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* Single phase transformers
* Three phase power review

e Common-Mode
fundamentals

e Delta-Delta transformers
* Delta-Wye transformers

* Wye-Delta transformers
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Single Phase transformers

* Three phase transformers
usually constructed from
three single phase
transformers
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Modeling single phase transformer in LTSpice

pa R
Vab
SINE(0 100 6 a 001
Rser=.001
Rppc
1eb
Aran 0.2 .1

Voltage Controlled Voltage Source (Gain = 1/n)
Current Controlled Current Source (Gain =1/n)

Note: Every separately derived system requires a connection to ground (Rppc and Rppc1)
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Single Phase Transformer modeling nuances

* Magnetization current is in addition to ideal transformer primary
current.

* One may often ignore this current if the questions of concern are entirely
on the secondary side.

* Turns ratio is more closely equal to the ratio of the voltages than to
the ratio of the currents.

* |[n addition to the series resistance, there can also be a series
inductance.

* Nonlinearities can result in current (and voltage) harmonics.

* Parasitic capacitance exists between windings and ground; and
between windings.
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Three Phase Power Review

* Balanced three-phase = waveforms with equal magnitude and
frequency but phase shifted by 120 electrical degrees

Van = peak sin(wt)
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* The three waveforms sum to zero
: : 2 . 2
21 21 21 21
= Vpeak (sin(a)t) + sin(wt) cos (—?> + cos(wt) sin (—?> + sin(wt) cos <?> + cos(wt) sin <?>>

— Vpeak (Sin(a)t) — sin(wt) 5~ sin(wt) %) =0
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Three Phase Power Review

Peak value is V2 times the root mean square (RMS) value

1 t=T )
Vims = |= (Vpeak Sin(wt)) dt

T t=0
szeak
Vims = Tw

ot T

2

_ Vpeak

o V2

— % (sin(wt) cos(wt))

Vpeak = \/EI/TT)’LS

2
VIRRMS ~ \/_Z ~ 22.6 volts
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V5 = 55 volts peak

Three Phase Power Review Vin =~ 32 volts peak

> 1.72
32

* Lineto linevoltageis V3 times the line to neutral voltage V3 ~ 1.73

. : 2
Van = Vpeak sin(wt) Vi = Vpeqy Sin (a)t — ?n)

3

2T _ 21 - [(2r
Vab = Van = Von = Vpeak | sin(wt) — sin| wt + — | | = Vyeqx | sin(wt) — sin(wt) cos =) cos(wt) sin| —

V3

3
Vab = Vpeak <E sin(wt) — cos(wt) 7)

2 2
3 V3
Vap | = Vpeak\/<§) + <7> = Vpeak\/§

* Phase shiftis % radians (from V) or 30 degrees
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Three Phase Power Review

Real Power

P =Vonlg + Vpply + Venl,

o

21
= Vinag Sin(wt) Igg sin(wt + 0) + V44 sin (a)t — ?> Lpgg sin <

_ 21 _ 21
+ Vinag sin| wt + 3 Ipgg sin| wt + 3 + 6

After a lot of trigonometry ....
3
P = 5 VinagImag €0s(6)

Convert from peak to rms values for both current and voltage
P = 3Vinrmslrms cos(6)

Convert from line to neutral voltage to line to line voltage
P = \/§Vllrmslrms cos(6)

cos(8) = Power Factor
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Viirms = 39 volts

Lms = 0.23 amps

P =~ 15.5 Watts



Common-Mode fundamentals
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Shipboard power systems are designed for
the “Differential Mode”

e Power is distributed via a set of
conductors

* The current going to a load or another
power system component is intended to
return via the same set of conductors.

* Unlike automobiles which use structure as a
current return path.

* Common Mode Currentis the sum of the
current flowing in the same direction structure
through the set of conductors

* CM Currentis usually intended to equal zero.
* CM Currents in real systems may not be zero.
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Common Mode Current Properties

* Common mode currents are usually orders of magnitude less than the
desired differential mode currents.

* Loads connected only between phases and without connections to
ground do not directly contribute to common mode currents
(Kirchhoff’s current law prevents this).

* Can be delta or wye (with wye-point unterminated)

* Sources connected only between phases and without connections to
ground do not directly contribute to common mode currents
(Kirchhoff’s current law prevents this).

* Can be delta or wye (with wye-point unterminated)

* Series impedances (resistance, inductance, capacitance) impact
common mode currents.
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Common Mode Voltage properties

* Common mode voltage (neutral voltage) is a

property of a set of conductors. o)
* Measured with respect to a specified reference
potential (such as ground or another neutral). —(AC)

* Each conductor voltage is measured instantaneously,
then averaged across conductors. e

* Generally, cannot measure it directly in a circuit, must
calculate it from measurements on each of the
conductors — or insert a network to derive the neutral.

* A conductor labeled as a Neutral may or may not be at
the neutral voltage (common mode voltage) .

* No common mode current can flow from the set of
parasitic capacitances if a common mode voltage
with respect to ground is not present on the
conductors.
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Common Mode current paths

 AC power components typically have parasitic
capacitances.
* Cable conductors and their grounded shields / drain wires
* Cable conductors and ship structure
* Transformer / generator / motor winding to winding capacitance
* Transformer / generator / motor winding to ground capacitance

* Grounding system may also provide a path for currents
through the ship structure.
* Solidly Grounded
* High Resistance Grounded Systems

* System configurations can provide multiple current paths.

* Ring bus
* Multiple auctioneering diode connected loads in dc systems

8/5/2025 Approved For Public Release. Distribution is Unlimited

14



Three Phase Parasitic Capacitance

The Neutral Voltage is also
called a Common Mode

* The Neutral Voltage (V) of a set conductors is ~ Voltage y
the average value of the conductor voltages with —(Ac) e
respect to a reference voltage (such as ground). | TEC v,

Vy = %(VA + Vg + Vo) & = c. »
Va=Vn+Van Vy = %(VN + Vay + Vy + Ve + Vy + Ven ) - \/AED} | _L Ve
Vg =Vy + Vg Van + Van + Vey = 0 Ll Ios ]C'pCT C,
e l l | Ground
Icpa = Gy (ddlév + dZT) Iem = Icpa + Icpp + Icpc - » - -
L (dVy  dVey\ lem = 3G, <dﬂ> +C, (d(VAN * Vew VCN))
Ieps = Cp (WJF = ) dt dt Common Mode Current

dVy only Depends on the
lepe = Cp (dVN ¥ dVCN) lem = 3Gy <F> / Neutral Voltage and

dt | dt
parasitic capacitance
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Delta-Delta Transformers
Ungrounded secondary

PA

PB

PC

8/5/2025

A l
p_:
208V 40V R, R,
MW

C R,
cL| |

I
1 [ 1[G Ground
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Simulation Model — Delta-Delta

20240727 experiment 1-nl.asc



Transformer turns ratio is approximately the ratio
of primary to secondary voltage (Delta-Delta)

V(pa)-\f(pll:l) ‘ ‘ . . V(Isa)-\f(sb)
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Ratio of currents not exactly the turns ratio
(Delta — Delta)

208
Nyating = E = 5.2
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The sum of the currents through the parasitic
capacitances is zero (in balanced operation —
Delta-Delta)
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Current in Load Resistor

_ Vsa —Vsp

i V(sa)-ws?) i i % % i i i IRLa_simulated = % =.183 amps peak

I ; = — =.130 amps rms
RLa_simulated 300\/5 p
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Line current into Delta resistive Load

;o= Vsa =Vss | Vsa = Vsc I = %(sin(wt) — sin (m - 2;) + sin(wt) — sin (a)t +2—;>>
¢ R R, ’
Vin ] _ 21 ) 21 _ 21 - (2m
I, =— (251n(a)t) — sin(wt) cos (— —) — cos(wt) sin <— —) — sin(wt) cos (—) — cos(wt) sin <—>>
R, 3 3 3 3

VL . 1 1 VL ViL
I, = R—:<251n(wt) + Esm(wt) + Esm(wt)) = 3R—: = \/§R—L

V(sa)

Vin, - 32
Iy caic =3 RLL =3 = .32 amps peak
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Neutral to ground voltage is negative line to neutral voltage
during a ground fault;
After fault clears, may have dc offset (Ungrounded Delta-Delta)

PA nil AR
PB; ; \ T R, )
Ground Fault . R:EYQ» 5%
B Cc R R,
C/l::
C/’

Note: Ground Lamps not connected to ground

LB
[
-
%
e

GGGGGG
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Phase to Ground Voltages
(Ungrounded Delta-Delta)

V(sh)

ﬁ“WWmWE”‘WW”’Miﬁﬁ
“m IR I SRR RS

_________________________________________________________________________________________________________________________________________________________________________
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Ground Fault Currents (Common Mode)

* The neutral resistors and load resistors do not contribute to,

n:l
ground current pB_/\ T

The current through the capacitors are B c
ICpA = —VCA(A)CPJA = V114180 X (,()ij C,L
Ieps = VecwCp j = V32120 X wCpj o=
a\ © O O
ICpC — 0 Q Ground

Ieem = Icpa Heps Hepe

ICcm = (V”4180 + V”le()) X (,()CPJA

Common Mode Equivalent Circuit
Icem = (V3V,£150) X wCpj

V,
lcem| = Vinw3Cp
3 Ve 3C, == o O O
|IRlamp_cm| = Vin R ;
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Common Mode Currents to ground (Ground Fault in
ungrounded Delta-Delta)

Without Ground Lamps

(Rlampg) I{(Rground)

(Rlampg) I(Rground) 1(Reg):

__________________________________________________________________________________________________________________________________________________________________________________________________

|
\§ J
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Common Mode Currents in bus at secondary of
Transformer and at Load
(Ground Fault in ungrounded Delta-Delta)

I(RIsa)+I(RIsb)+|(Rlsc)

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
......................................................................................................................................................................................................................................................

______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

KCL also implies Common mode current into delta load resistors is zero

ﬂgﬂ :Q% 7.4 Kirchhoff Current Law (KCL) implies Comm mode current out of transformer is zero
']
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Line currents into the delta load not balanced with
unbalanced load (Ungrounded Delta-Delta)

(RIsa) I(Risb) I(Risc)

Balanced Load| Unbalanced Load
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Calculating the secondary line currents into
delta load (Ungrounded Delta-Delta)

* |f we generalize such that all the load resistors have different values, the line currents into the delta

load are given by:
Via
I _ Vsab Vsca
g = —
o RLab RLca I,
Vb
Vsab ~ Vspe -
Igp = — +
RLab RLbc
V V.
Islc — _ Sbc 4 sca
RLbc RLca

* While the secondary line currents in the delta load resistors sum to zero, they are not necessarily 120°
apart from each other.
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Line Currents on Primary are also not balanced
with unbalanced load (Ungrounded Delta-Delta)

(Rpa) I(Rpb) I(Rpc)

____________________________________________________________________________________________________

Balanced Load| Unbalanced Load
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Phase to Ground Voltages are not impacted by
unbalanced load (Ungrounded Delta-Delta)

_______________________________________________

Balanced Load| Unbalanced Load
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Phase to neutral voltages are not impacted by
unbalanced load (Ungrounded Delta-Delta)

Balanced Load| Unbalanced Load
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Line to Line voltages are not impacted by
unbalanced load (Ungrounded Delta-Delta)

AAAA

V(sc)-V(sa

8/5/2025

VY

Balanced Load

Unbalanced Load

Approved For Public Release. Distribution is Unlimited
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No neutral to ground voltage (CM Voltage) or
CM Current through Parasitic Capacitances or
lamp resistances (Ungrounded Delta-Delta)

___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Balanced Load| Unbalanced Load

|||||||||

‘ ‘ I(Reg) ‘ . . . ‘ . ‘ ‘
3 3 3 3 : : : 3 : 3 3 1
"""""""""" ;"""""""""";"""""""""'l"""""""""';"""""""'""";"""""""""':""""""'""";’"""""""""‘;""""""""""I"""""""""';""""""'"""';"""""""""' ARlamp
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Delta-Delta Summary

e Effective turns ratio: n

* Cable connected to delta winding cannot have common-mode current.
* |[f one ignores parasitic capacitances on the delta winding

* Unbalanced delta loads impact magnitude of phase currents and their
phase angles.

* Phase currents still add up to zero.

* Ground Fault on ungrounded system:
* During ground fault:
* Neutral to ground voltage is negative line to neutral voltage.
* Lineto Line voltage is not impacted - Line to neutral voltage is not impacted
* Onunfaulted phases, the line to ground voltage is the line-to-line voltage.
* Fault current determined by parasitic capacitance (fed from unfaulted phases).

* After fault clears, may have dc offset.

8/5/2025 Approved For Public Release. Distribution is Unlimited
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Wye-Delta Transformers
Ungrounded secondary

n:l
PA / A
(==
PB \ g RL4 R I
PC
B C R,
C,_L
v 1 . C,=
secondary_ll — n\/§ primary O O Q
Isecondary = n\/glprimary Ground
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Simulation Model - Wye-Delta

LTspice

2024088 mxpgrment 4.asc Approved For Public Release. Distribution is Unlimited 38



Ground Fault response for Wye-Delta and Delta-
Delta the same for ground fault in ungrounded

system.

* Connection to delta winding cannot have a CM current (Kirchhof’s
current law)

* CM Circuit does not depend on the primary winding.
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Line currents into the delta load not balanced with
unbalanced load (Ungrounded Wye-Delta)

||||||||||||||||

___________________________________________________________________________________

llllll
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Line Currents on Primary are also not balanced
with unbalanced load (Ungrounded Wye-Delta)

||||||||||||||
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No neutral to ground voltage (CM Voltage) or
CM Current through Parasitic Capacitances or lamp
resistances due to unbalanced load (Ungrounded Wye-Delta)

_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Balanced Load| Unbalanced Load

1
AR lamp

CM Current through Parasitic Capacitances and Lamp Resistors v,.

I(Rcg) I(Rlampg)

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

81542025  sor ' ' msApproved For PublicsReleasenistributiomis Unlimited ' ' 42



Wye-Delta Summary

« Effective turns ratio: nv/3 with 30° phase shift.

* Unbalanced delta loads impact magnitude of phase currents and their
phase angles.

* Phase currents still add up to zero.

* Cable connected to delta winding cannot have common-mode current.
* |f one ignores parasitic capacitances on the delta winding.

* I[f Wye common pointis unterminated, cable connected to wye winding
cannot have common-mode current

* If one ignores parasitic capacitances.

 Ground Fault on ungrounded system (delta connection):
 Same performance as for Delta-Delta system.
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Break

8/5/2025

Approved For Public Release. Distribution is Unlimited
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Delta-Wye Transformers

PA A
C
PB )\ ’

PC—

S
|
|

v “T

Vsecondary_ll — 7 Vprimary

O

O

O

n

Ground

Isecondary = \/_glp‘rimary

(Neglecting losses)
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Simulation Model

LTspice

2024088 xpgrment 5.asc Approved For Public Release. Distribution is Unlimited 46



Line currents into the delta load not balanced
with unbalanced load

‘I(Risaj | | | I(Rlsb) | | | T(Risc):
AR E R A et T A b T T b at  b b b e i
1 LAt
__I,_

Balanced Load| Unbalanced Load
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Line Currents on Primary are also not balanced
with unbalanced load

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

___________________________________________________________________________

____________________________________________________________________________________

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

Balanced Load| Unbalanced Load
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No neutral to ground voltage
(CM Voltage) or CM Current through Parasitic
Capac:ltances or lamp reS|stances

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

...................................................................................................................................................................................................................................... an
Balanced Load| Unbalanced Load
3C, == O O O
(_cg) I(Rlampg )
......................................................... VR,

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Ground Fault response for Delta-Wye and Delta-
Delta the same for ground fault in ungrounded

system.

* Connection to wye winding (without unterminated common
connection point) cannot have a CM current (Kirchhof’s current
law)

* CM Circuit does not depend on the primary winding.
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Delta-Wye 3-wire Summary

n

* Effective turns ratio:\/§ with 30° phase shift.

* Unbalanced delta loads impact magnitude of phase currents and
their phase angles.
* Phase currents still add up to zero.

* If Wye common point is unterminated, cable connected to wye
winding cannot have common-mode current
* |f one ignores parasitic capacitances on the wye winding.

* Ground Fault on ungrounded system (wye connection):
« Same performance as for Delta-Delta system.
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Delta-Wye Transformers
4-wire Ungrounded secondary

Neutral Conductor

n:l
PA
O
PB ’
PC—
B C
C,_L
sy = 1
secondary_ll — ~_ Vprimary .
n CP_I_

_n
Isecondary = \/_glp‘rimary

(Neglecting losses)

8/5/2025

© O O

Ground
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Line currents into the wye load and into
prlmary not balanced W|th unbalanced load

I(Risb)

Current
into
Wye
load

Current
into
Primary

8/5/202%

Rlsa}

I(Rlsc)

Circuit
Protection
on Primary

o AUy Sy EpEpu U RS} 1 U ¥ VS | R | VR § DU | E—_— JENpEY § SRR | USSR | AR § QU | I [ S, P § g SR N E Y CIUTE ¥ SRS | GEpI § JREpRY | Ep

Balanced Load|
I(Rna}

Unbalanced Load
I{R?b)

Approved For Publlc Release Dlstr|but|on is Unl|m|ted

may not trip
with
overload of
a single
conductor
on
secondary

I(Rpc)
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Unbalanced load results in current in the
Neutral Conductor

Unbalanced Load

Balanced Load
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Unbalanced load results in circulating current
In the delta windings

_ (I(F1 )+I(F2_}+I(F3))J’3 _

Balanced Load| Unbalanced Load

. Isecondary neutral 94.3
Leirculatiing = 3n = 3x52 6.0 mA peak

Neutral Conductor
n:l
PA A k;
= Z
PB ' R% R
N
PC
B c =R

L [
("’_L._ , , .
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No neutral to ground voltage
(CM Voltage) or CM Current through Parasitic
Capacitances or lamp resistances

Neutral to Ground Voltage

Balanced Load| Unbalanced Load

3C, == O O
%Rlamp
CM Current through Parasitic Capacitances and Lamp Resistors Vo
fRee@ o lRiampg) roun
z '
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E o S R ..
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T O SO S SO SR
__________________________________________________________________________________________________________________ S U N U R —
E
................................................................................................................. AR SN NS S U N
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, I T N O
|
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T
................................................................................................................. {
S i S S SO N S e —
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Line to ground insulation on secondary should be rated for line-to-line voltage

Line to Ground Voltages — Ground Fault

V(pb) V(pc)

V(p

A R A

y&mm& _ M _ & &w R o
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Delta-Wye 4-wire Summary (ungrounded)

* Effective turns ratio:\/l§ with 30° phase shift.
* Unbalanced delta loads impact magnitude of phase currents and their

phase angles.
e Phase currents DO NOT add to zero: current in neutral conductor

* Three phase conductors connected to wye winding can have a
common-mode current
* Equal to the current in the neutral conductor

 Common-mode current in wye-winding transformed to a circulating
current in the delta winding
* No common-mode current in the cable connected to the delta winding

* Ground Fault on ungrounded system (wye connection):
 Same performance as for Delta-Delta system.
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Delta-Wye Transformers
4-wire solidly grounded secondary

Neutral Conductor

n:l
CB
o
"8 /< p
PC—
B C
E -
Vsecondary_ll — 7 Vprimary CP=|= (\
n O O O
Isecondary — _Iprimary
v T Ground

(Neglecting losses)
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Steady State Voltages — Ground Fault /

Unbalanced Load

V3 V3
Vsecondary 11 = 7Vpnmary =5 — 208 = 69.3 volts rms (98 V peak)

V(sa)-V(sb) V(sb)-V(sc¢}  V(sc)-V(sa)

I "”W"E"""WMMW jiil (LR

VVVVVVVVVV

- o

| _;w“

| ;Hf;"lﬁ‘“j;\;v;“u"N_____"t"ﬂ_;;vm_ﬂﬂ___fﬂ;______ |

il

WM

Y
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Steady State line to ground Voltages — Ground
Fault / Unbalanced Load

VVVVV

(A A

I

AR A A

m

' ! ,’ AOIMIMELEETHEEL T T TOTHEEREELT
WA :-J*L:’u: NW‘ A Y

WA
Y Y
round Fault Unbalanced Load

o 4
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Neutral to ground voltage
(CM Voltage) and CM Current through Parasitic Capacitances
or lamp resistances

Neutral to Ground Voltage

Ground Fault Unbalanced Load

CM Current through Parasitic Capacitances and Lamp Resistors

eeeeeeeeeeeeeeeeee B T T

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

------------------- R 1]
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Line currents into the wye load and into
primary not balanced with unbalanced load

Current
into
Wye
load

Current
into
Primary

////////



Line Currents out of Transformer

Ground Fault Unbalanced Load

Large currents during ground fault will activate over-current protection

8/5/2025 Approved For Public Release. Distribution is Unlimited
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Unbalanced load results in current in the
Neutral Conductor

8/5/2025

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Ground Fault Unbalanced Load

For unbalanced loads

98

. _ 173 _
lneutral_conductor = 600_94°3 mA peak

Approved For Public Release. Distribution is Unlimited
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Current through Transformer Ground
Connection

No current through the ground connection during an unbalanced load

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

N\ J g J
Y Y
Ground Fault Unbalanced Load
Neutral Conductor
PB
PC
B C
CB C
CB
O O O
Ground
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Ground Fault Currents

30KA . . . . I(Rground) . .
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Ground Fault
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Delta-Wye 4-wire Summary (solid ground)

n

* Effective turns ratio:\/§ with 30° phase shift.

* Unbalanced delta loads impact magnitude of phase currents and their
phase angles.
* Phase currents DO NOT add to zero: current in neutral conductor

* Cable connected to wye winding can have a common-mode current
* Equal to the current in the neutral conductor

* Common-mode current in wye-winding transformed to a circulating
current in the delta winding
* No common-mode current in the cable connected to the delta winding

* Ground Fault on solidly grounded system (wye connection):
e Large Fault Current on grounded phase — circuit breaker trips
* CMvoltage and currents
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Delta-Wye Transformers
4-wire high resistance grounded (HRG) secondary

Neutral Conductor

PA A
C —
. P
PC—
B C
V3 P==
Vsecondary_ll - 7 Vprimary @
(C ==
n -
Isecondary = \/_glp‘rimary RG L\ O Q Q
(Neglecting losses) T Ground
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Steady State Voltages — Ground Fault /

Unbalanced Load

V3 V3
Vsecondary 11 = 7Vpnmary =5 — 208 = 69.3 volts rms (98 V peak)

V(SA)-V(SB): i V(SB)-V(SC) i V(SC)-V(SA)

AR AR AW AW

Secondary Line to Neutral Voltage: Peak = 56.6 V volts

V{sa)-V(Vn) _ V(sb)-V(Vn) Nise)-Vivnj: _
ARAABOANAAR AAAAROANAANCANAAR A A AARA AANKARRLAANARAAALAAAANAANNANANE MJT_F

T T

j,__._,
—= =

A A

A\ J A\ J
Y

WY

e
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Steady State line to ground Voltages — Ground
Fault / Unbalanced Load

Mgap oo My Vse)

: : § H‘lx\ ‘ i Wk
[ | PR

iR il
R —— 1

Ground Fault Unbalanced Load
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Neutral to ground voltage
(CM Voltage) and CM Current through Parasitic Capacitances,
lamp resistances, and grounding resistor

Neutral to Ground Voltage

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Ground Fault Unbalanced Load

CM Current through Parasitic Capacitances, Lamp Resistors, and HRG resistor

I{Rlampg) I(R_hrg)
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Line currents into the wye load and into
primary not balanced with unbalanced load

curent e

intO ' ] ----- : ' : ] : AHL ; i ; k [
Wye PRI TR T T

UV T
o i AUARRBBOBARRRRA

N J N N J

Ground Fault Unbalanced Load

Current Wi M'NW e ’Km [t WL
into ST RR R T TR T YUY

Primary .00 U ______________ J ______________ U ___________________ AR ARA TPy U ________________ U __________________ VAN VWY AN
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Line Currents out of Transformer

Ground Fault Unbalanced Load
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Unbalanced load results in current in the
Neutral Conductor

8/5/2025

Ground Fault Unbalanced Load

For unbalanced loads

98

. _ 173 _
lneutral_conductor = 600_94°3 mA peak
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Ground Fault Currents
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Delta-Wye 4-wire Summary (HRG)

Effective turns ratio:\/l§ with 30° phase shift.

Unblalanced delta loads impact magnitude of phase currents and their phase
angles.
* Phase currents DO NOT add to zero: current in neutral conductor

Phase conductors connected to wye winding can have a common-mode
current
 Equalto the currentin the neutral conductor

 Common-mode current in wye-winding transformed to a circulating current
In the delta winding
* No common-mode currentin the cable connected to the delta winding

Ground Fault with HRG system (wye connection):
* Low Fault Current on grounded phase — circuit breaker does not trip
* CMvoltage and currents
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Wye-Wye Transformers
4-wire solidly grounded secondary

Neutral Conductor

n:l AR
' B
PA A [
PB /< Cp==
PC——
B

1
Vsecondary_ll — E Vprimary

S
I
|

C
o
C
o
C

P

© O O

Ground

[ secondary — nl primary

A
.

(Neglecting losses)

8/5/2025 Approved For Public Release. Distribution is Unlimited 78



Steady State Voltages — Ground Fault /
Unbalanced Load

1
Vsecondary 11 = " Vorimary = > 208 =104V rms (147 V peak)

VVVVV -V(sb) V(sb)-V(sc) V(sc)-V(sa)
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Steady State line to ground Voltages — Ground
Fault / Unbalanced Load

Loads on unfaulted phases experience 73% overvoltage during ground fault

el o
s Y L E: IRIIRURI W : \X‘WW\UWWWW WWW\JJWWW

- J - J

Ground Fault Unbalanced Load
Neutra | Conductor
il CB
PA A2
ne c ER
B 4
B
CB —-
C= L\ |
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Neutral to ground voltage
(CM Voltage) and CM Current through Parasitic Capacitances,

lamp resistances, and grounding resistor

Neutral to Ground Voltage

J

N\ J N\ ~
Ground Fault Unbalanced Load

CM Current through Parasitic Capacitances, Lamp Resistors, and Ground Connection

|||||||||

AL FON SN SR SR
/\Vl_\}(} \VERVIRVARY:
V ﬁ VUU
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Line currents into the wye load and into
primary not balanced with unbalanced load

////////



Line Currents out of Transformer
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extremely large during
ground fault — may not

Secondary currents not
trip fault protection

Unbalanced Load

Ground Fault
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Ground faults and unbalanced load results In
current in the Neutral Conductor

- J G J
Y Y

Ground Fault Unbalanced Load
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1.6A

Ground Fault Currents

I(Rground)

1.4A=
1.2A~
1.0A~
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Ground Fault
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Sufficient to trip breakers
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Wye-Wye 4-wire Summary (solidly grounded)

e Effective turns ratio: n.

* Phase conductors connected to wye winding secondary cannot have a common-
mode current

* Unterminated primary common connection point forces sum of currents to be zero.
* No current may flow into secondary common connected point

. Unblalanced delta loads impact magnitude of phase currents and their phase
angles.
* Phase currents DO NOT add to zero: current in neutral conductor
* Currentin neutral conductor does not flow into wye secondary
e Current in neutral conductor flows through parasitic capacitances (ground lamps)

* Neutral conductor can have current between components other than transformer
secondary.

* Ground Fault with solidly grounded system
* Relatively Low Fault Current on grounded phase — circuit breaker may not trip
« CMvoltage and currents, but no CM current through transformer.
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