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Three-Phase Transformer Models

* Three-phase transformer banks are found in the distribution substation where the
voltage 1s transformed from the transmission or subtransmission level to the
distribution feeder level.

* In most cases, the substation transformer will be a three-phase unit perhaps with
high-voltage no-load taps and, perhaps, low-voltage load tap changing (LTC).

* For a four-wire wye feeder, the most common substation transformer connection
1s the delta—grounded wye. A three-wire delta feeder will typically have a delta—
delta transformer connection in the substation.

* Three-phase transformer banks out on the feeder will provide the final voltage
transformation to the customer's load. A variety of transformer connections can
be applied. The load can be pure three-phase or a combination of single-phase
lighting load and a three-phase load such as an induction motor.

* In the analysis of a distribution feeder, it 1s important that the various three-phase
transformer connections be modeled correctly.
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Three-Phase Transformer Models

Unique models of three-phase transformer banks applicable to radial distribution
feeders will be developed. Models for the following three-phase connections are
included:

*Delta—grounded wye

*Ungrounded wye—delta

*Grounded wye—delta

*Open wye—open delta

*Grounded wye—grounded wye

*Delta—delta

*Open delta—open delta
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Introduction

Fig.1 defines the various voltages and currents for all three-phase transformer banks
connected between the source-side node n and the load-side node m.

Node n I £ Node m
o = n —1® H, X o+—— —> o
Van i Vas Vab I Van
L = - = ® H, X, @ > = > o
Ven L AG & @ Vi I Vin
¢«—>—————— e, X, e ————>—4
L Lim-' Iy ! Ven _ -
B = ® H, Xy ® = .
Source side Load side

Fig.1 General three-phase transformer bank
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Introduction

In Fig.1, the models can represent a step-down (source side to load side) or a step-up (source side to load
side) transformer bank. The notation is such that the capital letters A, B, C, and N will always refer to the
source side (node n) of the bank and the lower case letters a, b, ¢, and n will always refer to the load side
(node m) of the bank. It is assumed that all variations of the wye—delta connections are connected in the
“American Standard Thirty Degree” connection. The described phase notation and the standard phase
shifts for positive sequence voltages and currents are

Step-down connection

Vip leads Vg, by 30 (1)
I, leads I, by 30 (2)
Step-up connection
V. leads V,5 by 30 (3)
I, leads I, by 30 (4)
MNode n L I Mode m
. > m ® H, i e . }J .
Vaw I, Vas Vab k Vau
® > r—— X; &1— ey g
VB:\' I fo 1".:tIC.' - s = V-‘A' Jr‘ V_,I”
*—>—— —-® i Xy o— =—
Viens ¥,
_ _ _{..'n. 'F."\. -|r... cn N _
- } e H, i e = .
Source side Load side

Fig.1 General three-phase transformer bank
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Generalized Matrices

The models to be used in power-flow and short-circuit studies are generalized for the
connections in the same form as have been developed for line segments and voltage
regulators. In the “forward sweep” of the “ladder” iterative technique, the voltages at
node m are defined as a function of the voltages at node » and the currents at node m.

The required equation is

[VLNabc] = [At] ) [VLNABC] - [Bt] ’ Uabc] (5)

In the “backward sweep” of the ladder technique, the matrix equations for computing
the voltages and currents at node n as a function of the voltages and currents at node

m are given by

[VLNABC] = [at] . [VLNabc] + [br] ' [Iabc] (6)

Uagcl = lee] - [VLNgpe] + [de] - [Hape] (7)

7

[OWA STATE UNIVERSITY ECpE Department



Generalized Matrices

[VLNgpl = [Ael - [VLNggc] = [Be] - [anc] (5)
[VLNpgcl = lag] - [VLNgpe) + [be] - Uap] (6)
Uagcl = leel - IVLNgpe] + [de] - Hapc) (7)

In Equations (5) through (7), the matrices [VLN ;5] and [VLN , ] represent the line-
to-neutral voltages for an ungrounded wye connection or the line-to-ground voltages
for a grounded wye connection.

For a delta connection, the voltage matrices represent “equivalent” line-to-neutral
voltages. The current matrices represent the line currents regardless of the
transformer winding connection.

In the modified ladder technique, Equation (5) 1s used to compute new node voltages
downstream from the source using the most recent line currents. In the backward
sweep, only Equation (7) 1s used to compute the source-side line currents using the

newly computed load-side line currents.
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Transformer model

[VLNabc] = [At][VLNABC] - [Bt] [Iabc] (8.5)
[VLNagc] = [ae][VLNgpe] + [bel[lapc]  (8.6)

["'ABC] = [Ct][VLNabc] + [dr][fabc] (8-7)
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Transformer model

A — Grounded Y A - (‘}ruunded Y Ungrounded Y — A Grounded Y — Grounded Y
Step-down Step-up Step-down
n [0 2 1 n 2 10 1 -1 0 n, 0 0
[a;] -1 0 2 [0 21 n|0 1 -1 0 n, 0
2 1 0 1 0 2 -1 0 1 0 0 n
n O Zztb Ztc n zztﬂ th D Ztab _Ztab 0 ntztﬂ ﬂ [}
bl |-=| 2, ©0 2z, ||=|0 2z, 2z, ‘| z, 2z, O 0 nZ, 0
zzta zth 0 ng {] Zztc -2Ztcﬂ Ztcn 0 0 ﬂ nt zf-:'
0 0 0 0 0 0 0 0 0 0 0 0
[c] 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
1[1 -1 o0 1[1 0 =1 11 -1 0 1[1 0 0]
ld:] —| 0 1 -1 —|10 1 -1 3—1 2 0 —l0 1 0
"lo1 0 1 "lo1 0 1 lo2 -1 0 "tlo 0 1
1[1 0 -1 1[1 0 =1 1210 11 0 0
[A:] -t 1 0 —|0 1 -1 a0 21 —[0 10
Lo -1 1 -1 0 1 11 0 2 ‘L0 0 1l
Zta 0 0 1 Zztub + ztbc ZZEM - Zztab 0
[B!] 0 th 0 [Zrabc] e zzlbf - er_m 4zf-bc - Ztm 0 [Zfﬂbc]
O 0 Ztc Ztab - 42[(‘& _Ztab - Zztm O
n VLLrated primary VLLmted primary VLNrated primary VLNmted primary
t VLNrared secondary VLNr‘ated secondary VLLmted secondary VLNr'ated secondary
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Delta-Grounded Wye Step-Down Connection

* The delta—grounded wye step-down connection 1s a popular connection that
1s typically used 1n a distribution substation serving a four-wire wye feeder
system. Another application of the connection 1s to provide service to a load
that 1s primary single phase. Because of the wye connection, three single-
phase circuits are available thereby making it possible to balance the single-
phase loading on the transformer bank.

* Three single-phase transformers can be connected delta—grounded wye in a
“standard thirty degree step-down connection” as shown in Fig.2.

Hl, H2g Hi Viea
L ]

Vi,

Fig.2 Standard delta-grounded wye connection with voltage 1
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Voltages

The positive sequence phasor diagrams of the voltages in Fig.2 show the relationships between
the various positive sequence voltages. Care must be taken to observe the polarity marks on the
individual transformer windings. In order to simplify the notation, it is necessary to label the
“1deal” voltages with voltage polarity markings as shown in Fig.2. Observing the polarity
markings of the transformer windings, the voltage V7, will be 180° out of phase with the
voltage V., and the voltage Vz, will be 180° out of phase with the voltage V ;. Kirchhoff's
voltage law (KVL) gives the line-to-line voltage between phases a and b as

Ve =W ,— (8)

The phasors of the positive sequence voltages of Equation (8) are shown in Fig.2.
H1, H2g M3 Ve

Fig.2 Standard delta-grounded wye connection with voltage 19
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Voltages

The magnitude changes between the voltages can be defined in terms of the actual
winding turns ratio (n,). With reference to Fig.2, these ratios are defined as follows:

VLLrated primary (9)

Ng =
VLN rated secondary

With reference to Fig.2, the line-to-line voltages on the primary side of the
transformer connection as a function of the ideal secondary side voltages are given

by Vag 0 -1 07 [Vt,
VBC =N - [ 0 0 -1] th ’ [VLLABC] = [AV] : [Vtabr:] (10)
Vea -1 0 0 Vt.
where

Fig.2 Standard delta-grounded wye connection with voltage
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Voltages

Vag 0 -1 07 [Vta
VBC =N¢- 0 0 -11- th ] [VLLABC] = [AV] ’ [Vtabr:] (10)
Ve -1 0 ol lve,

Equation (10) gives the primary line-to-line voltages at node » as a function of the ideal
secondary voltages. However, what 1s needed is a relationship between “equivalent” line
-to-neutral voltages at node n and the i1deal secondary voltages. The question 1s how is
the equivalent line-to-neutral voltages determined knowing the line-to-line voltages?
One approach is to apply the theory of symmetrical components.

The known line-to-line voltages are transformed to their sequence voltages by

[VLLy12] = [As]™' - [VLL4p] (11)
where
1 1 1
[A] = |1 a¢ as
1 a; a?
a,=1.02120
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Voltages

By definition, the zero sequence line-to-line voltage is always zero. The relationship
between the positive and negative sequence line-to-neutral and line-to-line voltages is

known. These relationships in matrix form are given by

VINgy 1 0 07 [VLL,
VLN1 = |0 t; 0]- VLLl , [VLNIDIZ] — [T] . [VLLUIZ] (13)
VLN, 0 0 ¢ts1 LVLL,
where ;
t= VTE/_30

Since the zero sequence line-to-line voltage is zero, the (1,1) term of the matrix [7]
can be any value. For the purposes here, the (1,1) term 1s chosen to have a value of
1.0. Knowing the sequence line-to-neutral voltages, the equivalent line-to-neutral

voltages can be determined.
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Voltages

VIN,g 1 0 07 [VLL,
VLN, =0 t5 Of-|VLLy|; [VLNy12] = [T]- [VLLo4,] (13)
VLN, 0 0 ¢tgl LVLL,

The equivalent line-to-neutral voltages as a function of the sequence line-to-neutral
voltages are
[VLNagc] = [Ag] - [VLNq,] (14)

Substitute Equation (13) into Equation (14):

[VLNgpc) = [As] - [T] - [VLLo1,] (1)
[VLLo12] = [Ag]™ - [VLL4p] (11)
Substitute Equation (11) into Equation (15):
[VLNspc] = [W] - [VLLagp] (16)
where 1[4 10
(W] =I[4] -[T]-[A]F =5-10 2 1 (17)
1 0 2
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Voltages

[VLNgpc]l = [W] - [VLL4p(] (16)
12 10

[W] = [As] : [T] . [f'qs]_1 = g [U 2 1‘ (17)
1 0 2

[VLLagc] = [AV] - [Vtapc) (10)

Equation (17) provides a method of computing equivalent line-to-neutral voltages from a
knowledge of the line-to-line voltages. This is an important relationship that will be used in a
variety of ways as other three-phase transformer connections are studied.

To continue on, Equation (16) can be substituted into Equation (10):

[VLNagc] = W]« [VLLagc] = [W]- [AV] - [Vtgpel = [ar] - [VEape) (18

where

la,] = [W] - [AV] = 1 0 2

2 1 0

—t,
3 (19)

021]
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Voltages

n, [0 2 1
[ac] = W] -[Av1=3-[1 0 2] (19)
2 1 0

Equation (19) defines the generalized [a,] matrix for the delta—grounded wye step-
down connection.

The 1deal secondary voltages as a function of the secondary line-to-ground voltages
and the secondary line currents are

[Vtabc] = [VLGabc] + [Ztabc] ' [Iabc] (20)

where Zt, 0 0
[Ztabc] =10 th (21)

0 0 Zt,

Note in Equation (21) there is no restriction that the impedances of the three
transformers be equal.
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Voltages
[VLNsgc] = [W] - [VLL] = [W] - [AV] - [Vt = [a:] - [VEgpe] (18)

[Vtabc] = [VLGabc] + [Ztabc] ) [Iaba:] (20)
Substitute Equation (20) into Equation (18):

[VLNagcl = la¢] - (IVLGape] + [Ztapel - Uanc])

[VLNABC] = [at] : [VLGabc] + [bt] : “abc] (22)
where
0 2-7Zt, Zt,
Zt, 0 27t
2-7t, Zty 0

[be] = [ar] - [Ztape] = — -

3 (23)

19
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Voltages

VAH 0 —1 0 Vta
VBC =N - 0 0 -11- th ; [VLLAB(:] = [AV] . [Vtabc] (10)
Ver 1 0 ol lve

The generalized matrices [a,] and [b,] have now been defined. The derivation of the
generalized matrices [4,] and [B,] begins with solving Equation (10) for the ideal
secondary voltages:

[Vtabc] = [AV]_l : [VLLABC] (24)

The line-to-line voltages as a function of the equivalent line-to-neutral voltages are

[VLLagc] = [D] - [VLNgpc] (25)
where
1 -1 0
(D] = ’ 0 1 —1] (26)
-1 0 1
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Voltages

[Vtabc] = [AV]_l ’ [VLLABC] (24)

[VLLpgcl = [D] - [VLNpc] (25)

Substitute Equation (25) into Equation (24):

[Vtapel = [AV]™1 - [D] - [VLNsgc] = [Af] - [VLN 5] (27)
where
1 [1 0 -1
[4,] = [AV]~ - [D] = —- [—1 1 0 ] (28)
o -1 1
[Vtabc] = [VLGabc] + [Ztabc] : [Iabc] (20)
Substitute Equation (20) into Equation (27):
[VLGabc] + [Ztabc] ' [Iabc] = [At] ' [VLNABC] (29)

21
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Voltages

VLGapc] + [Ztanel - Uanel = [Ae]l - [VLNppc] (29)

Rearrange Equation (29)
[VLGapcl = [A¢] - [VLNapc] = [Be] - [anc] (30)

where
Zt, 0 0
[Bt] - [Ztabc] =10 Zty 0 (31)
0 0 Zt,

[VLNgpcl = lae] - [VLGapcl + [be] - [Tapc] (22)

Equation (22) 1s referred to as the “backward sweep voltage equation” and Equations
(30) 1s referred to as the “forward sweep voltage equation.” Equations (22) and (30)
apply only for the step-down delta—grounded wye transformer. Note that these
equations are in exactly the same form as those derived in earlier chapters for line
segments and step-voltage regulators. .
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Current

The thirty degree connection specifies that the positive sequence current entering the
H, terminal will lead the positive sequence current leaving the X, terminal by 30°.
Fig.3 shows the same connection as Fig.2 but with the currents instead of the voltages
displayed.

I Iy
H1, H2p H3¢ cB
& ’ %
| |’ |1
i, )
-l A
Iyce—— Igq—— lep+——
i B AN
t Y Y g Y Y \g, Y Y Y \g
[, «—— I, «—— [, +——
M M In4
f{'
ZL Zt, Zt. ;ﬂ]
Igl Ibl Ilfl Iﬂ
+ Vi, — @+ Vi, Ve
X2, X3, - I
ot Vag ~—
X1 § T

Fig.3 Delta-grounded wye connection with current .
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Current

As with the voltages, the polarity marks on the transformer windings must be
observed for the currents. For example, in Fig.3, the current /, 1s entering the polarity
mark on the low-voltage winding so the current /, flowing out of the polarity mark
on the high-voltage winding will be in phase with /.. This relationship is shown 1n the
phasor diagrams for positive sequence currents in Fig.3.

I Iy
| |’ |1
i, )
-l A
Ipc —— Igq—— lep+——
. B AN
t Y Y g Y Y \g, Y Y Y \g
[, «—— I, «—— [, +——
M M In4
I{'
ZL Zt, Zt. L T
I:r l 'rb ll IL' ll Iﬂ
T vn.‘; - + V.[:.:-
X2, X3, B I,
+ Vag ~—
4 & T

Fig.3 Delta-grounded wye connection with current ”
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Current

The line currents can be determined as a function of the delta currents by applying
Kirchhoff's current law (KCL):

Iy 1 -1 0 lac (32)
Igl=10 1 —1|-|lga
Ic -1 0 1 Icp
In condensed form, Equation (32) is (33)
lLagc]l = [D] - [ID4pc]
where 1 -1 0
[D]=| 0 1 -1
-1 0 1
The matrix equation relating the delta primary currents to the secondary line currents
1s given by Iy, 1 0 01 [l
Icp “lo o 1l LI
1 [T 00
[IDABC] — [AI] ) [Iabc] [Af] = IO 1 0 (35)
"t o 0 1 2
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Current
Uagc] = [D] - [IDgpc]

1 -1 0

[D]=[U 1 —1‘ (33)
-1 0 1
{1 00

[AI]——-[D 1 0] (35)
1o 0 1

Substitute Equation (35) into Equation (33):
[IABC] = [D] ) [AI] ' [Iabc] = [Ct] ' [VLGabc] + [dt] ) ["abc] (36)

where

ld.] =[D] -[AI]=:r-[0 1 —1] (37)

o |

%]

[ 3

 —

I
————

SRS
coco

=g=
e——

(38)
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Current
[IﬂBC] = [D] ) [AI] ' [Iabc] = [Ct] ’ [VLGabc] + [dt] ) [!abc] (36)

Equation (36) (referred to as the “backward sweep current equations”)
provides a direct method of computing the phase line currents at node n
knowing the phase line currents at node m. Again, this equation is in the same
form as that previously derived for three-phase line segments and three-phase
step-voltage regulators.

The equations derived 1n this section are for the step-down connection.

Section 8.4 summarizes the matrices for the delta—grounded wye step-up
connection.
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Example 1

In the example system of Figure 4, an unbalanced constant impedance load is being served at
the end of a 1 mile section of a three-phase line. The 1 mile long line 1s being fed from a
substation transformer rated 5000 kVA, 115 kV delta—12.47 kV grounded wye with a per-unit
impedance of 0.085 £ 85.

3
|
|

. N
r !

Fig.4 Example system

¢
C
Ar

The phase conductors of the line are 336,400 26/7 ACSR with a neutral conductor 4/0 ACSR.
The configuration and computation of the phase impedance matrix are given in Example 4.1
From that example, the phase impedance matrix was computed to be

0.4576 + j1.0780 0.1560 + j0.5017 0.1535 + j0.3849
[Zline,,.] = [0.1560 + j0.5017 0.4666 + j1.0482 0.1580 + j0.4236| Q/mile
0.1535+0.3849 0.1580 + j0.4236 0.4615 + j1.0651 N
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Example 1

The general matrices for the line are

1 0 0 1 0 0
[Aiine] =10 1 0 [Bline] = [ZIineabc] [d] =0 1 O
0 0 1 0 0 1

The transformer impedance needs to be converted to per unit referenced to the low-
voltage side of the transformer. The base impedance 1s

12.472 - 1000
Zvase = —gggg = 3110

The transformer impedance referenced to the low-voltage side is

Z; = (0.085485) -31.1 =0.2304+j2.6335

The transformer phase impedance matrix is

0.2304 + j2.6335 0 0
(Ztgpe] = 0 0.2304 + j2.6335 0 Q
0 0 0.2304 + j2.6335

29
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Example 1

The unbalanced constant impedance load is connected in grounded wye. The load
impedance matrix 1s specified to be

12 +j6 0 0
[Zload ] = 0 13 + j4 0 9)
E— 0 0 14475

The unbalanced line-to-line voltages at node 1 serving the substation transformer are

given as 115,00020
[VLL,pc] = |116,5002 — 115.5
123,5382121.7

V

A. Determine the generalized matrices for the transformer. The “transformer turn's”
ratio 1s
_ KVLLpgn 115

= = = 15.9732
KVLNIGW 12.47/ﬁ

ng
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Example 1

From Equation (19)
_n, [0 21
la,] = [W] '[AV]=T' 1 0 2 (19)
2 1 0
[0 21 0 —10.6488 —5.3244
[at]=Tt- 1 0 2|=|-53244 0 —10.6488
2 10 —10.6488 —5.3244 0

From Equation (23)

—n 0 2-Zt, Zt,
1be] = lae] - [Ztgpe] = Tt | Ztg 0 2+ Zt, (23)
2.7t, Zt, 0

0 —2.4535 — j28.0432 —1.2267 — j14.0216
[b,] = |-1.2267 — j14.0216 0 —2.4535 — j28.0432
—2.4535 — j28.0432 —1.2267 — j14.0216 0

31
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Example 1

From Equation (37)
L [1 -1 0
[d¢] = [D] -[AI]=n—- 0 1 -1 (37)
t1l-1 0 1
0.0626 —0.0626 0
[dJ] =] o 0.0626 —0.0626
—0.0626 0 0.0626
From Equation (28
q (28) 110 -1
[A.] = [AV]1-[D] = n_ -1 1 0 (28)
J 0 -1 1
0.0626 0 —0.0626
[A;] = |—0.0626 0.0626 0
0 —0.0626  0.0626

32
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Example 1

From Equation (31)
Zt, 0 0
[Br] = [Ztabc] =10 Zta 0 (31)
0 0 Zt,
0.2304 + j2.6335 0 0
[B;] = 0 0.2304 + j2.6335 0
0 0 0.2304 + j2.6335

33
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Example 1

B. Given the line-to-line voltages at node 1, determine the “ideal” transformer
voltages. From Equation (27),

0O -1 0 0 —15.9732 0
[AV]=nt-[0 0 —1‘=[ 0 0 —15.9732‘
-1 0 0 —15.9732 0 0
7734.12 — 58.3
Vtapel = [AV]'l-[D]-[VLNABc]=’ 7199.62180 |V
7293.5,64.5

34
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Example 1

C. Determine the load currents.
Since the load is modeled as constant impedances, the system is linear and the

analysis can combine all of the impedances ari%f w ne and~load) to an
equivalent impedance matrix. KVL gives 3 2 (et )

"5

[Vt_gb},] = ([Ztapcl + [Zlinegp ] + [Zload g ]) - [Imbf:] = [ZEQQI}C] *[apel

t

13.0971 4 j10.6751  0.2955 + j0.9502  0.2907 + j0.7290
[Zequp.] =| 0.2955+j0.9502  14.1141+ j8.6187 0.2992 + j0.8023 |
0.2907 +j0.7290  0.2992 + j0.8023  15.1045 + j9.6507

The line current can now be computed:

471.7¢4£ — 95.1
[Iabc] = [ZEQabc]_l ) [Vtabc] = ’456-7/—149-9
427.3233.5

A
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Example 1

D. Determine the line-to-ground voltages at the load in volts and on a 120 V base:

[Vioad,pc] = [Zload ] - [Iape] = | 6212.2£167.0 | V

[6328.14 — 68.6
6352.6453.1

The load voltages on a 120 V base are

105.5
[Vlﬂadlz[}] =1103.5
105.9

The line-to-ground voltage at node 2 are

6965.42 — 66.0
[VLGapel = aiine] - [Vioadpe| + [b{ine] lapc]l = | 6580.6£171.4 | V
6691.4456.7

36
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Example 1

E. Using the backward sweep voltage equation, determine the equivalent line-to-
neutral voltages and the line-to-line voltages at node 1:

65,2632 — 147.5
70,2722494.0

69,4434 — 30.3
[VLNABC] = [at] ' [VLGabc] + [bt] ' [Iabr:] = [ ] V

115,00040
[VLLAB(:-] = [D] . [VLNAgc] = Ill6,500£ — 115.5
123,5384121.7

v

It 1s always comforting to be able to work back and compute what was initially
given. In this case, the line-to-line voltages at node 1 have been computed and the
same values result that were given at the start of the problem.

37
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Example 1

F. Use the forward sweep voltage equation to verify that the line-to-ground voltages
at node 2 can be computed knowing the equivalent line-to-neutral voltages at node 1

and the currents leaving node 2:
6965.42 — 66.0‘
V

[VLGapcl = [Ae] - [VLNapc] = [Bel - [apcl = [ 6580.6£171.4
6691.4£56.7

These are the same values of the line-to-ground voltages at node 2 that were
determined working from the load toward the source.

Example 8.1 has demonstrated the application of the forward and backward sweep
equations. The example also provides verification that the same voltages and
currents result working from the load toward the source or from the source toward
the load.

In Example 8.2, the system of Example 8.1 1s used only this time the source
voltages at node 1 are specified and the three-phase load is specified as constant PQ.
Because this makes the system nonlinear, the ladder iterative technique must be
used to solve for the system voltages and currents.
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Example 2

Use the system of Example 8.1. The source voltages at node 1 are

115,00040

115,0002120
The wye-connected loads are n |, ;\,(Au (_A C?»Héuﬁ (b-we,, /\;.0\6} _
1700 0.90
[kVA] = 1200] |PF| = [0.85]
1500 0.95

The complex powers of the loads are computed to be

1530 4 j741.0
1020.+ j632.1
1425+ j468.4

SL; = kVA, - eJ-acos(PF) — kW + jkvar
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Example 2
P CManc

The ladder iterative tech 5ue mus
|

e used to analyze the svstem. A simnle Mathcad® program
is shown in Fig.5.

K= |labe < Start — ‘950!
@\ \/z L /Vﬁ(,t lload,,. < Start h it

== b”

Vg « Start g 4 b

A ELN « W-ELL

\ l ABC ABC .
forngl .. 200

Aione Yt
A'L f ):' (;\A,, e VLN Ayl P — Byge lload,p 1‘4"&(‘7‘%

_ forj €1..3
115000 ) o (ViLpe) 0 ‘Lt‘»’M-?l?Q.Sfi?? = y
| VLLagc; | =| 115000 —_— - | -120 ue (| Doadss, Fm . T ‘4/\4
deg T (N .

115000 120 =

forkel.3 g

0 ) | VN~ Vg

kVLL,,.- 1000 B e
Start:= | 0 Tol: = .000001 VM = ——
ﬁ Error,,,, + max{Error)

0

break if Error,,, < Tol

\f’md i \'FSLNahc

. o al
- "l ’
L r Out, « V3LN, o ( ’
v { Outy ¢ V2LN,;, ’

O'L'I.t:j €« Iub‘_.

Fig.5 Mathcad® program Outy - Lanc

Out; + n
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Example 2

Note in this program that in the forward sweep the secondary transformer voltages are
first computed and then those are used to compute the voltages at the loads. At the end
of the routine, the newly calculated line currents are taken back to the top of the
routine and used to compute the new voltages. This continues until the error in the
difference between the two most recently calculated load voltages are less than the
tolerance. As a last step, after conversion, the primary currents of the transformer are
computed.

After nine iterations, the load voltages and currents are

6490.12 — 66.7 261.92 —92.5
[VLNyyaql = | 6772.42176.2 el =1 117.22144.4
6699.4253.9 223.9235.7
The primary currents are
24.32 —70.0
[Ligc] = [20.52 — 175.2
27.4,63.8
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Example 2

The magnitude of the load voltages on a 120 V base are

108.2]

[Vload,,] = !112.9
111.7

Needless to say, these voltages are not acceptable. In order to correct this problem,
three step-voltage regulators can be installed at the secondary terminals of the

substation transformer as shown in Fig.6.
2 g

O —

——

Fig.6 Voltage regulators installed

Using the method as outlined in Chapter 7, the final steps for the three regulators are
14
[Tap] = [ 9
10 2
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Example 2

The regulator turns ratios are

0.9125
aR; = 1—0.00625-Tap; = [[}.9438
0.9375
The regulator matrices are . _
— 0
aR,
1 1.0959 0 0
[Areg] = ldregl =) 0 —= 0 = 0 1059 0
2 1 0 0 1.0667
0 0 ak,
0 0 0
[B?"eg] =[(0 0 0
0 0 0
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Example 2
At the start of the Mathcad routine, the following equation 1s added:

I ey <—Sat
In the Mathcad routine, the first three equations inside the # loop are

Iy —A- BN g — By Iy

VZLNf.IbC — Areg ' VRegabc - Breg ) Iﬂ.bC

V3LNgpc <= Ajine * VZLNgpc — Biine * labc

At the end of the loop, the following equations are added:

With the three regulators 1nstalled, the load voltages on a 120 V base are

119.8
[Vload .| = lll?.?‘

119.7
As can been seen from this example, as more elements of a system are added, there will be
one equation for each of the system elements for the forward sweep and backward sweeps.
This concept will be further developed in later chapters.
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Delta-Grounded Wye Step-Up Connection

Fig.7 shows the connection diagram for the delta—grounded wye step-up connection.

Phasor diagrams for the voltages and currents are also shown in Fig.6. Note that the high-side
line-to-line voltage leads the low-side line-to-line voltage and the same can be said for the high-
and low-side line currents.

The development of the generalized matrices follows the same procedure as was used for the
step-down connection. Only two matrices differ between the two connections.

H1, Hlg H3,
L

L ]
+ Vv |71+ v, -
fﬂl an fﬂl ac Ufc
o

o
— g — & 8C
Hy W AAN_S—
WYY Y e 'a's's W
+ Vt, - + Vi - -
T 7T
Zt Zty, Zt
I l 'rb l Iu i
+ Vab - e Ve - ()
X2 X3.
Vrrg ii] e

Fig.7 Delta-grounded wye step-up connection
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Delta-Grounded Wye Step-Up VS Step-Down
Connections

Hl1, H2g H3.-
Hl, H2p H3 ® ® ®
® P
oll* Yas ZI[TY ¥ee T
A !B IC Y "y
A -
:} + Vl:.d — +* Fﬂ.ﬂ — - Fﬂc =
—las — e — lea Hy WRAANS— R AANS— AN
. LW A AA_— L A AA— Y Y g Y Y Y O\ L e a a™
b YN . e + W - + Vi - + v, -
+ Vi, = + Vi, - - VL. - Pt Pt
T T
Zt 2t 2t
Zt, Zt, Zt, § T @ B : "nT
n
I b In: 1
I 'lrh Il.- a + F =. o+ lIl"llb._. -
o lﬂ&
+ Vab - ot Vie - - X2, o
+
V ﬂ-ﬁ' XSL ,._ Vﬂg = = -_
o+ “ - 2 g
-+ X1
X, £ a

Delta-grounded wye step-up connection Delta-grounded wye step-down connection
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Delta-Grounded Wye Step-Up Connection

The primary (low side) line-to-line voltages are given by

Vagp 1 0 0] [Vt
VBC = Ng¢ - 0 1 0}- th [VLLAgcl S [AV] . [Vtabf:] (39)
Vea 0 0 11 LVt
where
1 0 0
[AV] = Ng - 0O 1 0 n, = KVLLyated Primary
0 0 1 L KVLNrqtea Secondary
The primary delta currents are given by
IAE 1 1 0 O fa
Ipc[=—-10 1 0|-|lp| [IDagcl=I[AIl"[Iap] (40)
Ica “1lo o 1l L

where

{1 00
[AI]=—-[0 1 0‘

"t o o 1
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Delta-Grounded Wye Step-Up Connection

The primary line currents are given by

IA 1 0 -1 IAB
["B‘ = [—1 1 0 ] ' ’IBC] llagc] = [DI] - [ID4pc] (41)
I¢ 0 -1 1 Ica
where
1 0 -1
IDI|=]|-1 1 0 ‘
0 -1 1
The forward sweep matrices are
Applying Equation (28),
{1 [1 0 -1
[A] = [4aV]~t-[D] = —- [ 0 1 —1] (42)
olo1 0 1
Applying Equation (31),
Zt, 0 0
[Bt] - [Ztabc] =10 Zty, 0 (43)
0 0 Zt,
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Delta-Grounded Wye Step-Up Connection

The backward sweep matrices are

Applying Equation (19),
n, [2 10
la) = W] -[aVI=Z-o 2 1 (44)
1 0 2
Applying Equation (23),
L [2ezte ze, 0
[b] = [a,] -[Ztabc]=?t- 0  2-7Zt, Zt, (45)
Zt, 0 2-Zt,
Applying Equation (37),
{ [1 0 -1
lde] =[D] -[AlIl=—-10 1 -1 (46)
Mol-1 0 1
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Undergrounded Wye-Delta Step-Down Connection

Three single-phase transformers can be connected in a wye—delta connection. The
neutral of the wye can be grounded or ungrounded. The grounded wye connection is
characterized by

* The grounded wye provides a path for zero sequence currents for line-to-ground
faults upstream from the transformer bank. This causes the transformers to be
susceptible to burnouts on the upstream faults.

* If one phase of the primary circuit is opened, the transformer bank will continue to
provide three-phase service by operating as an open wye—open delta bank.
However, the two remaining transformers may be subjected to an overload
condition leading to burnout.

The most common connection 1s the ungrounded wye—delta. This connection is
typically used to provide service to a combination of single-phase “lighting” load and
a three-phase “power” load such as an induction motor. The generalized constants for
the ungrounded wye—delta transformer connection will be developed following the
same procedure as was used for the delta—grounded wye.
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Undergrounded Wye-Delta Step-Down Connection

Three single-phase transformers can be connected in an ungrounded-wye “standard 30
degree connection” as shown 1n Fig.8.

The voltage phasor diagrams in Fig.8 illustrate that the high-side positive sequence
line-to-line voltage leads the low-side positive sequence line-to-line voltage by 30°.
Also, the same phase shift occurs between the high-side line-to-neutral voltage and the
low-side “equivalent” line-to-neutral voltage. The negative sequence phase shift 1s
such that the high-side negative sequence voltage will lag the low-side negative
sequence voltage by 30°.

H3-C

Fig.8 Standard ungrounded wye-delta connection step-down .
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Undergrounded Wye-Delta Step-Down Connection

The positive sequence current phasor diagrams for the connection in Fig.8 are shown

in Fig.9.
Fig.9 illustrates that the positive sequence line current on the high side of the
transformer (node n) leads the low-side line current (node m) by 30°. It can also be

shown that the negative sequence high-side line current will lag the negative sequence
low-side line current by 30°.

Fig.9 Positive sequence current phasors
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Undergrounded Wye-Delta Step-Down Connection

The positive sequence current phasor diagrams for the connection in Fig.8 are shown
in Fig.9.

Fig.9 illustrates that the positive sequence line current on the high side of the
transformer (node n) leads the low-side line current (node m) by 30°. It can also be
shown that the negative sequence high-side line current will lag the negative sequence
low-side line current by 30°.

The definition for the “turns ratio n,” will be the same as Equation (9) with the
exception that the numerator will be the line-to-neutral voltage and the denominator
will be the line-to-line voltage. It should be noted in Fig.8 that the “ideal” low-side
transformer voltages for this connection will be line-to-line voltages. Also, the “ideal”
low-side currents are the currents flowing inside the delta.

Fig.9 Positive sequence current phasors -
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