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Overview

«  The standard method of providing three-wire service to a customer is from a center-tapped single-phase

transformer.

«  Center-tapped single-phase transformer provides the customer with two 120-V circuits and one 240-V

circuit.

- Two types of transformers are available for providing the service to the consumers. (Fig 1 & Fig 2 )

H,

Fig. 1 Center-tapped secondary winding

* Fig. 1 has center-tapped winding and
provides two 120-V circuits and one 240-V
circuit.

* The voltage rating of this transformer is
specified as 240/120 V
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Fig. 2 Three-winding transformer with secondary windings in series

* Fig. 2 is a three-winding transformer with two
secondary windings connected in series.

* The secondary on this transformer is specified as
120/240 V
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Overview
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Fig. 1 Center-tapped secondary winding Fig. 2 Three-winding transformer with secondary windings in series
* For both connections, the 1deal transformer equations are:
n, = KVLN,g1ed
p =
kVLL,qie0d
I 7200
example: n, = —— =
P T = 240

* Vhew, =21 Vig, _x,

1
. Inzz—nr{fl_fz)

Note: Ideal transformer equations apply to both types of transformers.
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Center- Tapped Single-Phase Transformer
Equations

GOAL: To derive equation that shows the relationship between Primary Voltage (V; ) and Secondary Voltages
(V; & V;) and Currents (I} & I).

* In Fig. 3, the impedances Z; , Z;, and Z, represent the individual winding impedances.

* The 1deal secondary voltages of the transformer are:
th] _ Vl] N [Z£1 0 ] _ [11]
ve,] Tl Tlo —z6) L

[Vtiz] = [Viz] + [Zt42] - [112] (D

* The ideal primary voltage as a function of the secondary ideal
voltages 1is:

Eo] _ 1 01 |Ve,
[Eu]_z "t o 1] ’Vtz

[Eoo] = [av] - [V, ] (2)

Fig. 3 Center tap transformer model

where,
[av] =2-nt-[é [:
Substitution of (1) in (2),
[Eoo] = [av] - (V2] + [Z12] - [2])  (3)
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Center- Tapped Single-Phase Transformer
Equations

e The primary transformer current as a function of the secondary winding

currents is,
Zy
+ I
Iy = 21, - 1) Ve, §
IGI — 1 . [1 _1] ) [!1I Z, 1 B ‘r”;
I{] 2 . nt 1 _1 1’2 . Al Y +
. VS E[} Vg_'! Vs
[loo] = [ai] - [112] 4) . _3C —> 5 -
W_FWY‘\_.
where, . Z,
[ai] = Fig. 3 Center tap transformer model
—1

The source voltage as a function of the ideal primary voltage is,

e =zl [ 2]

[Vss] = [Eool + [Zo0] - [100] (5)
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Center- Tapped Single-Phase Transformer
Equations

Substitution of (3) in (5),

[Vss] = [av] - [Vi2] + [av] - [Z12] - [112] + [Zoo] - [1o0] (6)

Substitution of (4) in (6),

[Vss] = [av] - [Vio] + [av] - [Z2] - [h2] + [Zoo] - [ai] - [112]

[Vss] = [av] - [Viz] + ([av] - [Z12] + [Zoo] - [ai]) - [I12] Z
[Ves] = [a¢] - [Viz] + [be] - [112] (7) :
—P j'{] + *
h Vs Ey Vi, Y2
where, ) ) i ————
@ ANN—YY g
lar] = [av] =2 -n, - [ {] Z
(by] = [av] - [Z1s] + [Zoo] - [i] Fig. 3 Center tap transformer model
Z, + ! Z ! Z
17T g 32 20 T (7., 2 “0
(b] =2 n,- (f n) (2:n,)
(2- n:)z o - (Zz * (2— nt)z .Zﬂ)

* Eq. (7) 1s the backward sweep voltage equation for the single-phase center tapped transformer when the

secondary voltages and currents are known.
* Also, Eq. (7) is used to compute the primary source voltage when the secondary terminal voltages and the

secondary currents are known.
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Center- Tapped Single-Phase Transformer
Equations

* To compute the secondary terminal voltages when the primary source voltage and secondary currents are
known (Forward Sweep) is derived from Eq. (7).

Viz] = [a)™" - ([Ves] = [Be] - [112])
[Viz] = [a]™" - [Ves] = [ac]™" - [be] - [112]
[Viz] = [Ac] - [Ves] = [Bel - [12] (8)

where,
1

[A¢] = [a;] ™" = 2 n, : [,}] 2

[Be] = [ac]™" - [be] = 2. by
t Fig. 3 Center tap transformer model
1 1
h+—"Z —_—
(B,] 1+(2'nt)2 0 (2-n.)? 0
el = 1 1
— . Nz +———=-2
(2 -np)* 0 ( 2T @2- ng)? ﬂ)

* Eq. (8) is the forward sweep voltage equation for the single-phase center tapped transformer when the
source voltages and secondary currents are known.
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Center- Tapped Single-Phase Transformer
Equations

Likewise, the primary current as a function of the secondary voltages and currents is given by the backward
sweep current equation as,

[Too] = [€e] - [Vaz] + [de] - [112] 9) ,
where, i I 4+
0 0 " v,
[Ct] = 0 U] - P "”_
Zy ®
1

1 1 -1 * e b3
[de] = 2 —n, 11 —1] Vs Ey 40 V1, Y2
t _ _5C —» I, _
[ W‘V\,_/‘Y‘Y‘Y‘\_.
ZZ

Fig. 3 Center tap transformer model
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Center- Tapped Transformers Serving Loads through a
Triplex Secondary

* Fig 3. shows a center-tapped transformer serving a load
through a triplex secondary.

¢ Impedance matrix for the triplex secondary needs to be
determined before modeling the system

e Impedances of the triplex are computed using Carson’s
equations and the Kron reduction method.

Fig. 4 Center-tapped transformer with
e (Carson’s equations result in a 3 x 3 matrix. secondary

¢ The Kron reduction method is used to “fold” the impedance of
the neutral conductor into that of the two-phase conductors.

e A triplex secondary consisting of two insulated conductors and
one uninsulated neutral conductor is shown in Figure 11.7

*  Spacings between conductors applied in Carson’s equations are

given as,
Fig. 5 Triplex Secondary
D.. — dia+2-T
12 — 12
dia+T
D.. =
13 12
dia+T
) —
23 12
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Center- Tapped Transformers Serving Loads through a
Triplex Secondary

e Applying Carston’s equations,

_ 1
zp; = 1; 4 0.09530 + j0.12134 - (m e+ 7.93402)

t

1
zp;; = 0.09530 + j0.12134 - (IHD_U' + ?.93402)

where, Fig. 4 Center-tapped transformer with

r; = conductor resistance in 1/ mile secondary
GMR; = conductor geometric mean radius in ft
D;; = distance in ft between conductors i and j

* The secondary voltage equation in matrix form is:

Vi ZP11 Zp1z Zpa3] [h
vz = Vgg - VLEQ = |ZP21 ZP22  ZP23|- |13

ZP31  ZP32  ZP33

Fig. 5 Triplex Secondary
*  When the neutral is grounded at the transformer and the load, then:

Up = I’;Lg - VLHE =0
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Center- Tapped Transformers Serving Loads through a
Triplex Secondary

This leads to the Kron reduction equation in partitioned form:

Ulz]] [ [Zpu [me] [112]
[ﬂ] [z02;] (20| [f"]

Solving for neutral current,

11,] = —[ann]_l “zpnil - [112] Fig. 4 Center-tapped transformer with
[[’n] = [tn] ' [112] secondary
where,

[tn] = _[Zp;rm]_l ' [me']

The Kron reduction gives the 2x2 phase impedance matrix:

[ZS] = [ZPEj]_ (ZDin! IannI_l ) [ZPrtj]

Fig. 5 Triplex Secondary
* For a secondary of Length ‘L’,

[Zs] = [zs] - L = Zs 2512]

Sy ZSy;
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Center- Tapped Transformers Serving Loads through a
Triplex Secondary

From Fig. 4, the voltage backward sweep for the secondary is given by:

[Vl] VL1] + 2511 Z512] ) 11]

Vz - VLZ 2521 Z.S'zz IZ
[Vi2] = [asec VLi2] + [bsec | - [12] 9)
where, +
Ve
1 0 .
lasec] =y 7] = _ :
YA S11 VA S12 Fig. 4 Center-tapped transformer with secondary
lbeec = |70t 732
21 22

*  Because of the short length of the secondary, the line currents
leaving the transformer are equal to the line currents at the load.

*  Thus, no backward sweep 1s need.
*  However, to remain consistent for the general analysis of a feeder

the matrix [d,,.] 1s defined as:

(2] = [dsec] (2] where, [d = ]2 9]

0 1
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

7]
+ A @& | Zﬂ. T T 21 — oy s _
l’,1, Vfﬂ.” b ‘rﬂﬂ I, Vrm i
V A I.\l’ 1"‘ 'i‘ A I.\r ; f :- ‘
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Fig. 5 Ungrounded Wye — Delta Transformer center-tapped transformer connection

e  The turns ratio for all transformer are given by:

. KVLN 4104 primary
KVLL,gted decondary

g
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

The basic transformer equations for the center tap transformer are:

1

Vign =Vigy = . VTyn .
‘ e gg Ty T v
VIan =2 -n¢- Vi, J g EJ jT" M;L
1 Go :«M L-’I}: :’.,J,. — i
* Iy = 2, *(Ing + Ipn) . _§ g _
e e o
For the transformer bank, the basic "ideal" transformer voltage . a--:-,.égw‘ :
equations as a function of the turn's ratio are: __:éyw b =G
t
VTyn 2 0 0 0 a
thb
VIgn | =n; - Vt
VTen 0 0 0 be
Vtcq
2 0 0 0
VTin sl = [AV] - VEgupc] where, [a4v]=n,-[0 0 1 0
0O 0 0 1
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

Vtan 0.5

0 0
VT
Vtao| 1 |05 0 0 AN
= — - |\VTgn
Vtea 0 0 1 CN . A 'ﬂ é 8’ @H JT.» 7 o
[Vtanse]l = [BV] - [VTLn 45 ] e J o :E T& ° o
where, - Vax t’m% gwb,_ :
0.5 0 0 S . == I T = 4
I 105 0 0 Eodk i
BV - — ' Ven VI Ve,
LBV] n, 0 1 0 ¢ x B 1A
0 0 1 o
e The basic “ideal” transformer current equations as a function of
the turn’s ratio are: I
I 0.5 05 0 0 -
i =}H |n 05 05 0 0
I, Nng A lew where, [Al] = o 0 0 1 0
| t 0 0 0 1

[ABC] = [AI] - [IDanbc

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» In the forward sweep, the line-to-ground voltages at the terminals
of the transformer bank will be known.

VAG 5 o .ﬂ - - E ——% + =ﬂ
f— ;.-t 'l'rld > na a 1':,”' ¥
[VLGABC] = |Vae Vav  VTan E : J f iy
V g"’!n ._rﬁ-' j T’ 1;:;" b
CG J_ S e
= frr v
. . . . -JF; o
» In order to determine the voltages across the transformer, it is | . = et — "
necessary to first determine the "ideal" primary voltages defined Vav VT8¢ < 0 Vi
as: -2 .
VTAN C -;_. T ) - Z] I]' = — +
[VTLNABC]] = |VTgn Ve Ve 3Cw .
VT, n "
CN o

» The first step is to determine the voltages of the "ideal"
transformer to the ground.

[VTLGABC] = [VLGABC] — [2T] - [1apc]

where,
VTAG Zu 0 0 IA
[VTLGAEC] = VTBG 3 [ZTI’J] = \0 0 U‘] . [IABC] = IB
Teg 0 0 O I

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» The line-to-line “ideal” voltages are:

[VTLLABE‘] = [Dv] - [VTLGABC]

L ]

§ A .ﬂ - n {Z] —» +
where VTas L -1 0 5 e wmdbte e |
[VTiLapc] = \VTBC pvl=10 1 -1 - g“’ = j R e &b
VTea -1 0 1 J (2 F—€ -
L g - + Zp -
Vig Iy — v,
» Primary "ideal" voltages to ground as a function of the primary Vax ”m% gm..
line-to-ground voltages are: P E; : + 7T —.
I "
VTan = VT — Vne Vew “'\3 ghﬁ
VTgn =VTse — Vng . Ve 412 = b
VTen =VTee — Ve }
[VTLNABC] = [VTLGAHCI — [VNG] (10)

where, V
NG
Ve

» The primary line-to-line voltages across the "ideal" transformer windings are:

[VTLLABC] = [Dv] - [VTLNABC] (1)

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep
On substitution Eq. (10) in Eq. (11)
[VTLLAH{:] = [D'l?] ' [VTLGARC]] - [DTJ] : [VNG] (12)

however, I 7
[Dv] - [VNG] = [0] b %
therefore, - -

¢

¢
[VTLLAHC] = [Dv]- [VTLGAHC ] N — J+ R 'ZI’I

5

» In Eq. 12, the "ideal" line-to-line voltages are known. - -

—_— ot +
» The “ideal” line-to-neutral voltages are needed to continue the S
forward sweep. ) x .

jp_ Ve +

» In Eq. 11, 1t appears that the line-to neutral voltages can be
computed by using the inverse of the matrix [Dv], however the
matrix 1s singular.

» Two of the equations in Eq. (11) can be used. but a third
mdependent equation 1s needed.

» The two equations from (11) that will be used are:

VTBE S VTBN - VT{:'N (13)
VTEA — VT!:‘N - Vf:qﬁ 19

EcPE
Department
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» The third independent equation comes from writing Kirchhoff's
Voltage Law (KVL) around the delta secondary.

» The sum of the secondary voltages around the delta must be equal to- # — AT 8’ Elp J =7 -
- B Vi, 42— i Ve g
Vo +Vip + Vi +V4a =0 (14) ] — &=
B e . - T y v
Vtg —=Z1-Ly +Vty —Zz Iy +Vty =Zy- Iy +Vty —Zc-Ie =0 v 0o v %g - Vi
Vaw g Ly
Vt +Vt7b +th:+Vt :Zl'l +Z2'Ibfl+Zb'Id)+Z'I - - - =¥ i
@ a m c'la ¢ o—rto - a A [ =5+
I —
Vign +Vtup + Vipe + Ve = [Zp,,,.  panse] ”“"“%é‘
G
where, I, _% % + -7
I
z = (21,25, 2, 2., |1 ="
1“2anbe | 20,22, 2y, Z] 12 anbe | Ien
IEC
but,
% v Vepe + Vg = —- (A0 v Ly Ly,
tan ¥ Vinp ¥ Vipe T Vica = E ( 2 * 2 TV ey ¥ CN) Note: The secondary transformer

currents will be set to zero in Eq. (14)
VIgn + VIgy + VIey =n *[Z Danbc] P[I‘)aubc ] =X during the first forward sweep, after
that, the most recent secondary current

where from the backward sweep will be used.
P X =nc [Zﬂanbc . ['rpanhn]

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-

Tapped Transformer

* Forward Sweep

» Eq.(13) and Eq. (14) are combined in matrix form as:

X 1 1 1 VTan
VTHC =10 1 —-11- VTBN'
VTea -1 0 1 VTen *

[VXLLAE‘C‘] = [DX]- [VTLNABE]

» The 1deal voltages are computed by taking the inverse of [DX].

[VTLNAHE] = [Dx] - [VXLLAHEJ]
where,
11 -1 =2
[Dx] = [DX]! =3[t 2 1
1 -1 1
» With the "ideal" line-to-neutral voltages known, the forward sweep
continues with the computation of the secondary "ideal" voltages.

Vinp | _ i_ {1 5 u n VT:” (15)
Vi, VT
Vtea C”

[Vtanpe] = [BV]- [VTLNABC]

IOWA STATE UNIVERSITY

¥

Note: The secondary transformer
currents will be set to zero in Eq. (14)
during the first forward sweep, after
that, the most recent secondary current
from the backward sweep will be used.
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» The secondary transformer terminal voltages are given by:

Van Vtcm Zl 0 0 0 IT.ILI
an —- thb 0 ZZ 0 0 I!m

= —_ . P - ] - T £y r— .
VE!C l"rtbc 0 0 Z}, 0 -".:’.'b A Ew"”‘ —»l, J I -
'a”:»__- . v tea 0 0 0 2z, "'m‘ Vaw VTay -~ i —T
B B g"lt " q—h" j by Vi b
= Zy —e
=21 |
— rf
[Vanbc] = [Vrarmc] - [Zranbc] ’ [Iﬂm,bc] B e— J+ 7 Zy r .
L:I(' Iy & — iy "J
» In the first forward sweep, the secondary delta currents are assumed to Vaw  YTan < 5 Vi,
be zero. - -2 - -
. e n —— -
» On the first backward sweep, the secondary line currents will be ¢ v VT " -
known. & N . e

= Vi +
» In order to determine the currents in the delta as a function of the line }
currents, only three Kirchhoff's Current Law (KCL) equations can be
used.

»  The fourth independent equation comes from recognizing that the sum
of the primary line currents must be equal to zero.

»  The three KCL equations to use are:

"u = ',nrc - "rn: (16)
Iy = Iy = lpn
Ie = Igc = Igp

EcPE
Department
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» Because the sum of the line currents must equal zero, the fourth equation is

given by: 1 1
f.d+IH+IEJ=U=2__nI'Unr1+fhrl)+n_t'(‘rch+‘rac) .
1 + A — -+ Zy + + E —p + -
LA lg+le=0=—(hu+lpn+2 1y +2- 1) R T e — T G,
2 * ﬂr (17) Vaw VTn T A - > T ®
Z'HE'{"'A+IE+IL')=G="na+-'ilim+2"’rh+2'fﬂr J_ - E'f'm .@ \j. E. 1j‘ll=‘Ir
- Iy ! V.,
0= Im + Ibl +2 Id) +2 Ia; Vas ’ l'r_.';. ' ) : ' = >l Vi h
> Combining Eq. (16) and (17) into matrix form: Vav  VTan < o Vi,
_— 1 ﬂﬂ- = - - - u = ]' — —e +
"rb _1 ‘rbn ‘ Ic ik K g - * "'
Ve VTen Ve,
G i
? Vive + = =

[Tapcol = [X1]- [Ipﬂm
» The delta currents can now be computed by taking the inverse of [X1],

_ -1,
I‘Danbc] = X7 Hapeol (18)
["rDanbc] = [x1] - [Tapco)
Tha 5 1 3 1] [l
I (1 [-1 =5 =3 1 [k
la|l 6 |-1 1 =3 1] |L 15131
(1o | = BT ol -1 1 3 1

EcPE
Department
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» In Eq. 18, the fourth column of the inverse is not needed, as the fourth
term in the current vector is zero. The modified Eqn is shown in (19)

1 na 5 4 Bl + + EA ———ara
Ihn = 1 A 1 5 .lr (19) 2 Vaw VTn Elﬁ!m - J " ll:mlah'
1 6 -1 b gt Ihe j I 1’+
ch . - Vi, a—— o
lae -1 J —{ %] N 7
= ey = +8 K z"‘ ' -
[ Panbe ] Dd] [I{Ibc Va G Vi l‘I;;‘% g"’f!,.,,. . Vi
WheI'e, 5 1 3 . = = e ~ & +
gL L 2, }—]
[Dd]—l. -1 -5 -3 T RE S |
- 5 - 1 1 _3 View VTen Vi,
-1 1 3 v sl =G

» Note: We have derived following expression in slide 15,
[Lasc] = [AI - [Inarlbc]
»  On substitution of Eq. 19 in the above equation, (from slide 15)
[lasc] = [AI] - [Dd] - [Iapc] (20)
Define:
[d.] = [AIl - [Dd]
[IABC] = [dr] : [!abc]

Note: Eqn. (20) is necessary equation used in the backward sweep to compute the primary line currents.

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Forward Sweep

» With the primary line currents known, the primary line-to-neutral
voltages are computed as:

[VTLNAH‘TI - [VLNAHE] - [ZTUI] 1 [IHB'G] ’ ! JIL ' - ’ E;’: @bﬂm J "l.. 'lt *
but: (151 = [d:] - [asc] (21) e )T b
Vi 42— " ‘b
[VTL-J""AHCI] = [FLNAH!‘.‘] = [ZTy] - [d,] - Uanc] J_ — =R — IJ .
- x J 1”;.1
»  The secondary transformer voltages are computed by: . - =T * g + i.. I ,
w Vay YTaw Vi, :
[Vﬂﬂf}(‘] = [Vtanbc] - [Z":an.l:c] ’ [Iﬂanbc‘] (22) = pe 1) [ B
1 Dd I c oe—E5 {2} ; 17T o
[ ”anbe] = [Dd] - [ac] = Vew Hh‘? gh -
[Vanbn ] = [Vtanpel = [Zr‘anbc ] - [Dd] - Uapcl . e+ = =g~

> Substitute Eqn. (15) into Eqn. (22):
Vanvel = Vtanse] = [Ztanse] - [Dd] - [Lap]
Vtansel = [BV] - [VTyy,pc]
[Vanbel = [BY1 - [VTin,p01 — [Ztanbe | - (D] - [Tane]

» Substitute Eqn. (21) into Eqn. (23):
[mec] = [BV] ) [VTLNABC] - [Zta”bc ] ’ [Dd] : [Iabc]

(23)

VTinase) = Viwasel = [2T0) - [de] - Uane)

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

*  Forward Sweep

[Vaubc ] = [BV] ’ ([VLNABC] - [ZTUJ ’ [dt] ’ [Iabr:]) - [Ztanbc] ’ [Dd] ’ ['rab-:.']

+ i +|:Z” + + E = *
[lebl.’.'] = [BV] | [VLNAHC]] - ([EV] ’ [ZT,:,] ’ [dt] + [Ztanbc] : [Dd]) ' “ﬂbc] f_tb T, %Em‘* — J Tb Van n
Vaw VTsn I I ’ ;_ .
define: - - gl'fu -@ g _'. '*EJ- &
[4,] = [BV] Py — J+ - z Iy V.
L".I(.‘ Ia . — "'J
[BE] = [BV] ' [Z‘TD] ' [dc] + [Zrmmc] ' [Dd] Vi “"m% gwbl.
[Vanbel = [4c] - [VLNMC] = [B:] - [ane) ¢ o—C : ; A N —a ok
I —
Vey V1 Ve,
C - - -

EcPE
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Backward Sweep

» The terminal line-to-neutral voltages are:

Viwascl] = [VTingae] + [2T0] - [asc) - .
Ae—J7Z, = = Zy T _
, ~ (24) = e —>0 |0V,
but. [VTLNABC] = [AV]- [Vtanbc ] Vav VT gvl ; j — IV
Vi, 42— i Ve g
and: {I4sc] = [de] - [anc] e
- 5 b J 1’;-]
therefore: [VLNABC] = [AV] - [Vtgabe | + [Z2T0) - [de] - [Tape) Vs . i Ly T irf.: v,
Vay YTaw Vs
» The "ideal" secondary voltages as a function of the secondary terminal B AL B
voltages are: ce T— 6 zH )
Ic —
[Vtanlrc] = [Vanbc] + [Ztmmc] : [ID”,;] (25) B 1'_'?'-\' ”'_3 gj"*
[Vrmlbc] = [Vanbc | + [Ztanpe] - [Dd] - [Tanc] ? - =

» Substitute Eqn. (25) in Eqn. in (24)
[VLNAEC] = [AV] ’ ([Vanbc] + [Ztmmc] ’ [Dd] ' [‘rabc]} + [dt] ' [Iabc]
[FLNAM] = [AV] ’ [Vanbc] + {[AV] ) [Ztanbc] ’ [Dd] + [ZTD] ) [dr]) ’ ['rab-:.']

therefore:
[VLNAB;;] = [ae] - [Vanpel + [be] - apc) where, [l'[t] = [AV]

[be] = [AV] - [Ztanpc] - [Dd] + [Z2T5] - [de]

(26)
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

* Backward Sweep

Note:
-‘fl 'T‘ =ﬂ
» Normally on the backward sweep the node voltages are not e = pES E T —— P J ol W
computed using Eqn. (26). e T
- - - (%} ™ = .
» Only the currents are calculated back to the source. P J+ : 'ZI—I E % .
Vac L +J —— Vi
» However, as a check to confirm the final results of the Vax ”’“% g‘“h--
power-flow program, Eqn. (26) using the computed se o - = 7T —e
. e T m g
secondary voltages and currents is used to confirm that the K i . =
. . Pt “Aen Vi
source voltages are the same as that which were used in & Vau .
the forward sweep —Jp Vg + =7
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

*  Summary of the Equation Derived:

~ It 1s important to note that the turn's ratio is given by:

kV LNy - ‘
n, = A p— Zy ¥ rs l_'-l — > + -
‘ kvf.f.m ’ Iy ! Ewm a— J I 1':'1r| "
Vaw V< J5 .
- _ g.ln;.l ._I'ﬁ,- j I Vi b
# In the derivation of the forward and backward matrices, it was found J —{ &< — —e
that all of the matrices can be defined by the combination of matrices B o——4 e Zy ) Vea
based upon basic circuit theory. The definitions are as follows: Vac 2 Voo VT, é gw - Vi
BN . b
a,] = [AV g - 7 9 0
[a.] = [AV] = U Va7 vl B
Vew VTey Vi,
|b¢] = [AV] - | Ztanpe] - [Dd] + [Z2T,] - [d: ] 6 - 1A

(26) S

[d;] = [AI] - [Dd]
(4] = [BV]

[BE] = [BV] ’ [ZTU] ’ [dt] + [Ztﬂl'lb{'] ’ [Dd]
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Ungrounded Wye — Delta Transformer Bank with Center-
Tapped Transformer

*  Summary of the Equation Derived:

» The individual matrices in Eqn. (26) define the relationship between
parameters by:

g = ._p +|:Z” - - E —» +
— . i —Ifm‘ "ln ;
[fDmif)L' ] [Dd] [fab':] h Vaw VT “3 El - J ——* 13”:”
_ T e e )
[VTLN,-.B.—:] = [AV] - [Vtanp] (27) - - 5'_ i j i
J L=2] b _..rrr 5 ;
= 11, el [T
[l'r' tunbf] = [BV] ' [VTABC] - Vv VTan Vi, I
The definitions of Equations (26) and (27) will be used to develop the C ‘;—’ = T Zl—rr N7 h
models for the open wye-open delta connections. o Ve VT 3 gm -
. :

30
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Open Wye - Open Delta Transformer Connections

Usually, it consists of one lighting transformer and one power transformer.

The combination of the transformer is used to serve a combination single-phase and three-phase loads.

For this connection, the neutral of the primary wye-connected windings must be grounded.

There are two type of connections for an open Wye — Open Delta Transformer Connection.
a) Leading Open Wye — Open Delta Connection

b) Lagging Open Wye — Open Delta Connection

IOWA STATE UNIVERSITY EcPE
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Open Wye - Open Delta Transformer Connections

The “leading” Connection

VB(?' V.‘Jr

Fig. (a) Leading Open Wye — Open Delta Connection Fig. (b) Leading Open Wye — Open Delta voltage phasors

* The “leading” connection, the voltage applied to the lighting transformer will lead the voltage applied to the
power transformer by 120°.

* The voltage phasors at no-load for the leading connection in Fig. (a) are shown in Fig. (b).

* In Fig. (b) there are three line-to-line voltages; two of those voltages come directly from the primary voltages
applied to the lighting and power transformers, and the third voltage is the result of line-to-line voltages and
must equal to zero.
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Open Wye - Open Delta Transformer Connections

The “lagging” Connection

Fig. (a) Lagging open wye — open delta connection

Fig. (b) Lagging Open Wye — Open Delta voltage phasors

¢ The “lagging” connection, the voltage applied to the lighting transformer will lag the voltage applied to the
power transformer by 120°.

The voltage phasors at no-load for the lagging connection in Fig. (a) are shown in Fig. (b).
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Open Wye - Open Delta Transformer Connections
Equations

Forward Sweep

* There will be a slight difference in the matrices for the leading and lagging connections.
* In order to define the matrices, the subscript L will be used on various matrices.

a) L =1 (leading connection)

b) L =2 (lagging connection)

e The "ideal" primary transformer voltages for both connections are:

|FTAN Vag Zotiy Zg Zg| 11,
VTgn | = |Ves|—| Zg Zyg Zg|-|lg
VTen Vee Zg Zg Zg| Lc (27)

[VTinase] = [VTi645c] — [20G] - [Lagc)

where,
Zo+2Z, Z, Z,
[Z0G] =| 44 Zg Zg
Zg Zg Zg
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Open Wye - Open Delta Transformer Connections
Equations

Forward Sweep

e The "ideal" secondary transformer voltages are:

[Vtanpelr = [BV]L - [VTLNABC]
* Leading Connection

Vtan 1 [05 0 0

[Vtanbelr = [thb] [BV], = o [0.5 0 []] (28)
Vtap 10 1 0

¢ Lagging Connection

Vtan 1 [05 0 0
[Vtanbch:[l"rtub] [BV], =—-105 0 [}]
Veas 1o 1 0
e Substitute Eqn. (27) in Eqn. (28),
[Vtanpels = [BV], * ([Vioase) = [20G) - [Lancl) (29)
[Vtanvels = [BV]y . [Vig,pe) — [BV]L [Z0G] - [anc]

e The transformer secondary currents are defined as:

Ina Iha
Leading connection: [.-'Dmhc]l = |Ipn Lagging connection: [!Dmmc]z = |lpn (30)

ch ac
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Open Wye - Open Delta Transformer Connections
Equations

Forward Sweep

e The primary line currents as a function of the secondary open delta currents are:

[IAHC] = [AI]L ’ [IDFHIIH,' ]L (3 1)

where,

L [05 05 0
[All;=—-l0 0 1
o o0 o0

1 [05 05 0]
[AI]Z _— U U ﬂ
" lo o 1l

e The secondary open delta currents as a function of the secondary line currents are:

[ID(IHE}C ]I. = [Dd]L ’ “ﬂbcu] (32)

h
WIS }’ﬂ 1 0 0 0 1 0 10
Uavenl = [ U—’fﬂl=[0 -1 -1 0], [ﬂd]z=[n -1 0 :}‘
Iﬂ

0 0 -1 0 0 0 1 0

IOWA STATE UNIVERSITY EcPE

Department




Open Wye - Open Delta Transformer Connections
Equations

Forward Sweep

e Substitute Equations (31) and (32) in Eqn. (29) :
[ID{mbC L = [Dd]L - Uapen] (33)
[asc] = [Al], - [ID{IH!)C ]L
(Vtanselr = [BV] [Vigape] = [BV]i [20G] - [Lasc]
[Vtanselr = [BV]L " [VLGAEE] - [BV]L ) [ZDG] ) [AI]L ! [Dd]i * Uaben]
e The transformer bank secondary voltages are:

[Vabele = [Vtanvelr = [Ztsee] - [IDaribc]L
where,

Van Van
[Vabc]l = [Vnh‘ 1 [Vubc]z =|Vup
Ve Ve (34)

but,
["rDmib.;]L = [Dd]; - [lapen]

[Vabc]L = [Ffmlbc‘]L - [Ztsee] ’ [Dd]L' [Iabm]

IOWA STATE UNIVERSITY EcPE

Department




Open Wye - Open Delta Transformer Connections
Equations

Forward Sweep

*  Substitute Equations (33) in Eqn. (34) :
Vtanpelr = [BV]L - [VLGAE.:'] — [BV].- [Z0G]- [Al] - [Dd], - Uaben] (35)

[Vﬂbf].[. = [Vtﬂnbc]L - [Ztﬂﬂb-ﬂ] ' [Dd]L ' [Iﬂbfll]
[VGDC]L = ([BV]L ) [VLGABC] - ([BV]L ’ [ZDG] ) [“”]L- [Dd]L ’ [Iabcn]) - [Ztm:br:] ) [Dd]l. ) [Iabcra]

[anc]L = [BV]L ’ [VLGABE] - ([BV]L ’ [ZQG] ) [A‘I]L + [Ztrmbc‘])* [Dd]L ) “ﬂbn{]

¢ The secondary line voltages are:

Van
Va
IV b = [Vanbc] = [EV]L ) [Vabc]L
be

Ve

a

where, ) (36)
1 0 0
10 1 0
-1 -1 -1]
[ 1 0 0]
1o 1 o
| 0 0 1]

EcPE
[OWA STATE UNIVERSITY P et




Open Wye - Open Delta Transformer Connections
Equations

Forward Sweep

e Substitute Equations (35) in Eqn. (36) :

[Vahc]i. = [BV]L ) [VLGABC-] - ([BV]L ’ [ZUG] ) [AI]L + [Z":mibc]) ) [Ddf_.] ’ ”ahcn] (37)
[Vmwc] = [LV]L : [Vabc']L
Vanvel = [CV]e - [BV]L - [Vigase] — [CVIL([BV], - [Z0G] - [Al]L + [Ztanse]) - [Ddy] - [lapen]

Define: [At]L = [CV]L . [BV]L
[Bel, = [CV]L([BV]. - [20G] - [Al] + [Ztansc]) - [Dd]

therefore: [V,p.] = [A]; - [Vmwc] — [B:ly, - Uaben]
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Open Wye - Open Delta Transformer Connections
Equations

Backward Sweep

Substitute Equations (32) in Eqn. (33) :
['rﬂanhc ]L = [Dd]y - [apen] (37)
[lagc] = [Al] - [Inﬂllbt: ]L

[IAEC] = [AI]L ’ [Dd]L ’ [Iﬂbffl]
[Lasc] = [d:]L - Uaben]

where,

[de]. = [A, - [Dd];
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Four Wire Secondary

* The combination of single-phase and three-phase loads will be connected through a length of open four-wire

secondary or a quadraplex cable secondary.

o

A ,W N -
—e | e v, 1 — v Vi H,¢ +
T

TR - g
B I “;?I-L'I II:LI“‘ r H..l—ﬁm, " e -'h * i
" +

. *H, |Zs,.]

Vie ¥ &5, ] »lZs ) L

( g M
. oH, 1%, ] : /,'

1 AN J_," -

Fig. Four-Wire secondary serving combination loads Fig. Quadraplex Cable

For Modelling four wire secondary,

e The first step is to compute self- and mutual impedances for modeling the open four-wire or quadraplex cable
secondary.

e Carson's equations are used to calculate the 4x4 primitive impedance matrix.

e The Kron reduction method is applied to eliminate the fourth row and column since the secondary neutral is
grounded at both ends.

e The result is the 3x3 phase impedance matrix.

¢ Chapter 4 provides more details on how to apply Carson's equations and the Kron reduction.
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Modeling of Four Wire Secondary

* The 3x3 phase impedance matrix provides self-impedance for the three
line conductors and mutual impedance between them.

Vg = zsm1 Iq + Zsab I + Zsm- L - .
vy =Ly, latZsy, - Ip + Zsbc L (38) Trnsormer ,*
bank  *
=Zs la+Zsy 1o +Zs -l — |
*  The model of the four-wire secondary will again be in terms of the _ { |,,
abcd and AB generalized matrices. T_L

* The first step in developing the model 1s to write KVL around the
three "window" loops and the outside loop n Fig. shown 1n the right.
Van = Vi, + Va
Vb = Vi, — Vb

V be VLbf+vb Ve (39)

Vea =V, V=1,

Substitute Eq. (38) in Equ. (39).

Van Vﬂ'un Zsaa Zsﬂb Zsac I

Vap — VLnb + _Zsba -Z-'-"bb _Zsbc ) lra (40)
Ve VLbc Z-f"ba - Zsm Zsbb - Z-‘-"'db Zshc - Zscc !'i

K:a V-Lm z-”'ca - zb’aa Z-'—‘d o z-'—‘cif:u See  “Sac

[Vansel = [VLH,,M] + [Zsabcl * [Tabe]
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Modeling of Four Wire Secondary

* Eq. (40) 1s in the form of:

[lebc] = [ﬂs] ' [l‘!Lﬂn_;l.C] + [bs] ' “ab-:'] (41)
where, 125,
—: oH, .I..Wl..

'1 {] ﬂ n . .. an [Zs,,] 1a .'
@]=|0 1 00 g | e
“=1o 01 0 — | 72 1 '

_D ':] ﬂ 1 2 Vi [Zs.] 3lZs.) Vi
Zs.rm zsab Zsac G . 'WM _Ib
[b ] — Z—"'ba _zsbb _Zsbr
) Lspa ~Zsca ZLspp ~Lspy  Lspe — Lsee
2-5':4: - Zsaa Zsch - ZS{:II:I Zssc - Zsac

» Because there are no shunt devices between the transformer and the loads,
the currents leaving the transformers are equal to the line currents serving

the loads. Therefore:
1 0 0
lds] = [D 1 [l]

0 0 1

* The matrices for the forward sweep are:

[4s] = las]
[Bs] = [bs]
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Thank You!
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