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Traditional Naval Marine systcli~s at 600V ancl hclon have had insulated ncutrals 
\\~tllout conncctlon bct\\,ecn system neutral and earth: i l l  tlic case of  a marine 
platthrm the cart11 is represented by the continuous cquipotcntial plane provided hy 
thc hull. Tllc reasons thr adopting s~lcli  an approach arc thonded o n  the ability li)r 
a system \\-it11 a single filult to continue operating and tlie \'cry 10\\  fire and flash 
l i a~ards .  Tlic unearthed neutral approach does howc\er mean that faults must be 
located and rclncdicd ciuickly to prctcnt a phase to pliasc hul t  arising fi-om a 
second cartli fai~lt.  

A number of cllallcnges h o t c e ~ e r  threaten the convention of ~~ncart l led.  insulated 
systclns incrcascd capacitance as  a result of  increased use of  c lcctron~c 
c c l ~ ~ p n i c ~ l t  \\it11 EM1 (tlcctrolnagnetic Illterfcrc~lcc) filters and Commercial Ol f  
Thc Shelf (C'OTS) ciluiplncnt. High Voltage ( I  l \ { )  ( 1000 V ac and aho\e )  and tile 
intcglatcd nalurc ofc1cctl.i~ propulsion. 

In a po\ccr systcnl i t  is impossible to ;l\oid electrical couplings bct\\~cen the s>stcln 
and cal-th - In an insulated systcln capacitance to earth has long hccn the sourcc 01' 
clectr~cal coupling. In solnc cases this has bccn an acccptccl norm. as In tlic case 
of the stray capacitance bct\vccn pliasc conductors and cartli hut tlie trcnci to 
~nodcrn electronic cquiplnent has filrtlicr incrcascd the system's c a p a c ~ t i ~ c  b~lrden. 
In principle this capaciti1.e cartli can prot.ide a return path for iln carth fault. 
t r~pping thc circuit protection dcticc and disrupting the system. The increased 
calx~citnllcc also causes significant prohlcms \vith earth li~ult monitoring systems. 

Trends to highcr Loltagcs also challcngc thc :icccpted prncticc ti)r insulated 
systwis  wit11 increased touch potc~ltials and otcrvoltagcs. While the increased 
insulation stress In LV s!.stcms during cartli tirults can hc readily accolnmodatcd In 
I l \ '  systc~lis the additional cost of'dcsigning thc insl~latlo~l to \citlistand tlic stress 
caused h? a pliasc to earth Cault is considcrablc. The additional hurdcn of' 
integrated electric systems and co~nplcx power clcctronics filrthcr cliallcngc the 
use of insulated systems. 



I3roadly speaking. the cartliing solution for a marine po\\.cr system is a key part ol' 
the p o \ \ u  systcm design set bv~tti tlic ability to impact significantly o n  systcm 
17crli)rmancc. operability. s~~rvivability. installation costs and  elcctromagnctic 
co~npatibilith 

The Concept  o f  E a r t h  

Tllc concept of an electrical 'earth' in po~ver  systems spl-ings from land based 
~wacticc \vlicre coppcr rods are driven into soil or. in larger inxtallations. eutensivc 
~iictal cartli grids arc installed in the ground. This cstahlislies a low impedance 
connection to the hulk of tlic cartli pro\ iding a safe rctul-11 pat11 for Fr1111t c ~ ~ r ~ . c n t s .  
Ecluipnie~it case Lbork is conncctcd to this earth to prcccnt tlic danger of clcctl-ical 
sliock \\llcn tlie caac \\,ark is to~~cl icd  during il f.:~ult. In  steel ships tlic liull and 
ships structure provides a \cry Ion impedance path tirr power system fault current. 
The cqui\.alcnt of carth rods arc cartli xtuds to \vl~icli eqi~ipmcnt cartlls arc 
conncctcd. 

' l ' reatment  o f  Keut ra l  Point 

In  1 i i l ~ q 1 ' o u c r  distribution sclicmcs a nnmbcr of difkrent ~ o l t a g c s  are probided 
by tr;~~isfformers \\.llich reduce the voltage gcncriltcd at the main s\v~tcliboard and 
pro\idc gal\anic isolation. The bulk of LV potvcr is dixtributed hy 3 phase 
systcnis t),pically at 440 V and 1 15V. I'nch of tlicsc gal\anically isolated sub- 
systems may bc cartlicd in a diffcrcnt way. In gcl~cral it is tlie trcatllicnt of thc 
neutral point. \\,liicli charactcrircs the cartliing. Ijowc\cl. in a single phase sirb 
ssyatcln one pliasc could he cartlied. The treatment ol' neutral points ranges li-om 
solid earthing. tlirougli resiatancc earthing to the morc coniplcx Pe!erson coils. A 
mixture ofc:~rtliing strategies co-cxist in :I number of'tlicsc \csscls. '  

Tlicre is a general ~iiisconception that uneartlicd systclns arc inherently 4afi.r tlla~l 
neutral carthcd systcnis in that a ainglc phase conductor may he touched \\#ltllout 
f;~t:\i consequences. This inay he true in low voltage scllenicx supplying s~ilall 
systcms. 1iou.cver in most systems stray and intentional capacitance to cart11 \ + i l l  
17rovicic morc than sufficient currcnt to cause electrocution. 

I n  L\' sys tc~ i i sRRDs (Residual C'i~rrcnt Dc\,iccs) trip a circuit \+hen they dctcct 
there is cartli fault currcnt flaming. They arc used in cartlicd neutral systcms to 
pro\icic a measure of pcrso~ial protection. They may also probide asme le\cl of 
protection in unearthed systclns ~ v h c n  xtmy and capacitive carth cl~rrcnts might 
otlicruisc prove fatal. Protection in unearthed sclicmcs is morc likely to he 
ct'fcctivc the closer the RC'D is to the fault or contact \vitli thc lice conductor. 

In  a ~111cartIi~'d systc~ii the current that tlo\\s n.hcn u pliasc connects to cartli (crirtli 
fault currcnt) is small allowing tlic systcm to continue operating \\.itliout damage. 
The magnitude of tlli~lt cilrrcnt is dependent o n  the phaw to cartli capacitance of  
tlic t\vo licaltliy phases as sho\vn in ( F . I ( ~ .  I ).  If a second fault occtlrs in a diffcrcnt 
phase at a diftkrcnt location large pliasc to phase fault currc~it \ \ i l l  tlow tlirol~gll 
tlic cart11 return path. Tlic earth sclicmc has to bc dcsigncd to \\itlistand this li~gli 
Ic\,cl of potential cartli liult currcnt f lo~v.  



The earth fr~lllt curre~lt is the sum of the currents flolving in the healthy capnciti\c 
phase conncc t io~~s  \ i a  the fault to tlic laulty pliase. Typical values of  pliasc to 
cal-tll capacitance Sor LV systems arc in the mngc I-5pF per pliasc and in na\al 
lnarine applicatiot~s arc restricted to a maxiu~~um o f  101~F pcr MW of installed 
gulcrating capacity for 60f{z systems xvitli ~.csultant cartli fbult currents generally 
too small to opcrntc earth t;1~11t rcli~ys. Tlic analysis does Iio\vc\er d c ~ ~ i o ~ i s t r a t c  
that pliasc and ~lctltral capacitive c fkc t s  can impact significantly o n  both the 
11azal.d of a system and system protection duri~lg a single fi~ult. Capacitive efttcts 
\ \ i l l  be dlscusscd In detail in the ar t~cle .  

The earth current rcturns to soilrcc tlic 'easiest path'. In steady state dc currcnt 
returns I,? the path of' Icast rc4istancc and spreads out \vidcly tllrougli the ship's 
structllre. Flou,c\cr In ac s>steln\ (and tlansic~ltly in dc systems) currcnt follo\vs 
rhe path of'lcast itlil>cdance being the combination of'rcsistance and inductance. 
'1-llus n co-as~:tl scrccn or conductor closc to tlic fi~ultcri ~,liasc co~ld\tctor is likely 
to carry :I large proportion of the k~ult  current. This liai the benefit ol'minilniring 
tlic EM1 (fSlcctromagnctic Intcrkrencc) 17roduccd by fault currents hut the hazard 
of 'focussing' currctit in conductors ~unahlc to carry the fault currcnt. It is 
tlierefi>rc recommended tliat clcctrostatic cable screens arc earthed at one end only 
to prc\.cnt I>~ult cul-I-ent ti.o~n damaging these lo\v inductive co-axial paths. In the 
Typc 35 i t  is intended to run drai~l  wires closc to trefoil po\\:cr cahlc bundles to 
suppress potential high frequency EMI. Tllcsc \vill hc earthed at hot11 ends and 
because of'tlic Ion iiiductnncc of this pat11 are liable to hc melted by t:,lult currcnt 
despite the hull rqturn path take11 to he an earth plane at 2.000nim distance. P.\cn 
fittllig a 250111111- c01~per tape at 25V1nm distant horn the drain wire does not 
appciu- to prcLcnt damage to the drain ~virc .  It is the currcnt design intent tllat 
drain Lvircs tvill be protected by filses \\~liicli will only be I - L I ~ ~ L I ~ C C ~  ill tllc 
improbable event of a double earth fault. This Lvill also prevent collateral damage 
to the FlV po\\,er cahlc and safety hantrd. I t  is intended to 1.1111 s011ic 1111110r t r~a l  
duri11g the build of the Typc 35 to confirm this theory. 

Regulation 

The commercial regulatory bodies including Lloyds Regibter of Shipping and Dct 
Norske Vcritas together with the IEtl and IEEI: allo\c the use of  earthed and 
uncarthcd systems Ihr both IIV and L\; systems. In most cases the system 
dcs~gncr  is required to cnsurc tliat cart11 fault currents arc maintained ~vithin 
certain hounds to ensure that cartli fiiult protection operates and insulation Ic\cls 
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arc not compromised. Dcti.llce Standard (DctSton) OX-I09 2 Iio~\:c\cl. is ratller 
more explicit and mandates insulated systcms to ensure that important services arc 
not disconnected by tlic p ro tcc t io~~ system In the c\.cnt 01' a siligle earth ihult. 
('ircuits hlscd at I OA or ~ n o r c  arc to be capable of survi\ ing capaciti\c cart11 fault 
current \\-it11 systems. although degraded. regarded as scr\,iceable unt11 the t:,~ult 1s 
repaired. Operational and safety related ccluipmcnt arc to ivork norm:~lly during 
such fault conditio~ls. 

C'o~nmcrcial Regulatory bodies arc rclaxcd qbout tlic use of  eartlled systems. In 
particular Lloyds Rules fur Naval \~esscls '  allows four wire with the neutral 
solidly carthed but \vitliont hull return. This rcfcrcncc to liu11 return is assc~nicd to 
cscludc the use of Irull as  the ncutrnl return pr1t11 not to cscludc i t  as tllc earth E i ~ ~ l t  
return patll. Rather conli~singly 11115 ~ v o ~ ~ l d  appear to cscludc rcsisti\ cly earlhet1 
systcms ho\vcver tlic regulatiol~s state that In 'high \-oltagc' systcms an ililpcdance 
is to bc uscd in the ~lcutral connection to carth to limit Ilic magnitutlc of the earth 
current to that o f the  thrcc phase short circuit current. 

T h e  Hull - T h e  most effect ive  Earth Return'? 

C'oppu has the lo\vcst bulk resis t i~i ty  of all common mctals --  only silver has a 
(marg~nal ly)  lo\\,er valuc. The resistivity of steel is a b o u ~  10 times greater than 
copper. Despite this liighcr resistivity the ship's structure and hull. with electrical 
continuity throughoi~t provided by \vcldcd construction. u.ill provide the lo~vest 
rcsistancc bct\\~ccn two points on the ship stmcturc separated by more tliall a fen. 
inclics. I t  probably pro\.idcs a better 'earth' than any land based installation. A 
ty1~cz11 \alue of  stccl resistivity is 2 0 x l O ~ ~ ) h r n  m. \vliicli. implies that a I mm 
thick stccl plate I meter u i d c  \ \ . i l l  develop 20 wits per meter along its Icngtli if 
IOOkA amps tlo\v. I t  is clearly \yell nigh impossihlc to develop high step or touch 
potcntials in a structure where dcck plates to which earths will typically he taken 
arc at Icast (1 Inln thick. In  add~tion these dcck plntcs are \veldcd to substantial 
longitudinal and transverse steel beams. 

Capaci t ive  e f fec t s  

The proximity of phase conductors to cartlied s~lrfnccs pro\,ides suhstanti:~l 
capac i ta~~cc  to cart11 particularly in \vound components such as generators and 
transli~rmers. Screened cables also pro\.idc another source of' stray capacitance. 
:\S more electronic cq\~ipmcnt ih  fitted EMC' tiltcrs providc more intcntion;~l 
capacitance. These generally comprise capnc~tors conncctcd bct\vecn each p l i n c  
and ea~-th. This capacitance sLlms up a c r o u  all ccluipmcnt to gi\,c a sill-prisingly 
largc valuc. In the AsrLl.1 I class suhm:~rine project three ccluipnicnt o n  their own 
17ro\,idcJ 13111; and the figure appeared to bc rising toxvards the fig~11-c of  70111: 
iiotcd 21s typical of'thc capacital~cc to carth in a large sy\tcm. 

T o  a\oid the Ila/ard ot'undiscliargcd capacitors during ~naintcnance most o f  these 
capacitors \ \ i l l  ha\c  high valuc 'bleed' resistors permanently connected bctivccn 
the ~ ~ h a s c  conductor and earth. In HMS .%ott tlie total of  these 17Ieed resistors 
reduced tlie i~lsulation to earth to 15 k Ohms coml,lctcly swamping the earth 
monitoring \?stern. Special measures had to be taken to iliscclnnect thc earth klced 
rcs~stors during normal operation and connect them only \\;llcn the cclt~iprncnt was. 
isolated ready 1i1r maintenance. Po~\ .c r  t r a ~ ~ s f o r ~ n c r s  ha \e  been fitted in other 
classcs to isolate \\capons loads. \vliicli lia\.c cxliibitcd tliesc clial-acteristics. 
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Earth Fault location (t'nearthed) 

The advantage o f  unearthed systcms (that the system can c o ~ ~ t i n u c  to operate in the 
presence ol'a singlc phase to carth f'nult) only applies il'tlicrc 15 ;I single fault (o r  
~iiultiple ihults on tlic same pliasc). As soon as  a second f'ault occurs phasc to 
pliasc fitult currcnt lvill l lo\\  In botll faulted circuits and both will be lost. As a 
result cons~dcrable timc and cfiwt is cspcndcd in locating carth thults. In the past 
this Ii;~s rcql~ircd yllitting of the systcnl and the isolation of each circuit in turn 
until the tl~iilt d i sap~xxw.  11'two fi1~111s 011 thc s:\~nc plisse exist s i r l i ~ ~ l t a ~ i c ~ i ~ s l y  tlic 
xcarch ~ ~ r o c e s s ~ s  is e\erl Inorc ~>rotractcd. 

F:artli fault rnonitor arid locatron cq~~iprnent  exist.; \\:hicl1 can rcducc the scarcli 
timc. Flowc\cr a c n m p r c l i c ~ ~ s ~ v c  systcm is bulky and cxpensr\:c. In the A s r ~ l  I I 
class st~hmurines a~rtoniatic earth fault dctcction is protided on tlic 43011. 1 15\' 
and 400t1/ ac and main 230V and 23 l ' dc  systcrns. tiacll protected c~rcui t  rcquirc\ 
a C'T in ~ t s  oi~tgoing circuit. Dc\pitc pro\iding dctcction In all main \\vitchboards 
and ac Load C'cntre outgoi~lg circuits. manual intcr\;cntion is rcq~~irct l  to detect 
thults o n  rnost final circuits. In the Type 45 a basic system indicates wliicll 
o ~ ~ t g o i n g  circuit from the t\vo main LV s\vitcliboards is fi~ultcd. hc lou  EDC' 
(Electrical Distribution C'cntrc) level manual isolation is required to idcntil').. the 
1.itultcd circuit. On the 115 Volt systcm only the prcsence of  a fault i5 indicarcd. 
Fault finding is again manual. 

L:artli fiii~lts dou.11 strea~ii of  a three phasc rectifier apply the earth fhult to eacli 
phase in turn and cornplicatc earth I'nult dctcction as 'diode or '  circuits in dc 
d~strihr~tion ~cl icmes.  

Earth Fault location (Earthed) 

I n  cartlicd neutritl schcmcs i~scd  cornmonly in domct ic .  commercial and industrial 
S ~ S ~ C I I I S  1101.11i;il O \ C ~ C L I I . ~ C I I ~  protcctiori will trip tllc circuit in nzliich the eal.th li~ult 
occurs provided the cart11 return path has low c ~ i a ~ ~ g l i  i~npedance. Thus iu general 
an cart11 fiiult : I I ~ I ~ O ~ I I ~ C C S  i tscll ' l~y the isolation of' the affectcd circuit. In land 
hascd systems an extra 'cartli' wire is run with the phase conductors this \\lire is 
si/cd to cnsurc that there is sul'ticicnt cartli rct~11-n c ~ ~ r r c ~ l t  to operate the 
o\~crcun.c~it protection device. \Vhcrc equipment case is attached to s h ~ p ' s  
structure h >  tlic normal sal>t!' earth a good cartli rcturrl \vill he cstablislied \\ithout 
thi\ tllircl f o r  f(1urtl1) \\.ire. 

Cost savings in earthed I , \ '  systems 

Substantial savings can be made \\hen cartlicd neutral sclicmcs are adoptcd. An  
carth I'nult monitoring and location system need not he fitted. both 3 pliasc and 
single pliasc Loltagc are a\,ailable ( ~ ~ s u a l l y  315'230 V)  and this is fi-equently 
rcqu~rcd in C'OTS ccluipmcnt. In single phase distribution panels singlc pole 
s\vitching is appropriate rcctucing the sirc and  cost o f  tlicsc items. C'OTS 
cq~~ilwiicrit can be apl>licd \\itliout modificatio~i to I'M1 suppression circuits and 
design skills. codes and conipLlter packages dc\.cloped for the cornmcrcial 
cn\ ironmcnt can he applied to the marine environment more easily. 

Sonlc issues 

Solid earthing of tlic generator ncutrals does 11owever ha\c  sollie downsidcsl the 
earth 1B~1lt cirrrc~it. limited only by 7ero scqilcncc reactance. is Iiiglicr than phase to 
pliasc currcnt rncrcasing the duty and possibly sirc of the LV switchboards. Whcn 
t\vo generators with solidly earthed ncutrals arc opcratcd in parallel third harmonic 
current may be circulated causing machine hcating. This problem can only be 
o\crcome by special ca~lliing arrangcrnents or o\-clsizing thc generators. These 
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prohlcms do not c x ~ s t  in transii>rmcr fed systems \vherc at least at low \.oltage tlic 
ncutral point of each tl-ansformcr may 1x2 solidly cnrthcd. 

As noted else\vl~erc neutral earthed systcms cannot continue to operate with a 
single carth fault. It is a matter of dchatc 1io\\ often a singlc carth firilult occurs. 
f-lo\vcucr almost all essential services arc duplicated and the loss of onc due to an 
earth fault \ \ - i l l  rarely cause embi  c ~ ~ i  - - C  S. \merit. 

I Iavlung exposed the issucs related to clloicc of calu-thing strategy it is clcar tliat the 
nonn of i~isulatcd syste~iis coi~ld bc challenged \\ithout any loss in pcrti)rmancc. 
protcctio~i. operahilit\; or safety. In broad tcmis a m o w  to an eartlicd system \\:ill 
remole ohataclcs to tlic selection of COTS cqu~pnient n~id reduce tile cost of tllcil- 
modification to make thc~n:  

Suitahlc for apl7lication in unearthed sclic~nes. 
Rcducc tlic cost of the installation. 
Eliminate carth fault tracing as a ~naintcnancc activity. 
Iml>ro\c a\ailability as compared to an ~lunearthed schemc if earth 
faults arc not traced and remedied rapidly. 

The ovcr\,ic\v prescntcd above shows tliat LV earthed system5 have been used iri 

the colunn~crcial marlnc world and arc not proscribed hy com~iicrcial regulations. 
The advantages claimed ol'unearthed systcms arc diminished by: 

The incrcascd cstcnt (>l'po\ver distribution schcmcs. 
Tlic increasing ilusc of [:MC' filters and capacit~\,c coi~pling to earth. 
The coml~lcu carth paths introduced by 'diode or' and d ~ o d c  tiont 
end circuits. 

It 15 bclie\.cd tliat the systc~ii designer call acliievc considerable cost savings hy the 
adoption ofcarthed neutral LV systcnis without any significant impact 011 safety. 
availability or operability. It is also bclic\cd that the time spent in earth tilult 
chasirig. \zhiclr \vill bc climinatcd i l l  nn cal-thcd >chcmc. rcpl-csents 3 considc~rble  
rnanpoww sa\ing. For the Naval marine clcctricnl \vorld this \ \ ' i l l  he something 01' 
a radical step l iouc\cr  the commercial world has gone ahead. at Icnst in part. and 
rcal~zed tlic henclits ot'earthed scliemcs. 

'1 HI: \F\\ C H \ L L t  \< .F  

rehearsed. \vcll docu~ncnted and understood. Integrated Electric Propulsiotl 
(1I:P) brings together cfticicncy. tlcuibility. survi\:ability and. perhaps most 
i r n p ~ ~ t a ~ ~ t l y .  reductions in cost of  o\i.nership. Captured simply - rcduccci prime 
mo\,crs. integrated systems. a step a u a y  from the tyranny of  the shaftlinc and the 
commercial precedent make it the obviouh credible solution to tlic r e ~ ~ r ~ i r e r n c n t , ~  
T'liis trend has lio\sc\~cr pro\.idcd many ncu cliallcngcs for ~ilarinc po\z,er systcm 
designers in terms of intecration. pcrfi)rmancc and system stabil~ty: a key aspect of 
\vliicli has hccn a need to ~ml~leciicnt an cfkctivc cr\rtliing strategy. 

-Phc thcus on cartliing IS a filunction of'tlic Iliglic~. voltagcs and IFP. particu1:rrly 
a d ~ a n c c d  comcrter coi~trol st~.atcgicx and transfor~~icrlcss drives. have meant a 
170tc1iti:rlly iluicrcascci electric sliock h a ~ a r d .  incrcascd o\er\.oltagcs. a n  array ol' 
common mode \.oltage and current cf'ti'ct5. increased Electromagnetic Intcrfkrencc 
( E M I )  and g~.catcr dcma~ids on protccti\c circuits. 



The fault currents in large capacity HV systems are potentially higher 
than thosc of  a n  insulated LV syi;tc~n \vith currents ill csccss 01' IOmA. 
tlic ~lotional level at \vliich heart tibrillation and death are likely. A n  
earthed systcm together \\.it11 minimiring tlic likelihood of contact \%tit11 
culmscd current carrying conductors evil1 r c d ~ ~ c c  the problem to all 
acccptahlc Icc.cl of  risk. 

O\~c~i~\~olttr,yc~s 

Ovcr\~oltagcs arc caused hy a ranpc of incicients including cartli fi~ult. 
t a~ lure  of\.oltage rcgulat~on. intermittent arcing cartli f i t~~l t s  and sc\litcliing 
operations - not a11 ot' c\:liich arc attributable to thc choice 01' cartliing 
syste~n.  Indeed it is tlic potential of  inducti\.c and intermittent faults that 
are the most significant challcngc to unearthed systems. TIic case ot' an 
intcr~iiittcnt earth fault best denionstratcs the problems associated wit11 a n  
uncartlicd systcm. The intermittent nati~rc of' tlic lhult results in a high 
uniciirectional voltage as a tilnction of altcr~iatc conduction and insulation 
\\~liicli i l l  a capaciti\c circuit leads to a residual ioltagc le\.cl each time tlic 
circuit is interrupted; a lmild up \\~liicli would be prcvcntcd hy a neutral 
earth connection. Tlic examplc is oversimplified and tlie effects of 
damping and interphase capacitance \\ould contribute to reducing thc 
oscillatory cffkcts and liencc lo\\er the ovcr~.oltage but it st1I1 rcmairls a 
kc!, issuc. 

Tlic ~ntegratcd nature of tlie II:P system means that unless si~l!icct to n 
robust c ; ~ r t l i ~ ~ i g  strategy tlic systc~n can potcnt ial l~~ experience significant 
colillnon mode \oltagc current effects and unacceptable levcls of L:.MI. 
The proh lcm associated e\.itli IEP are S~~rthcr  c o m p o ~ ~ n d c d  \vhen  i sing a 
tl-an~for~ncrlcss Pulse Width Modulated concertcr. A s i ~ ~ t ; ~ h l y  designed 
(>\.erarching system earthing strategy is essenti:~l to managclnent o f  such 
ellkcts. 

P l . O l ~ , ~  li~ll1 l,v\l/c',\ 

Tlic coordin:rtion ol' earth fault protection is n kck tcnet of the cartliing 
stratcsy and IS a trade off betuccn satin: and implementation of neutral 
c;~rthing techn~cluc. the selection of  earth fault protection dc\.ices and thc 
protection of sensitive equ~l?mcnl. 

The ch:~llcngcs for tlic polvcr systcm designer clearly suppo~-t tlic ~ lecd  for high 
voltagc ~ntcgrated electric systems to be earthed using a Neutral Farthing Resistor 
( N E R )  and n range of ai~l>porting cartliing tcchniq~lcs if the earthing strategy is to 
he effccti\.c. 

lla\.ing ~ n a d e  the case fbr an earthed I~IV systcm tile (bllo\v~ng indi\.idual dcsign 
are:ls c\'ill n o w  be rcvic\\,ed: 

i .  NtJR design and rating. 
i i .  Management of C'ommon Mode Effccts and EMI. 
i i i .  Protecti\ c conductors. 
iv. Earthing Architecture. 
. Earth fault protection. 



NI:R s o l ~ t i o n s  include solid. high rcsistancc. low resistance and inducti\c ncutra! 
c ; ~ r t h ~ n g  and ~t has been sIio\vn that thcrc is little to choosc between tllc mcthods: 
In ou t l~nc  the high resistancc NFR solutio~i is choscn to: 

Manage earth fault current to I0 amps to all(>\\: automatic detection 
and ~aolation o f a  fault u~liilst ~nininiiring circuit disruption. 
Prc\.ent the build up o f  d c s t r ~ ~ c t i ~ e  overvoltages caused by 
intermittent arc laults \vitli the resistor is hifed to limit the fr~~il t  
current to 3 times thc per j,liasc capaciti\e charging currcnt 01' thc 
system. 
Minimize the potential Ihr damage during a n  cart11 fi~ult 
Dccouplc EM1 fYo111 the I I \ '  systcm. 

The NFRs arc rated to v,~thstand fill1 systc~n \:oltagc and arc connected to the 
starpoint o f  each generator noting that the IIV system insulation will need to he 
uf'liciently rated to account fix the raised ncutrals (VI,,,,,..\j3) experienced during 
a n  earth C~ult.  

It is also common practice to include a Neutral Eartliing C'apacitor (NEC') In 
pa~r l le l  ~v i th  the NER to manage common mode ~ o l t a g c s  and pro\.idc a low 
impedance path for the 3rd harmonic currents that characterire a systcm in \vIiich 
dissi~nilar generators arc operated in pamllcl. The NER and NI-:C' need to be 
optimicleci to manage transient overvoltage during a f a ~ ~ l t .  

hlanagement of Conin~on hlode Effects and E\l l  

The minimum rccommcndation thr thc control of colnnioli ]node effects anci FM1 
is achic\,cd hy the earthing and con~icction of cable scrccns. .Able to carry l i l l l  

cart11 currcnt rcgardlcss 01. fault noting that a n  internal ccuth f k ~ ~ l t  to the screen. 111 

broad terms inncr scrccns of  tIV cahlcs ~nus t  he connected at one end to reduce 
insulation stress. Cicncrally cable inncr scrccns arc connected at one end to rclickc 
insulation stress and outer screens arc earthed at one end to reduce voltage induced 
liclds. The prohlcm tijr co~ivcrted si~pplies is more onerous. notably for PLVM 
\\:a\.eforms. Ivitli thc solution for the inncr screen to he eartlicd at both ends to 
Inanage potential c~rcu ln t~ng  currents. 

Protecti\,e Conductors 

Single corc poncr  cablcs run in trefoil groups do not have the inlicrcnt ability to 
managc IYMC' that is exhibited by acrccncd three corc cables. A solution is 
therefore required to control insulation stress and managc EMC' f i ~  phase 
conductors. The prcfcrred solution is a multistrand protccti\:c conductor (drain 
\\.ire) run together \\it11 thc trefoil phase conductors. The earthing of this 
protecti\c conductor nccds to be considered to maintain a low inlpcdance path and 
pro\.idc o p t i n i ~ ~ n i  ~rotcct ion Srom I!MI. 

Earthing architecture 

The overarching carthing stri~cture hinges o n  the integrity 01' the ship's liull being 
the accepted carth rcturn path \cith a nct\vor!i of  standard connections lion1 
cquipnlent and systems as discussed carlicr in thc article. 111 addition. carth bars 
will cnsurc earth continuity n,ithin ccluipmcnt. notably s\\itchhoards and converter 
cubicles. 
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Ear th  fault protection 

f lV cartli faults arc rare in the commercial marlne due to tlic li~iiitcd and protected 
nature of the FIV system. The naval cn\,ironincnt is liowe\c~. niucli liarslicr and the 
lwohlcrn is ti~rtlier compounded by trends to\\ards i~~iarmourcd cables and reduced 
Icvcls of' protcctic)n (a lilnction of  availahli, \pace. dcrat~ng Issues and shock 
rccluircmcnts). Studies lia\.c s l io \~n  tliat the ~ilcclinnlcal wear and tear in normal 
u\c does not justify 11se of a1.1110111. and tliat no nrlnour (o r  mechanical protectio~i 
\liort o f  armour plating) \\,ould protect q:1111st act1011 damaye. 

Tlic co-ordination of cartli f'ault protcctlon 1s eswntial i f '  the correct Ic\,cls of. 
discrimination arc to he ncliic\.cd and at'kcted sections of si~pplics isolatctl. 

S u n i ~ i i a r y  preferred deuign solution 

In outline. the preferred design solution for the HV system is as fi)llo\\~s: 
The ship's 11~111 \vill al\vaysLhc the Systcm Main Earth. 
,4 Iligh Rcsist;~ncc Grounding Systcm incorporating a Neutral 
I:artli~llg Rehistor ~vltli a Ncutral f:artliing C'npacitor in parallcl to 
rcducc common mode \oltagc li-om the drl\.c and to manage 3rd 
harlnonic currents. 
(icncrally C'ahlc inner screens arc connected at one entl to rclicvc 
insulation stress. 
0 ~ 1 t c r  screens ( i f  tittcd) arc earthed at one end to reduce voltage 
induced fields. 
Motor - C'oti\~crter C'ahlc Inner scrcelis arc contiectcd at both ends to 
manage circulating currcnts. 
Multistrand Protective conductors are run \vitli pliasc conductors to 
lwovidc lour impedance paths to rcducc EMI. 
t..a~-tli I-eturn patlls arc \.ia equipment continuous earth bars. uhicli arc 
connected to the system main cartli h>. suitably rated earthing studs 
and connections. 
Ecl~~ilviicnt earth bonds arc also pro\idcd for local cal-tli lmnd 
connecticlns. 

Conclusions 

In prodlicing this article it has been sIio\vn tliat the real cliallcnge for tlie naval 
community has been how to implement all effccti\.c earthing strategy fhr 
~ntcgratcd poivcr systems. This ~iiust L I ~ I I I L C  fdigli Voltngc and extensive C'OTS 
c c l u ~ p ~ n c ~ i t  against a need to ensure new poucr  systems are able to Inect safety. 
ol'cr;~bility and survivahility cliallcngcs: not forgetting the statutory recluircmcnts. 

\Vliilst the demands and rcquiremcnts of  the na\.nl cnklronmcnt arc \.cry different 
to commercial practice i t  is clcar tliat the accepted solutions currently in use in 
co~iimcrcial applications arc \.cry relevant and it is the interpretation of these 
standards and translation to the naval cnvlronmcnt \\;liicli I S  key. 

The designers of L\' systcln arcliitccturc sllould he rclcascd (from tlie MOD 
imlx'x'd requirelnent to pro\.idc uncartlied supplics to heck the most economic 
solution tliat meets ARM (Availability. Reliability and Maintain:~bility) standards. 
(icncl-ator dc~-i \~cd suppl~cs at 450V nil1 probably remain uncartlicd. Howc\cr  
transfbrmcr dcri\.cd supplics citlicr loner  \oltagc ( I 15V) or 450V systems derived 
from a n  t l V  system (allcl tlicrc \ \ . i l l  be 1nol-c oftliesc as It<P solutions arc adopted) 
\ \ i l l  probably be earthed. I t  1s hclie\cd th;rt such Incasures \\ill: 



Remo\,e obstacles to tlic selection o f  C'OTS cqu~pmcnt  and reduce 
tlic cost oftlicir modification to make tlieln suitable for app l ica t io~~ in 
i~ncarthcd schcmcs. 
Reduce the cost of tlic installation. 
Eliminate earth fault tracing as a maintenance activity. 
I~nlwovc a\.ailability as compared to an uncartlicd scheme i t '  earth 
f h u l t ~  arc not traced and remedied rapidly. 

The issi~c o f h o ~  to take this forward to ensure the design solutions are transl'crrcd 
bct\vccn classes a~l icrc  appropriate is extremely important. C'urrent MOD 
initiatives suggest that a n  amendment to Deistan 02-53? \\.ould satisfy any 
changes in LV earthing policy with tlie H V  policy co\,ered in tlie yet to he iss~rcd 
D c l S t a ~ ~  for I I \ '  systcmi;. 

1:artliing is a d~sciplinc that croxscs tlie hounds cjt'tlic po\\cr system and must 1x2 

considered early in the design process if the equipment and system sclcctioli is to 
he fully effective. 

Tlic ai~tliors \visIi to thank Alstom (Tra~~smiss ion  and Distribution) Po\vcr 
C'onvcrsion Ihr their assislance in tlic High Voltage aspects of this article and the 
Type 45 and .As1 I r l  project5 \\.ithin hot11 the M~n~s t l -y  of Dclbncc and tliZe 
Sys te~ns  M a r ~ n e  fi)r t l ic~r contrihutio~is and suppot.t. 
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