is a key
technol ogy for next generarl.)ll%'n erndO'binéblc%m%uﬁlhgé(vlsl&rhs PF
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possible uncoded data wordenviedtopes pbevfeirrse fREP aasl tphoes spiel
envel opep plwerfiofst REPt wa gphatr6i.tOy0 check bit are shown in
the data words were 0000, OHh€@lpedkWlénvehdpdlpdwelTMdehasee -
ond PEP was 9.44 watts whelnectahuesedathee WwWordsd wedes@€6d4add P
0110, 1001, and 1100. Al | ot her PEPs were the same value
of 7.07 watts. Thus, if daTablwordsPEmMatorgéhlerFaotsesi bhe g&o dl
such as 16.00 watts and 9.(M4=watts can be removed, the
PAPR can be reduced. This [T 5 tThe main morivatiorE) Iigehind
bl ock coding Cod ¢ c C C C E
' Wor dls 2 3 4 (watlt)
s N
G = 10l0g,, peakenvelopqoowend 0 0 0 0 1 7.0V
i averagepower y (3 1 0 0 0 1 7 ob
y N 3 i
= 10Iogmie%kp(t)ﬁ 2 0 0 1 0 7.07
I
3 0 0 1 0 7.0V
Table 1. PEP for All Possible| Uacgdeod pDattla {Wood ds (ON |= 74)07F
Dat a PEP 5 0 1 0 0 7.0V
ds d, ds ds
Wor dis (watt)y 4 0 1 1 1 7.07
0 0 0 0 0 16.00 7 0 1 1 1 7 ob
! 0 0 0 ! r-of 8 1 0 0 0 7.0¥
2 0 0 ! 0 [ 9 1 0 0 0 7.07¥
3 0 0 ! ! 9.4t 10 1 0 1 1 7.07¥
4 0 1 0 0 [ 11 1 0 1 1 7.07F
5 0 L 0 L 16.000 4 1 1 0 1 7.07
6 0 L L 0 9. 44 13 1 1 0 1 7.07
! 0 . 1 1 [ 14 1 1 1 0 7.0/F
8 1 0 0 0 [ 15 1 1 1 0 7.0/F
9 1 0 0 1 9. 44
Table 3 show the results of |
10 1 0 1 0 16.00
of the code word for wuncoded ¢
11 1 0 1 1 7.0V comparison. Table 3 further s
19 1 1 0 0 9 ah well when the length of the co
ple of four The PAPR value w
13 1 1 0 1 7.0 M = 4. Thus, the anm@ntr eolfa tPiAF
14 1 1 1 0 7 op toO the uncoded data words was
er , it has the same PAPR as t
15 1 1 1 1 16. 001l ength of the code word is no
Thi s i s t he mai n dr awback of
The block coding scheme uSchgmeanl lo,dde xpplraitrnye dc hierc kt hbel tn
was introduced by Jones et sall.ve[ T]hi sTlpeg olbdsimc i dea is th
bit data word bs$t mapped wondousai Ag an

i
odd parity check bHiytc.asildned Be|r gtc K hr@& e dpi thCSCheme W
code word ar ,dhaenids admbe adaga or.d. .
However, the ifoPputrhé bode woﬂfqd\illsténo(pdadlpaBil-t (Schem
ty check bit. -Hiotr cxtaanpW®r diifs ad3 ) )

dy= 1, ;an@, dt thért tclneded4 word @AS§i BHPOAR ddd the previous sec
parity cheecle bzt @i, s=am0d. cTheb!poeCakk coding using an odd pari
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can only reduce PAPR when fThlkld engtPhP offort Mé | cPasesi Wb e dCd ds
an integer multiple of foufM Tod5)be specific, it has the
est PAPR value with M = 4. Witemnm t e engthjof [I'gl code
. .C . P .
word is not an integer muIt\NJdGS @f| €olu rcs, ict | dep €'s ﬁqE el i
s ( )
the code word that generateg arlge ppowers
0 0 0 0 1 10.51
Tabl e 3. PAPR (in dB) Comparifsons or |[Uncoded aga or ds /|
A tereme ! d [Y® g9 1 1M %S 33
2 0 0 1 0 0 10. 48
Length qgf, Cod
Words (M&JncogedScheme DdB 3 0 0 1 1 0 13.00
4 6. 02 2 48 3. 54 4 0 1 0 0 1 13.33
6 7 78 7 78 0 6 0 1 1 0 0 13.00
4
7 8 45 8 45 0 7 0 1 1 1 0 10. 8
4
8 9.03 6. 53 2.50 8 ! 0 0 0 ! 10. 8
9 1 0 0 1 1 13.00
9 9.54 9.54 0
10 1 0 1 0 0 10.51
10 10.0 10. 0 0
11 1 0 1 1 0 13.33
11 10. 41 10. 41 0
12 1 1 0 0 1 13.00
12 10.79 9.21 1.58
13 1 1 0 1 1 10. 48
13 11.14 11.14 0
14 1 1 1 0 0 13.33
14 11. 46 11. 46 0
15 1 1 1 1 0 10.51
15 11.76 11. 7¢ 0
16 12.04 10. 88 1.16 Tabl e 5. PAPR (in dB) Comparisons
and Scheme |1
Anot her approach was intro"cﬁ}gc?éa (cwcd@odoﬁegiicaemL‘nODthat al .
[ 2] for |l onger code words Let bhe defined] as th
l ength of a code word and |t he 4 englt h6.0f2] a3da3|a 2mo02r9d , res
tivel y. Il nstead of using 4dn ogd parét cnegg D#IT one a
tional bit, represent atli)vtef rnmn?pmpnt ' e (N
bit of the data word, i s Jpen@ied as7.t7r8e 6N&91)t2h 6bji t of
data word such that M becomes _NF1I. ranpi qiro e PEP
. . 8 45 % 8 . .
for all possible cod words usingl on add| onal bit Wi
M = 5. The first PEP was 13. 38 WatIS.(B3ﬂd 6t. e8| s2cmoond PEP
was 13.00 watts 9 9 54 - 36 > 18
Table 5 shows the PAPR for diof f er eidt 00 e®gdels 10b4|code
words for uncoded data worpgs Usi g oc'n%w [ or <, mpar.i
son. The PAPR values were fredudcded |ev&n Ehgu%% tlh'e engt h
of the code word was not aln imigegerlm,uiiisp_lzm Bejur . Tt
Scheme |1 has a more gener gt—way tJo N O | 'eng;th of
code word compared to Schelme £33 Howébelf EE'h6e arﬁoﬂﬁt of
PAPR reddB)t idmes( not i mprojve much |whens@g hieo. 12 1. 34
l ength of the code word irc,redsbes T 0 (\blg.isll;bflléltr PAP
reduction for | arge code wlor dg, alnéd 4P pt%ha>th i & ropos
by adding two additional bj]ts 1t60 Sjchieme®4l 10.88 1. 16
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Proposed Coding Sch®menuAdadtiingnTwoe sul t s
Addi tional Bits to Scheme | (Scheme 1[I 11

Figures 1 and 2 show the env

The proposed block coding daal'fgaorV\fotfhdrr$ iasn dg sumnfdog | oSsheme |,

show the PAPR values for unc
St epAplply Scheme | to the d%‘%'&e'ﬁlfbr'dlsv. respectively. Simil
StepUmend the compildméntbi o PAFRavVhgenues for uncoded data w

code word as the (N+1)thespecihifvelhe. chidealwlyd. Figures
StepUm@end the compl ement ofPatrhies ood da Npda rri&du ccthieocnk fpgre al |
as the (N+2)th bit of thAe eddeb@foseen, the proposed
performance compared t o t hos
Accordingly, M becomes N+520hreamerﬁerWhﬁ&ntmerﬂenagsthiﬁ’f th
Scheme |1 . Table 6 shows t-“- -~ --" Tt o 't h M
= 6 for the proposed Schen 16 : . . . i . . 16. 9
watts and the second PEP w t hese
values are | arger than tho 14 he PA
values are smaller compare hemes
Moreover, t he amoubdtB)ofi sPA 12
| arger than the two previao gth o
the code word increases. T £% for
number s-carfriseurbs at the exp 38
bits. Table 7 shows a comp % th di
ferent |l engths of code wor: 56
Tabl e 6. PEP for Al Possi bl e nl
(M = 6)
Code PEP ol
Wor ds© C2 Ca Ca | G Ce (watft)
0 | . .
P 0 2 4 6 8 10 12 14 16
0 0 0 0 1 1 0 13.29 T~
1 0 0 0 1 1 0 13'EgFigure 1. Envel ope Power for Unco
2 0 0 1 0 0 1 16. 98
3 olo| 1|0 ]|of| 1 |16.98 8
4 0 1 0 0 1 1 13.29 7
5 0 1 0 0 |1 1 13.29 5
6 0 1 1 1 0 0 16. 98 .
gS
7 0 1 1 1 0 0 16. 98 g
84
8 1 |loflo|o|1| 1 |16.98 S
>
9 1 |olo]o|1| 1| 16.98 w3
10 1 0 1 1 0 0 13.29 2}
11 1 0 1 1 0 0 13.29 1L
12 1 1 0 1 1 0 16.98
13 1 1 0 1 1 0 16 98 0 2 4 6 8 10 12 14 16
= Code words
14 ! ! ! 0 0 ! 13"9Figure 2. Envelope Power Using Sc
15 1 1 1 0 0 1 13.29
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Tabl e 7. PAPR (in dB) Comparisons for Al Sche
Length of Q
Words (M)Gnggded Schemel | DdB Scheme| | IDdB Scheme| | IDdB,
4 6. 02 2. 48 3.54 3.73 2.29 3.73 2.29
5 6.99 6.99 0 4. 26 2.73 4.26 2.73
6 7. 78 7.78 0 5.09 2.69 4.52 3.26
7 8.45 8.45 0 5.58 2.87 5.58 2.87
8 9. 03 6. 53 2.50 6. 53 2.50 6. 02 3.01
9 9.54 9.54 0 7. 36 2.18 6.59 2.95
10 10.00 10.00 0 8.06 1.94 6.64 3.36
11 10. 41 10. 41 0 8. 67 1.74 7. 44 2.97
12 10.79 9.21 1.58 9.21 1.58 7.78 3.01
13 11. 14 11. 14 0 9.69 1.45 8.15 2.99
14 11. 46 11. 46 0 10. 12 1.34 8.54 2.92
15 11.76 11.76 0 10.52 1.24 9.07 2.69
16 12.04 10. 88 1.16 10. 88 1.16 9.54 2.50
7 T T T T BO To °
6 7'
A
5k
50 o 9 o} o} ? o 9 J
o O o9 0| o9 06 |® 0o @ o
T 4r © 0] Q. [an) (oJ[an0] Q| © @ (0] [}
5 5 [@0)[ ol (o) (0] | Q|0 O @D O QP (99 [o)[e]anl(an]
. g "
=3 g,
2t HL |
1 1H
0 0
0 5 10 15 20 25 30 0 10 20 30 40 50 60
Data words Data words
Figure 3. PAPR (in dB) for UndodedeDdt a PAPRIdE i ONdB)5) or Uncode
45 T T T 5
41 i oo s ? OO i 45} o o ® O O O ® O
35 4T
3_0 i ¢ ? ¢ 35r ¢ @ o 9o 0 q
g g o
c 251 c
z 52.5-
% 20 <
[N a 2f
151
151
1+ 1F
0.5 05}
0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Code words Code words
Figure 4. PAPR (in dB) Using $%$é¢heme 16l. PMPR J§)n dB) Using Sche
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1 For M = 16, they are 1.16 dB,
tively. As a result, Scheme 11
o —©— Unooded M ’’’’’’ G subarriers, though at the expe
Scheme Il ’\
—— Scheme Il i s
b _ Ref erences
[ 1] A E., Wil ki nson, T

nes,
994) . Bl ock Coding Scheme

Me an Envel ope R@awerri eRat
smissi ol eSthemegs 2-0081t t

a
99.
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Length of code words (M) [ 8 ] Ne e , R. V. ( 1996 ) . tOF DM C
Figure 8. PAPR Reduction (in dB)AfV r%ngerSch%%%QCt'on and Er
IEEE GLOBE®T .
C | . [ 9]Tel |l ambur a, C. -$d9@eancesUsfe
onc usi on OFDM R edavke r-RR@gwe e r Rati o Red
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As a PAPR reduction schemeQDaai new]J.black &odéedw@gab, J.
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N
o
T

PAPR reduction (in dB)
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e
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o
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scheme, referred to as Schemepolwlelr, o/\oanstroorlea|tredobD|v|add3|om
two additional bits to Schem&edue nScehse;vneh hld r oRE &/dE e IsTerdalinCseasc
PAPR when the length of the codenwordf o sdnban)i, s2matIeawre s r ynu | t
ple of four. This is the mdgitnzdaagback b ofyoScghaecmoeg Ilu., Sahge
I'l reduces PAPR even though tpamrRahepgLOF DM 99Fk. CRIve IWOR & d
not an integer multiple of foSirBl oltkwededi,n gt heen dP AIPtRs Ergesd tu &
tion gains are marginal when vtethd clué¢ mgt Teehnodoid®@@®yE oden fweorr
i ncreases. Scheme |11 shows i mproved performance c¢com-

pared to those of the two previous schemes, when the | en
of the code word increases. For exampl e, the amount of
PAPR reduction with ™M = 8 for Scheme 1|, Scheme 11, and
Scheme 111 are 2.50 dB, 2.50 dB, and 3.01 dB, respective
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Dal e H. Litwhiler, Penn State University; Ni chol as B
Jason Hoff man, Ecoult Energy Storage Solutio

Abstract venti

n devices. Il nput p o
om many sources incl
. a tive . sources
As part of an ongoing coIiIn bosr iefdt aWite Iioncaol
i ndustry, a{acadvabractedarlyeaemsﬂqg d
tem was designed and instablolr ¢
mi crogrid power system. A tS ﬂA
used to provide energy for h f
and classroom spegcenver &d A n
power s rovided suppl [
array cou t meet the degand
was distributed thr
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st al as part of an ea Eaﬂe Oénicf\{lgcéprélﬁcprol drqidwidrtfh% tflh\/}(la
I n this |l atest- p RS e %UB i :

a

[eN(e}
<

c

d
ries were added t tg
|-tnd £ed us®ent erIPL%/a% th [

monitoring and t rol
t he batteries.\é\/%{t%r‘]1 n
S

= o - o
nQ T Q

<< T

oo -

<Q W -~ = OO0
—— <

e
r
r
0]
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nted and discusse simpl e s y2%8£28&mC m
predict performance] i doxmaniPever pr esent ed. Prelimin:
storage system perfo pidreckerd gt a i s i scussed. Ong
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stem i mprovements and ééoneer%rarnegoweragerweerm&l(laso proe
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24.5VDC
Battery

ntroduction Contoler

77777 L 24VDC 24V DC Loads

An emerging technology 1in buillengéoﬂepforswrer di stributio
volved the use of a room ceiling tile support grid t
l-voowt t age microgrid net wor k. With this network, _
VDC power was routed throdgh®dult- tShé&pPkiofoingdvi2d ¥BG dWlicro
embeddedii hnghsupgpopt structure. Users

d then wvaptiageosupel yowPd® dPy Uh&atpbarmittent occu
he room. The microgridd@Yhbght wAQUTgahheed by i &0
ium of industry and uSiWeS&itHuseld §Res9Ycaqqlelgectd g
e Alliance [1]. The Emdrode daleneddye o ot & R elss!
Wt age DC indoor power tdiestTa®Mthi@adsagpr dLeedeidet yT 0gge
commercial, industrial, and&CP8&F de Riad vy phsaettcelreya finesCt h npop
ample of applications on th&TY&adededdYi Fdi1o00 ALL I1SiYPFH €I g

om®w "o N —
+~3o0o>So0o0oh~ >
—ow
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art of the 24 VDC mi c iR Sartntley
very efficiently in ¢
C) use without freque
t can be wutilized t

i es, smooth power, + + = band
t hat i s neither tot 3 PbO, garbon ty [
ectrode
ttery was developed a nd
0 t
c

Separator Separator cy __

mar ket b y Ecoul Lead-Acid Cell Asymmetric Supercapacitor i

to that already 0 I
y |l ocated cellul ar I O

$i,_
Figure 1 shows how energ i ve
Canadian Solar 235W panels U'traBa“erY i mum
power point tracker ( MPPT) i
250). -DB8ecdlRverter (Vicor M?DEG‘rPeACQ Jdp Oa
provides a regulated 24. out put vol
battery voltage varies depe,:nidglunrge gn shdws Stth"‘éte eoafCthbqrg
SoC) . The control algorltg oPQEeb%tyts e ¥n nieotddlielpfrp@
des control Ssign®dICs comv e IE@dMPrPonacr’sd & nt e directly
ed on the SoC of the batterny naWVWRen ttyhe n{fb%titteo"ry n%oqqal s(
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Battery Selection and

The intermittent ature of sol
demand profile of the room | igh
performance apa ity of t he
Figure 2, the ul Batteryods cc
di ti omRaacli dl ebaadt t ery in parallel acitor

structure. Thi s combinati on pr y storage
package that performs wéry wel. unuert par i oal state

charge conditions, as are T:|YgRJ"éah|YBaeMFé?f/'lﬂd“nClethr'|0|outnht'e$j
application. The | aboratory/classroom space is |it by
g fluorescent lighting fEiXdwress shhoawse t he XbHE €8 r jWesr
ui with electronic diemnyi ngabh aleltastesache spiadtneed yf oo

he sporad
we |l | wi t h
s shown it
rporates a

d
input voltage. The mkalihasohit®¢einye aheiconitRPUt eV
m the microgrid Witibrabqutealgaqq,v&enr, cO fi saghbjoqutti o8n5 04
ghtness. The |n|t|qqlenquse|g,ﬁbnqsteoq|tnkg| Sa nl do acdo nPt O Veel I
providing enough eHN%VSQYacth)nprISts@he&Ubltvé]dt%PtaOé\vﬂenbtfé)|r
he yp al duratiofhefpatht eerVye Ncl adi nlea b ocroanttorroyl  ccly
€ ore, the bagttser Yprways deidz &@d nfetand T M Talmo
kWh. The batfer ) rdaubdaRea®mont nyas Flohen hfeo
ts configurqdraa LWR @8nAbteiostiréingsedf
tion was wused for previous si
mote | ocations.

—
03

\Y;
t
her
f 2
uni
ach.
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(" Enable
MPPT—<
|_Disabled
(" Enable4
DC-DC—
|_Disable -
Min Max .
Battery State of Charge

Figure 5. Battery Charge and Disc
Hysteresis Curves

S0G,a - S0Gy,
= 2% S0%in g4/ \yh
¢~ "\Wh capacity (1)

A discrete time step of one n
l ati on. The change in stored
can be calcul ated usicnogunEdumat
met hod [ 6] :

GE = sol) ¢ Reefe)fi ( Podo/ Ecbd / 60 Wh

Figure 4. Battery Cabinet andygontd plsPMofd t giyitmdutE!l g6 Wi & t
Enclosure is theutmptutefficiencya.dssf thke

ower consumed by the pgpddsm | i

Control System Ar Chtlhteeo(i]lt)pllu[ €e f f i eDiCe rcooyn veefr ttelre D
The battery controll er was Tihrap Ineomeendt ewla su sii mgl emePrrtoggd aimn
mabl e Logic Controller (PLEhe Ghkeeprcmpsgulioonootdeon of th
PLC is to monitor the batteries and protect them from ov
chargindischawvgrng. This fumbteéoh iLs sate® mpfl iSybkeedm Model
by controlling the MPPT (the battery chargtng compe¢nent)
and t-b€ DGnverter (the batitegsgy{ di scharging compo-
nent). A simple discrete dmmblsgi®icdaPl)e c&hYNnad i s [sent
the PLC to the-DMPRTonaymrdteheffdE&ed AND OK2CHEg<=0TANB)| OR (
the current SoC of the bat/OK2Ri.scAhrdiaglhraulm) bf these| cont
signals is shown in Figure|l 5 sb\ocsmaI%PC%)‘tK of tefesis
added to each signal to mi|Af mf ©$0Ce xc Max i AND é)ifgf}/'?érng Sy d 1§ §
near the extremes of the SPp y'St)O)KZChrg - True

el se
System Modeling OK2Chrg = False

if ((SoC > Min AND OK2Dischlirg = T
To get-oradefri resssti mate of ex"'ﬁ’é&%?g system_ perfor-

. . . S C rue

manc e, a simple discretizegd 91 05Jegl w devel olped t
descri be t hoefc hhaartgeerfyorstwadreliqus Béf array
power and DC bus | oad powejr pr@,&z,ﬂ,,essc.hrgqyaﬁauosrb (1) [shows
a simplified |inear model (consgg,anig. of or the batterly SoC
was used: }
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Using this simple systempmotiebf datra ofusr parno feialredsy Bor i
avail abl e s§dbLraarnde nreorogny ,|.ig hatnidn gt y piacda! Proom | ighting pro
could be explored to see thettedrfyecbsgam whehSaCsprogafiifli
the actual Ma,t &l hadb, &0 o daey,s tweameBrcloyn-exhausted. On the subse
tained in spreadsheet fil ekowdhd cthorwea es uibnsptoarntteida | wheenc htah
simul ation was run. Figureirmmg samwevermhal Isimadacti ooan riesul
for typical sol ar array polweght(lﬂQJOGW)adalwdhenoamerlag;ehd|c1n\g
|l oad (~ 850W) profiles. Effi~ionaioc wond £~ *tw~ MPPT a
DCDC <converter wer e 90 % ar. 4 v J
SoC | i mitysy W20% HmwL SOB. 5 el Lomipover | ]
1000 . T . T . 333 Ao // \\‘ ]
] e | @ 200 H’ \‘-\ 4
% 800 Solar Power Available // \\ ‘ 2 | | AL | | L l [N |
= 600 Load Power ; N\ B 0 2 4 6 8 10 12 14 18 18 20 22 24
g 400 - / \\ B Time of Day (hours)
£ 200 // \\\ i 100 T T T
o 2 4 6 8 10 12 14 16 18 20 22 24 = SnC
Time of Day (hours) = / \_,_7
%507 =
100 T T T W 11 1
40 —
§ wr / . 1 20 L L L L L L L L
g 60 B / \\\ 4 0 2 4 6 8 Ti‘lr'?leoflgiy(holj:s) 16 18 20 22 24
40 -
[ L Figure 7. Second Example of Syste
ZDD 2 4 6 8 10 12 14 16 18 20 22 24
Time of Day (hours)
Battery Current
Figure 6. First Example of Sy Y
50
. 20 h T
Figure 6 shows how the So v tial
value (energy leftover fro 20 egins
increase when solar power Ezo | 1rise.
The intermittent use of th 7% AN ' 1e T ec
gular | oad power profile. glzo | b l »o , of ot
MPPT and-DCheodCerter, the ©° /
guite able to supply the :30 w erefo
sl ight di scharge occurred 0 JT Howev
during times when the rool cant
charging occurred. The net Time of Day (Hours) he da
was slightly negative for
) ) Battery State of Charge
Figure 7 shows the simul a ent I
. . 100% .
profile. In this exampl e, a0% fil e
same as the first exampl e. 0% /T ome [
riods of reduced demand (0 g 7o / \ hting
turned on), as would typic £ e \ 7 \ e ac!
room. I n this scenario, th 5 3% \ / \ or th
H H %40% ’\,‘.J
was positive. E \Vi
20%
System Dat a 10%
0%
0 4 8 12 16 20 24
Battery data were collect: Time of Da emos
. y (Hours)
at sampling rate of aboi conds.

a
h battery monitor uni t easurgd Sand reézportef\d theS bat
terybds voltage, cur-or-fcemargam{c{/)a%r e,r tlﬁle/?te?m 2 fel OF @ unny
cul ated wusing a proprie ry I It hm i
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Ongoing Work Ref erences

e 24 VDC microgrid instpijmerigoteh cCANfi aHEE. t O RRYOI e®e
iciency i mprovement changevﬁwworbmléeb@a[t|h|earplc|estdr|d:)ut|on
consumption of the m|cr[c2 ri dweineégy PDEbPerNGREMWYYOSDS
time of the writing of V' 65| tPadgPe€ rRo whe rd rpginstt ri&sut dloso
ived to help support resetaofrChfot-rF@eEjaeeVeedyOQtWSIHEeerﬁd’JSE
I's for this typeC ocfonampltigdgat i oCo,n f ftieanetea, Geor gi a.
consumed a |large amount of [@UUEPEFEBAt EAELYIYELDBAMtIi tEeirjyy
i just to power the coolipgj dwadd anfdroqﬁhq]rtt?upeﬁ,\,\owws%
el ectronics, even when the unyitt rwhatdiesgbl ed his ener
was taken from the batterijessiBadrgé BddddINg Predri Pyd s stod r aSgle
tained cloudiness, can cause hjee \SOL t of (dgmp bretl topv /t/hvew v
sign mini mum. A change is beipmtkgeveheqped to provide a
soilsitcat e switch disconnect [b5e]tB\geen Nhe (Batgt ¢ ysaetwidlitsh entg
DGDC converter. A similar swi tsqrbr\glgle ta;lcshchotpe)gl,ré%tqol &dno
he output -BC deomvferttheer DiCo mi peBkd€ athh@l €&Sr-oughs in wind
nt |l oading on the 24 VDC buget Ojne s &1 Ioeﬂom|de,htttkpe/qq
med power can be reduced by mapodRmd @ BoLeheso u1itght | evel i
e room, rather than just [sljlcawhgyg wseks teootgyn tthe Kkt

of f . The installed fIuoreqvpeqrhtodlgalfloarstgatatrséqqmd|mm|g|bpd@
is change could be implemenyaedyeWinbhz® ni mal har dwar e

O —~To0o—~+unwo —
= piben S e N i 0]

anges. http://dx.doi.org/10. 1155/ 2
The current model for t he attery t e f charge as
function of input/output (B\NFrdgsfaﬁﬁisiem%Iistic. Al t ho
many parameters would be needed to completely model the

energy system behavior, si ¢OALE cRBnt Ll HiWllotyBfa 60 iant epep
achieved by including a fewekdy Spart®me tBeerrsk si nCammlesn el i

ical behavioral model. Performance data will be used to St ate University, MS from Syr
help develop this model. Alfd®m d£hhdrhe UNdtv rarid Yobtadilneld
the UltraBattery, the SoC ftombegi mAynBehasl acade BieC we Alk?
to make use of even more s?bﬁbdshﬁﬁb?qjl§ G ho’@kb@ﬂdbhﬂ@ft
si ze. t ems ardwar e nd softwa
whil er may dkmé er.dadh/vehdlwtr@psu.e

Concl usions NI CHOLAS IBAaTdTs t he Applicati o
team at Australian energy stor

The 24 VDC microgrid is- afoeNd®!l ytndsdeeWneh®Imw 4PN ems
voltage DC all ows for moreagppeéameahgtitqqata@gnfab%tn%rfi@e
vel opment of technology thagmvhinghar pwoldqgres whi mElI boBPA
more safety and regulatoryo(,@fstmoctyleqir}ss oF N eerxOpYe r S terca&yd €a
alternative energy sourcespeedan £RSIHhys bfeocgggp dord or etnhes
24 VDC microgrid. Al thoughmi n BatitS nfalylideye o els'c e d S E@®rcd LS
was added at the top | evel (the main 24V bus), energy <co
be injected into or st2orpead tijm s®ONY HOF Ftyhaes 9369n/v,a(;rt,eﬁbaﬁ§e
tions of the microgrid. Wi H h ,pSrOfpoeCrusr@cudeplrnnngar|t|lyeOﬁnenrag
storage system can be apprﬁh@ﬁté\iﬁbsﬁcsﬁlféﬁiﬂm@@t@tﬁeéné hey |'s
requirements. Proper sizingewsl!| Hal sechelrRdt i &gnBEr g r thhpa
system uses minimal ener gy Msr fm otnh ep et ggt'adt-e University,
i ng. Foll owing his education,

power industry, primarily in t

gy storage areas. Mr . Hof f ma

Jason. hof fman@ecoult. com

0000000000008000000000800000000000000800008300007109d0029
30 INTERNATI GOWARNAFMODERBNGI NEERI GBUME 7 UMBNER ,ALE WNTRRO 1 6



mailto:dale.litwhiler@psu.edu
mailto:nicholas.batt@ecoult.com
mailto:Jason.hoffman@ecoult.com

MEASURBRNDS MUL ATBEDRF ORMA NGCHA
GRI ICONNECTPNY YSTEMNM HUMI D
SUBTROPI CALMATE

00000000000000000000000000000000000000000000001000080
Fredericka Brown, The University of Texas at Tyl er; Rac

Abstract er output of -eophetbed!| sgstemr
TRNSYS simulation progr am, co
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year s, respectively [2W mZhekdglc, t A laGgcur ate timing
i uel depletion is ap—aFrgtabte—topgte—amorg—Fgsearc
ntists, it is an irhar\]ragggtbele.sft?ctVtapla,blge\%szszi,l fue
ever at current us ) Th i
gy coupled with t}
i ncrea
t u
m

i
f i
e

r

r

as |l ed to an
g

o]

& &s

€ T gE et mg] foss
MExilMund @maod fop  rlesyar gl intc
S fossil fhel s, the most v
anpg of photovolTti]arc PV) moldul es
Open circuit volf t\hge 36.8 |V
ducti on has been doubling every |[two Jyear s, i n-
g by an average of |[48% each year |sincle 2002 ma k -
thegwowlidgsehasyggst gMaxh ol mgpyowed ] ploiMM, VoRBagel
epend on a varietly of factors lipcluoding eat he
on |l evel s, temperfature, and_ efflicielncies in all
f the system. Var[PhUss mekthbids CHak@"tbfed” dievel -
etermine the maxi mum pnwﬂr o—t+—plt+—-o t+—hese pho-
r al

| f.i ilency. n th
e L f pdwer Sl S es Y o

i
alternatives
|l ar energy by

O = — Q0 v =g+ ——~ANODO M~ <
PODCOYWSOO~TDCSCOTWOSS T P>

- = O -S u0wWaumw-~NO —TmoC
(7]

r
0
e

m'()

i systems t o i mpr
y, the authors aimed t

w~o0oT —Tw”wW—O0
T 0T 0" S = T
c<os~vnvao<
oo~

00000000000000000000000000000000000000000000000000T1
MEASUREBICSI MULATHRERRFORMANEAEGR|I CONNECTREY Y STEIMAHUMI BUBTROPI@AIWMATE3 1



00000000000000000000000000000000000000000000001008029

Tabl e TheQhmmarlact eri stics of Sol althd®am®melcshi val data used for «coc
t he PV performance and weath

Characteristic Parameter TxAIl RE House 2, from August 1
NOCT 450C _2014. The variables of interes
included solar panel energy (W

TCscl 0.034 %K on the tiltd»®@d The frraei & W onn da
j o ed as tot al radiati on. The TR

T Goe 0.34 %K data be input as beam and dif
TCnhp 0. 48 %K assumption that beam was appr
. " .and di ffuse was 15% the total
Operating rangs 40UC to 90|nto the two before being inp
data were also collected thro

The solar panels used for qthhi sy gStjusdyy eWseroef HinpSttedrl el g€t d jign ¢
circuits of eleven modulesp[écf.ratg“'ecqelAq: ﬁhdawfﬂaagpgéd:”@
ules (see Figures 1 and 2). his ar y  converts h'e sol e
di ati on into DC electricitynphewWhyiglhieg @8B; 'PN@rESLﬁscé“RnIWdPesc
Technol ogy model #SB?OOOUS,9007anverrocsesSl"ber DG et4|09rd3etl(/lp'-lr£dcfeﬁsd<
to AC so that it can feed ifmpto oty hnet rhoolusedoast aeFHQdﬁgtdn'hf‘eg'i"moa%ribc
L - ple wires and polyvinyl i nsul
eving the outside temper a

DAQ) was connected by US

ook to retrieve the data

d from a Davis Vantage P

the TxAIRE House 2 on tl

were collected every 30

for this study for weathe

Figure 1. Back View of Photov

Fi gu.r eL d3c atthheo nWendt her St ation on t
TxAl RE House 2

System Modeling in TRI

TRNSYS was the software pack

e
PV system. -ditoduepeasfadaneeb@e mode

o LY — devel oped by De Soto [4]. The

i outline as shown in Figure 4 a

Figure 2. Front View of Photovnoelnttasl'c I_J"?npeelésrtfdjsdata llabel ed
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uni t conversion (to conwverwi lunidalssot oouSlp)ut Twpepe cuF4lEnPV
l nverter -parsaemetaerf invoedel , PO W e speonithetd bTyhiBe compooeet u
Sot o, | adelveed t®s )PAnd TypefoicGper(agmeatpers mdckeloutto cal cul at e
put data | abeled as graph eorutcpoumiponeTlhhtes d aamMPTARMNSHYLS Idah elr e
AiStart and Stop Timesod wastaeme;, amewe v ear ,whti kihs t ®o mmorud n tt
start and stop times of t hcea ussiemuilta tailosno. cWenasti hdeerr sd & thee wae
i nput into the Type9 compornleiretr edsorae,CSWifsi Iceo mpiotnhe ntt e mypaesr

tur e, tot al radiation on tthemtbddeaewsesuoff atke addedvi adl!l &
along with the date and timeencithesdhealiunepsutwer @f t hée ccoo
verted into SI units with therwecmrist dnrev esrosuirocne cwansp otnleent o
input into t-hevdwyper 10dmp #ndeantta afnidl eo,u twphuitch contained t h
graphically wusing Type65d. amdewcodpepertds Thbelbeéther adpat
tion and power output, volstodgqae, pandl cparreemet ealssaneaoatt pn
those data points for the simulation as a .dat file that
then be opened with Excel. The | ast part of the simulat|
Typel94b into a graph using co
2 Y graphics component used to d
Siart and Sop Tizes Radiation ,\ while the simulation was progil
\ 3 used to display solar radiatio
- - e PV power against date and tim
power podinrtcguiotpewol t-aigecuiandv o
g I age were also output into an e

Unit Conversion PV-Inverter

. Results and Discuss

Power Output, Voltage, Current

Figure 4. TRNSYS Simulation setwp Performance was determined
ulation software; the recorded weather data served as input

The first part of the systvVé@mi AREESded i ONECCcONSNOWS, tihgp
as start and stop times, whi®hsSqbktwarng as AneC® MPRT &SEBm
nent in terms of hours of E'h@eveta?talFo'r,”%'x%‘?n’b feradiatinqr
file started on the 145th ddyh ft hieh &P ryeedal rC t4ed nPVdang‘thpf“tvt
i nput for start ti me wouldpaHeam:?ﬁr@(ﬁ ("9@9&455‘ rbﬁ’}esoofftV“'t""hr

most i mportant components Tt " oo ' Type
component (l abel ed weather nent
that reads data at redefan . oo i efr
data file. This allows the 1 weat
data recorded experiment al m t he
weat her database that are = ckage
The component read the dat g g, tem
ature, and wind speed and output them to the unit converter £ §
in term§ dofahwWemheit, and 1 §&° .
uni t conversion component . to S
units (radiation h3ad theen ¢
ture to Celsius, and the w i i nput
t h e T y p a mgl%b. t Fev C 0 m p 0 n e n t . 5500403 7120403 0.75C+03 1.04C-04 1ZUE‘;Ji:"l;‘.;‘:ito"c;{rl’\“freﬂ2335-6011;;8»[0’;]105[-04 201E+04 21BC+04 234E+04 250E+04
The most i mportant compon{ﬁﬂ”'riq'ir FNGUESP & | mB g Sa%!iten ©walo '@k e R
Typel94mvewvter component . 103)"';?&184% aerlneermines
t he electrlcal_performancg Rfe, %hg\b‘vﬁto%%leta’ﬁ-‘fNSa\(r%ra% unld "
be used with simulations |nv?IV|nq) éle7c age a
. ) . Qu pltlt 6%7%7'0" ' 9% Watts, 9 h W
i es, direct | oad coupling PR U il Yl nectlons S
. . map e Qra g max _powerT 0
the system wused in this stUtfy. h'e e efrmifnegs, t I
det’e’r mi ne e c L é‘CV Pf t he.
current and power of the array at a s eC| i 0 age ¢

00000000000000000000000000000000000000000000000000T1
MEASUREBICSI MULATHRERRFORMANEAEGR|I CONNECTREY Y STEIMAHUMI BUBTROPI@AIWMATE3 3



0000000000000000000000000000000000000000000000100029

was compared to the power wowdrpupgr eadsi crteicnogr diehde hbpyo wtelre oNIt p
cCRIOD 74 data | ogging proceswsmoderf opr écdiec tyse atrhse udsaetda ,i na st hsih:
study. Figure 6 shows the gprreiation between the predic

PV output and the recor de danovosibydragoru t as a function of radi
tion. The average value for recorded power was <calcul at
to be 783 watts with a max28%® 2595 watts Fhe—average Vva
. Groups Coynt Sum verage, _Variance o a
ue for .predlcted power Ca'cdmnHlldll:}(:l Ugggmggogﬁ“fé'%%"mg, Joeomdha S 1052
watts with a max of 6771 waunt s. T h e sypeas2s esibeissoglebaf f er ence
t ween the -298&r agdsttvasimxi mum was
Predicted vs Recorded Power Output ANOVA
=000 Source of Variation SS df MS F P-value F crit
Between Groups 306477944.75 1306477944.75  119.23  6.97E-27 3.85
Within Groups 4410796928.14 1716  2570394.43
Total A717274872.89 1717

Fi gur eANGAWAIl ysis of Statistical C
TRNSYS Tot al Power Output and Rec

Power Output (W)

The ext analysis was run usi

me r nt hs. Figure 8 shows t he

value ofd , 1 . aggmakE n showing a dif

two data sets and a | arger di
T

t
data set. he average of the
and the average of the TRNSYS
e P |l ast analysis wused only dat a

resulting P value was 0.204,
FigurePreedi cRedoveed uBower oOut@uf fied eneGgensi n the data (see F
of Radiation recorded data was 5176 watts ¢

SYS data was 5493 watts.
Statistical Anal yugenss

Anova: Single Factor

To compare the recorded dGamra 0 tThe TRNSYS dat a, a
statistical anal ysis was condmpet e dCouny s jsum ¢ Aemgn Varanm al v si s of
ance (ANGYARITihre maxi mum d@4¥MEty v al y 42%54%480F 406955 78063817

coumn2 7 127780715576 6616.03 31725312 .
power out put of the recor ged—dat=a—were —comparceca to the
maxi mum daily values of power output suppiied by TRN-

SYS. The ANOVA determined Adle t her or not there was a

difference i aptase rd tad da . Between Groups ~ , , 395558685.25 ke 1 395558685.25 §2q55:,_125;1§;;-7__4F3C.g;

dat a ;papdr élsent ed dlffel’enc‘wtﬁnemﬁpsn U M3Rugadds @ (28 -sagobed L NE€ T EsSUl t -
ing P value were | ess than alpha (al pha, in this case,
0. 0%wWpuHd be rejcothedd tama ice e Ht 540353142 243

as true; if the P value we g, lgrreeagte[ANo\yAheAmap O PRO st L e
be true. Three ANOVA scenaﬂR|Noss(5w|£0rweerrg@tpu; arteS IREG ot ded

compl et e dat a -Beectesmb(eAu g2u0slt4t)B, & 1) mMeSri b nt hs

only the summ&epmembéds)  (Jane 3) using

only the wintefMamart)hs (Decemleeranal ysis showed a differe
in the summer months, whil e tt

Figure 7 shows the resultsgiofetbactir STtRN&BYaS! yesvesr. peéedi

data set for the compl ete nfoinmeh,s thlue wesulbtvby Pprveadiucet e

6. 9ZE, which indicates a didd eFiequcree bt weleed Hhdrer It wodadwa ac

sets. The average of the nmwaexriemumnsg hfeorr tthheen rterceor de d o rddd @

was 5157 watts with the avieswgre otf tthhee nmaaxxinmunnsp ofwaerr .t he

TRNSYS data being 6002 watts. The TRNSYS data were
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W|nter20l13 Ta b [ e 3

Anova: Single Factor shows the TRNSYS mode
' values for RMSE and MAD wer e
SUMMARY though they matched the ANOVA
Groups Count Sum Average  Variance ences in t he average dat a t holt
Column 1 121 626343.00 5176.394561738.06 mu m.
Column 2 121 664614.61  5492.662905151.97
Tabl e 3. Model Accuracy Analysis
ANOVA MAPE, and EF
Source of Variation SS df MS F P-value F crit
Between Groups 6052546.50 1 6052546.50 162 0.20 3.88 RMSE MA D MAPE BEF (%)
Within Groups 896026802.65 240 373344501
n 1468 -884 34.88%33. 85%
Total 902079349.15 241
Fi gur eAMAM\WAIl ysi s of Statistic i o] f : :
TRNSYS Power Output and Recorjz'efdcr é]\/\pat %u (Bﬂ:t ol%alqw& at | on,
the Winter Months Wi nd Speed
Root mean square error (RM§SE) .t yWM& e ra bgseoyl gyt 0€p dievd adii A -
(_MAD), absolute percentagepeerrraqrur(elylAFé XM wd W @%ceeeld &faft ia-
ciency (EF) were also usedfpngQr@@qrqot h2e01r4ecfoorrdetdhéja-ha|
the simulated dat a. The RM{E oirSnm 9dWENudd¥gdEaWatiined fRENSY S
di fferences in data between tF
1 ) sources showed a 1.3% differer
RMSE= H[a-'l(H-E) (1) data, 41.5% difference in the
B difference in the radiation d:
not used the simulation, a

wherg,s Hhe rectdrsdad’\evasliurwlgzg%/eqjl\f@lelrl%,nc of the TRNSYS |
and, n is the number of vad Hies adnd tthee qaetcabr%%td dBM§E wa

used to measure the differences bet ween data set val ue:

with the best results beingpies Glo0S&het YiZ&reF ednS es0 Sy bt lphee
ysis of the TRNSY S simulation power output compared to

The mean absolute deviatipRe Wasc MrSEdd tpoo\,\,cear Colu tapuet t hiep

average distance from each a{j(ﬁ|ta@t|po°n'”ttetn9pe %Qum%a”aﬂﬁ Wi

recorded data. MAD is 9'Ve’}ebsyul'-:‘t°s“asth'0%d 2that radi ati on

mining power output, as compar
MAD—— \(H -F| (2) speed. According to Khatib et
n_l by PV systems is proportional
radiation it coIIects. Standar
Absolute percentage error1|0s00a2r\,\p,;ﬁhgglg1e%§urae exdHt Y hay
bet ween the recorded and sigpgl "i‘:toean §atqd sphP i ’etsavana'b’]E‘ed1
Equation (3): only produce about half of the
n that temperature negatively af
mAPE = 13 |F Pl 9000 (3) systems.
Ny t
As ambient temper at r incre
The | ast met hod for determjabnpgphacedéasi ey OF tévggﬁl ihe
data points used Equation (i(4)e fpofr myoqdue!e o8sf pr@)C.vG@aVS‘.CdYBIaaIelaae
. ) . ) ya et al . [ 6] showed a correl
a_H-2 -a.,(r H) t ween ambient temperature and
EF === n v (4) 0.9642 s u estin t
— (H-z) . , gg g a szrong_pq
a (M t wo . The value of the “cowddici
det er mi to 9297, meani

wher e, z is the average Va'bUeecv\Raenthtehere\‘}QFFjggl9§‘tfi‘-ndicat
According to Bhattacharya et a
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coefficient bet ween wind speé¢edi anad PVf rperr f ohrtntap:c/e/ wiwsw. s
0.6857, with a coefficient ofardteitcelremicngait/i 206n3 90.fhtOmli470 2. )
means that 52.68% of the t[o4]abe \VSaortiogt iwan iKhetime BV Apeyrf

mance variable is unexplained!|l mprovement and validation
taic arr ayS learf dia@dned @cye .

i [ 5]Khati b, T. , Mo hamed, A., Ma

COﬂClUSIOnS K. (2012) A new approach f

: bl b t I L

The results of this study shaorelsdfI q Icnrét?qneaqaernrgﬁﬂﬂllaoqist

performance-cofhneactPe/d ggy 9dt e m, rtn£' ﬁHOHNd EhthoouvrcnIatlalocf SS/
should be taken into account: oo y Endidm2leri @ 1 am5
T The weather data have theddnlos Oslllglngp(ll c4ad10t57e5f4fect

on prediction performa ﬁBtht'ttahchta'}eyamosTt efdresltr abor

coming from the radlat|o éj@i@).fot*f)@’fpsb)bftea%blent

perature and | astly wind Ssppeeeedd oTnhepfeerffod’remachaer ed !l hyn
r

selecting the <correct we ait fed ) 1hatcd mo&tul S ﬁna"t?'m‘b" r %
particularly for the radlaEtneo dla4tad #81707
b

8. doi : h
T The TRNSYS simulation wasloabllle55t/@o§gy:g&§1 egy
predict the max power out put within 5% dlffer-
ence; however, the aver dc'f,l % 45 %
di fference with most ofg?gﬁi e&bi)(.e om|ng from
calculations during the summer mont hs.

FREDERI CKA BRSOWNur  rently an
Though accuracy can be i ncPrredafseesds owi tohf t Mec hainiicaalonEogi 0
|l osses due to shading, dirTtexagi fafikeTey@lecwre dvi har tBS dneodniie
power, mismatch, and tempeXatiuare, UndsvewslityasMadandiRBm@l
data for radiation, the maodeleensing@g f TeNSYBe wdRi vdeertseirt-y
mined to provide an accurat® MBAdefrem pfgbRetnNpE¥ELfEEIMUANOE.

This model is simple but alcScu@Wrree natnldy ctaena chhdInp tad dlehsei ¢

future PV systems in the E4H&t Tesfasrabhebantaer et $ ianclhwedq

i mprove current PV systems.system design. Dr . Br own m
fbrown@uttyl er. edu
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Abol hassaMmsI|Astlamievher sity of California, Ber kel ey; Maryam T

Xin Qian, University of California, Ber kel e
Abstract | nt roducti on
The single tower of the neWwhB8aweBr Edagde ESpamesadifinatplel By
and was <connected to-stirnen dgtrdiod g en gd rslo yiao ¥s@edl fshu sgthensi on (S A
ASTM A354 -dBIp, gldtvani zed asnicrhgplre rtoodwse.r . TWehe bridge open
bridge was expected to expéocehed betwrgnebwbohgqubakese BeD
the nearby Hayward or San 3anr Aadr é¢asl faul Bsi degepecif.
cations did not recommend tvhe wuod dahnecAHBOErMe d& 8@sbuds pBeDn shioatn B«
dip galvanized anchor rodsi nfdarematoi otnh eo nhitghhe pprroobpaehritliietsy
hydrogen embrittlement i n tshtedd easnfﬁh,vdrAamaim@hlamaddﬂg atna tC
fractur e. A few months b f;m"‘“ "“‘215;5}":"""‘ “““““ 7”72 A35:
BD anchor rods fractured a @ e GTM ) peain 26251 study
authors investigated the p - 385m) B Mmm ain t
er of the SAS Bay Bridge i j mmm | .;\p;;g;;oggre actur.
the anchor rods at the bas = [ L 0(g ¢
embrittl ement At least tw Fritehdtnoe] fr
tured at this writing. ek ~— g;m = Eﬁgg)

Pile Cap T i Connect the
In this project, the push _— Pitetopiecap|
t ower without anchor rods croes Beamn
cap footing was analyzed t = I'\.W | |
real i dtiineamomodel of the t l“%| e The New Self-Anchored
SYS. The bridge tower,stbae e — (SASIBayBrdee g
composite pile cap were mo... .. . JIr r oc
were included in the model Fti‘:ﬁu%%'éﬁ%t%tdontph%ntQ/\f"‘:é'i/v 59 the &
ing. Af ter appl ytihreg ttohpe odr atvh e yt d weard ,
was pushed in the transversg;¢ih&cty on, ung i
results of the realistic pw%%(bouvrg%pé&;tl?&v\%Stl?s%é]tefe(iloécogr@p?oh
|l ater al strength of t he todvle&{{ed'roaprerrﬁaoaetl(yfe XS'(’I@IS}A?@SS
peak, due to | ocal bucklinlgurﬂf ptehceisfl'?eg@sﬁoof ks (r§a4| tpod\&
yielding of the base platemaggasf:lréjﬁ fﬂgop? ¢ |§S|co(n4:é{get,\§
der the base plate. to each otsleaped sheaerl |li nks a
of the tower by a addle at th

During | ate stages of the [Pté§régvedrt, tthrbe bpaasret F|0rj oholte P
tration (PJP) wel ds connecﬁépgmélmea ty0 rant‘{lt]heF ﬁ?eph
al so fractured. When the r&]%'&‘?”[erro%? 2he 'b'&s@'fn?% n{nh
ened, these PJP welds are ign4c¢aud { % §i(21ri‘;amré?‘@‘? %S M 3I1504
the anchor rods, t he Weldsvﬂlh“‘ﬁl %e itr%qtd a disYt e|§ gﬁMtg
sion and eventually fractufgguye|The Eﬁ&gg‘ﬁeé%%'c Gy ta%%m i
cated that the anclidoe anadbgwpr g ’ﬁgtspggpeq\”th mi ni mum
this current study, however7,9 qumzpsatiozgndt héa rﬁlar{ rﬂdrlhyulo i n
statement tdared isnpd genetint arteito- ggg Mp&%siagjy The base plate
rofmeasures to resdtidfeletstse tgrg%rpgiltf:lg bi&yes, as shown in F
of the tower.
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LyplcalI tdetallds: ofhthe conpq]f\;;]eosr;tqfqagq bon;/verotfﬁhqfhé t
ase plate an anchorage oé owe a§ e 0 .he plhe
by anchor rods. D "Anch%r °Rods i'h ft'h%e
853 ft . .
o p— The use o f -dA13p54ga}HD/arn0tzed anc
Saddle for Cables “ (nalsm)' Shaft t h i s i mp or t a nt b roi d g e cr e at e d
bl VA i orn 2013, and a few months b
et 5 500 ps (4P bridge, 32 of the 96 anchor
ear Links 738 1t E ) norete Inside an .
Gomnecling esm | = Outde St Box shear keys to the top of Pier
i Cabie ‘mji) P i 4o Bay Bridge fract(uefeadr whenFitgwt
N Socer |l ocation).
otropic Steel
Decks
S To View dfthe Pile Ca I n 2015, Nader (of the-5TYLI/ N
yoFan . iAmmE BasePlate the Chief Engineer and Enginee
ower —\| 424, A354 BD Hot-dipped . i
e Shate Shaft A?GalvanizedAnchorRods Brid ge, presente d an anal ysis
V. .
Base Piate = sel encutnebder of ground motions.
Py wﬂﬂﬂ_ f: VC.DH without any anchor rods, the
Anchor Rods v == 2 Piles .
- U : ground motion records (that t
considered in the design of t
Figure 2. Elevation of the To®érme |@$¢tf hend ®$RANSLd Wil kha@ildn
of the Pile Cap Footing SupporteivnigewhefTdwee validity of this
| of the analysis issimate pNagdsirb
I ] )0 i bUp. Typical not provide much information o
! = CJP with Backing, Typical er , t he bridge mo d e | t hat t he
Tower Shaft Vertical Plates not seem to include | ocal buck
 3in. 75mm) Diameter and fracture of the partial |jc
e chorfece connect the base of the tower
A354 BD Hot-dip Galvanized Anchor Rods Fi gur e 4) .
O 6-in. (150mm) Diameter A633Shear Dowels
(Only for Shear Transfer)
) The performance criteria est
NN bridge by Caltrans [ 6] state
=L clearly defined inelastic mect
olololole Base Plat for S v |l oads and inelastic behavior s
o Tower Shaft ) \ﬁ ("T"\, ’— . the Base Plate . N . .
. oo Plte for o Wale SO A7 s shown er shear links, .andAchondénbea
| N T\~ Above-left .
Connecting Shais at the Base i statement in the performance c
(a) (b) publications by t h&] ,brliadoeel dket
ling, yielding, or fracture of
FiguPéad. of the Base Plate and nlcocwmdiing ofl aAlne s or bRwoldtss , anchi
| owed. To assess whether the
Tower Shaft fulfilled with fractured anch:q
o _ ertical Stiffeners
4d a4 TowerShat Roiforoing lao summary of the results of a r
4 13 Ve“‘“”"a‘es\‘ in. (75mm) or the tower of the SAS Bay Bri dc
(0.35m) (0.33m) 4-in. (100mm) Diameter . .
Threads Threads A354 BD Hotdip Galvanized necting the tower to the pile
256n Anchor Rods behavior is not acceptable, a
25721t (78m) Bearing Plate
784m) Bearing Stffeners ed that can prevent prematur e
16in 16in pJP 6-in. (150mm) Diameter Shear f u t ur e sSsel sml c even t S .
(040m) (040m) Partial Joint Dowels, ASTM A633 Cr. E
Threads Threads Penetration Pipe Sleeves for Anchor Rods
JEE JEE Weld H H
¥y . oo Tower Base Plate O b J e C t I V e
3-inch Diameter 4-inch Diameter o
A354 BD Anchor A354 BD Anchor Composite Pile Cap
Rods Rods ] The main objective of the re
] paper was to investigate pusho
Figure 4. Anchor Rods and Det &l sOfort REwd®@ VAneASr PPy tBrtdge
Pile Cap ing the base of the tower to t
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In 2013, it was discoveredkitnkatatti wo hoauwtd emfi ntgh emodd2edl awa $
rods connecting the tower wiot ht haen illast¢c¢ap mwdobkbudratct 29 g
The cause of fracture was trtad iloy dbrfo e B, e minrdi tat Isd meantn dfar
A354 BD anchor rods. Sinceuaéd 4R 4t raine hama lrydiss wea emaohdye |
drogen embCGlittiltedi § 91 i kel y amhatl amoi € aowdhoduwsr ols 4350 Kksi
would fracture during the O0s.elr8v,i caendl iaf coofipédR B2 i Mbegii d(gBB n i
fracture of the remaining whctcbbr waedosbdaéened hydmogder i
brittl ement is the reason whg ¢sheéesi siteadlyv avlase undEhle¢ ake mnc
order to find out what wo utdodd eh ®@pgplpears tontheedrdadmger ettoewe |
during future major sei smionoawdritnsg wift htolueg tamwermanichsel fo

Ast amselh and Qian [1]. After ap
Realistic Pushover 'An aﬂeééqﬂ@f 0 fi ”ftfr?@esng'd%)'wé‘?f
wi th No Anchor ROdS ét phl%ceEg;@nSt €controlled it

The remainder of the paperRé%CdlfetséAOS g‘:;tgéd'ﬁh he?he
&g &

ver anal ysis of the tower
transverse direction (most XAStiBay \/\BEH hQ)WeI’rOdS\
necting the tower base platRgidogthe pile ap.

Finite EIl ement Modelri Jguge 6 shows the pushover
transverse direction regarding
elceamhe natx i so wleirsaiar appfitedr bBori zc

ANSYS Wor kbench finite
the bedddlioronftopeomaitmet ¢ waveyr a

wa s used to simul ate

pl at e, and pile cap supporftiigigr et hseh otwswe rt .heAltlowancdoesrr
were assumed to have fractwhedhamodutl ile yo ewear ed enitr alnlcd udle
in the model . Proper gap elreméarsttd nwgersei s ¢ ted feaelcltesw dfhle

ing of the base plate (see oFiiggurne t5o) .t he p @isnéte oFfi gfuirrei t6i)
continues to yield more el emen
Tower (Shell Elements) f yl el d p ointo at P oi nt Y. I n

Base Pe yielding of very small areas,

No Anchor Rods
Connect Base Plate
to the Pile Cap

Base Plate Flements) atin g from the initial el asti
/PMSP Pie Cap point Y in Figure 6. This poi

(Sold Elements) yield point, since the struct

these cases, a yield point wa

EEEE T curve deviates from the initieé
i Wil tance equal to 10% of the hori

CIDH Piles

——

Tower Tip Displacement (ft)

Figure 5. Finite El ement Mode
Base Pl at e, and Pile Cap

z , i ~ 6000
e | &
The detailed model of thegst Frarimum Ny " (42 Maximum ) was

added to be able to invests ot gorenat) g e £ uUT e
associated with the connecg, s e bas
pl at e, the base plate, aod ;2 —§re we
anchor rods present. Two tE : o 2 & P n t
modeling of the tawWercompaf ' [/ £
the main tower and the towkFr ielding) \ SA7009
Gr . 50 with a minimum spe 0 - ' —0 0 ksi
(345 MPa). The connection ’ : : : ! ’ s to
t ower shafetlsedwewiea hmoGd .mi ho Tower Tip Displacement (m)

mum specifiel yDekdist(-HB8dsdMP@yr.e A.bTransverse Pushover Cur
Anchor Rods at t he Base
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As pushover continued beyacmodnet He cyil elbdi crkd ii mtg, i mo itrhte Y oin
Figure 6, the tower continude mo dateepptorltaroger Hfoomewes , du
strain hardening, while theowdr fdthetslse cloandé nalradws os edveecrre
due to further yielding. DAfiteg trleacmusilygo vt éhre, malkd nmauhme asrt r
yielded first t hen, as pusthhoev etro weea n tdirnoupesd ,r eyl iad li dvied gy a@fu i
shear |links continued, but seher dlasaredsthfe tthhevetroweararl &3
lifting on the tension sidpoiamd wheltdi nheomppheée edomprese:
side of the base plate. A smatxhi emutno vpeori emagdhhend Fiitgur ma i, ma
strength at point U (see FigumeadsHyr,eds,i gmdrfd cyindl dyiinred ddfn
|l ocal buckling of the <compmieddlienp oritdieonosf otfh et hbea steo wefr t
tower had already occurred(cPoinmMorRowvrrt he hpusteaosver oft ut
in Figure 6 is an importarmnti epadimtg nebdasedet ® Itdaealb ebhuacvki
since it represents the point wharaoe t+tha duaectilit+t v of th
tem is measured. For a re p&" o Sys|
such as the SAS Bay Bridge = ! i def i
as the ratio of the displa [ ’ he st
is 85% of the odidxi nfinguster € B
di splacement adinmnhBi gured d6 isse i\ ..,
further 4dlowdsverlkeatd. 8 ft (- of Shear Villhyaiisor
(1.25m), respectively. The | Yading gaseoftheTover [ | | | 1)
the tower was 9.8/4.1 = 2. | Sheartinks
Performance of the ot he
Tower during the Pu
In this section, the auth oyl _ _ _ of th
. . (a) AtYield (PointY) (b) at Max. Strength (PointU)  (c) at Point where Ductility is Measured (Point D)
havior of the main elements u. Line L uweo uur 1t ny puShove
when all anchor rods were &sgumed/ .t dghiawel efnta¢vam eMi sk ¢
a combination of hydrogen &mpirmum ISé memndthandndedSMiMaxi mym
es Transverse Pushover of Tower
Tower Behavior under PushoWd® Behavior of PJP Welds Con
Figure 7 shows the eqmval—e‘init—\Péﬁtﬁ/ll es stresses in th
tower at points Y, U, andFb9Wyueitg 'i' SpRJf’srhto'vaeI Ii ;i nith e
transverse direction. Red toe"‘bereseenglss tyol el| hg& nya sien P Ré e g
el ements, or plates. In tRf§ PBhE&ENl ;@D E’M gghtse”de‘edfltn%d
equivalent von Mises stresster”esd(?qu'rﬂdg (h' espec/i%% el mi M¢im
yield stress of the steel ﬁle?tetSOWESrO rkq t Qseﬂﬁé)’e fadrea
plates including the shearPi¢H%ed %ch‘ﬂ” 7N kisq P (04fg 3t l\iFPap)'
the end connection plates ftofe tbhaesesipéaf"tellrr?@é“fé t Ret B Q
shaffhe. points Y, U, and DOfcobth@shBWar tdhafnteS dLmet he ba
points as in Figure 6; thatlows Ve5/1eWBe mhREMEmMa&EEr 8Rg taﬁ',(
0.85 maximum strength pointddCdiPrt hleO cbsusﬁlé\? r”octur\/'eght ne
strengt h, during the pushover,
At yield point, Figure 7(<L;1)ftsho(/v§5%I b! BYt! 1 S‘étblv%cnt'prhgl
of shear links at the top p&Ffttionhltof tHénpo(F\X/éi it @1 &€t wH
other parts mainly remain &P0¥ryertingglh Rhkatess éoa?lé gl a
ed on the compression sidelb@n ?fh%rttok}vpert?'hs't'h% YR lgidfi e St
tion and at the base of theheowewer ato tthhe phase po'fatrr?aX|r
strengt h, point U in Figure_6©6, shear Ilinks in the ,
as well as in the middle paTrhe Prusihpe ef o gl gl e i/f‘éﬂ&é&
shear, as shown in Figure h7C{ JZO”Tthaelred'l%plae\cseom ylite | 4§ & gh
s a the base of 'the tower
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i s unacceptable performanceatonl most fedemei dali dgwhii mh whd

according to its performaniceg,crunacer adynahnei conloyadd aasmga geair
|l owed in the tower is the docwité ®heai thioeltdiamghoft  loe:
links, while no fracture ofwiwdl dose issubajlelcotweedd.t o al most t |
However, comparing force at p
Figure 8(a) shows the equwivtaheuwt tvlhhe &hnchlksr staodks swisl lon
the bottom surface of the TOWeof bhbe pPpbmte when whel tpw
reaches its maximum strengttlhd@Gi . e. , point U in Figure 6)
this point, some areas of the base plate have yielded.
yielding of the base plate during the pushover is in vio
of the performance criteria for this bridge, which allow
yielding of the shear Il i nks, while the rest of the towe
mains el astic. Figure 8(b) shows the vertical pressures
the bottom surface of the base plate exert on the top o
pile cap at point U during the pushover, when the tower
without anchor rods, reaches its maximum strength durin
the pushover. Since the concrete under the base plate is
fined, the maxi mum compression strength on it can reach
1f7 cwHgrse the specified compressive strength of the
concrete measured wusing cylinder speci mens. Therefore, i
Figure 8, red corresponds to the | ocations with pressur e
the concr el gJwdi chedindg cates compressive
crushing of concrete under the base pl ate.
s (1 e - 658K - e WP 1 P 01156 — Fig ur e 9. Comparison of Pushover
ik ofBase ' PllsCap and without Anchor Rods
: Baee P
, As for the maximum strength,
U6, the tower without the anct
and drops the |l oad at about 623
chor rods could take. To compa
es of the tower with and with

di spl acements at D and Y to th

i e o and YO& should be compared. Tt
ductility of the toweredvidéeadut
(a) Yielding of the Base Plate (b) Crushing of the Concrete under the Base Plate t O 2 : 5 co mp ar e d t 0 3 ) 2 ! W h I c h
with the anchor rods.
Figur 8. Equivalent (von Mises) Stresses at Two Locations:
(a) the Bottom Surface of theSBlgsgagPéstteeadd Rbe t trh e fT ¢ pt t o
Surface of the Pile Cap .
Posed by Brittle Towe.l
C.Omparlson 0 f Tower T%eehp?'tybll gng ofWIStAp Bgyn%ridge
wi t hout Anchor RodSrelated to the following aspec
(ajhe design decision dopuse
Figure 9 shows a comparison ghl Vvhaei pedsdhavehobehawdisori no fe
the tower with and without angehmwirr gmflésntc.onnecting it to
pile cap. The curve for the(thJhverf apiulsuroev ed u rwintdhh & ohresn tartneet
rods is extracted from the worédddona pheviopwsnl ye nbvwi rAosntneerny

-As | and Qian [ 1]. Omi tthh et hceuratmrahot wohged ogver

chor rods, points Y, U, and(bgmwedeisPPndhéoapohotsrobtisyi
maxi mum strengt h, and 85% of imagidwmeamsseteeeagthndi net, ftihe
point where ductility is meastodhed) acRoiodt pr¥%G,ecldqd,veangd olu
similar points he pushovegeecpuirnvge ifnotro tthhee tpd weer cwipt ht
any anchor rod e initial reoiddstamrcd sddadderc sfsurftone rbostthr
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