
ECE 5984: Power Distribution System Analysis

Lecture 9: Three-Phase Transformer Models
Reference: Textbook, Chapter 8

Instructor: V. Kekatos
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Distribution system transformers
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• Found at the substation and in-line

substation transformer pole-mounted transformer pad-mounted single-phase 
transformer



Generalized matrices
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• Forward (EF) model

• ABCD model
(backward update)

(forward update)

<latexit sha1_base64="U57gBYirfu2rlGXsdLa9QegeFeo="></latexit>

vn = Avm +Bim

in = Cvm +Dim

Book’s notation

<latexit sha1_base64="+s9Pvzqk0/oAzHk3jCTANmAELZ8="></latexit>

vm = Evn � Fim

<latexit sha1_base64="THY6iQ0EebzQBfuyLxx0O4hgKBA="></latexit>

vn = [at]vm + [bt]im

in = [ct]vm + [dt]im

<latexit sha1_base64="jp0zNzf3rQ6tRUdbExYyRTjKZy0="></latexit>

vm = [At]vn � [Bt]im



Conventions
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• ANSI/IEEE Std. C57.12.00 for Delta-Wye transformer connections 

Voltages and currents on the high-voltage side lead by 30 degrees

• Distribution transformers of <200 kVA and HV<8.66 kV have additive polarity

additivesubtractive

[source: electrical-engineering-portal.com]



Three-phase connections
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1) Grounded Wye – grounded Wye

2) Delta – grounded Wye (step-up)

3) Delta – grounded Wye (step-down)

4) Ungrounded Wye – Delta (step-down)

5) Ungrounded Wye – Delta (step-up)

6) Grounded Wye – Delta (step-down)

7) Delta-Delta

8) Open Wye – open Delta

9) Open Delta – open Delta

• Transformer connections

• Multi-phase transformers usually implemented by connecting 1ϕ transformers



Voltage conversions (review)
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• LN-to-LL conversion

• LN voltages v :=

2

4
Va

Vb

Vc

3

5 ṽ :=

2

4
Vab

Vbc

Vca

3

5LL voltages

• LL voltages are zero-sum:

singular 
matrix!

1>ṽ = Vab + Vbc + Vca = 0

• Given LL voltages, recover equivalent LN voltages v = Wṽ, W :=
1

3

2

4
2 1 0
0 2 1
1 0 2

3

5

even for unbalanced 
conditions

ṽ = Dfv, Df :=

2

4
1 �1 0
0 1 �1
�1 0 1

3

5

• Vector of LN voltages represents

– line-to-ground for grounded Wye
– line-to-neutral for ungrounded Wye

– ‘equivalent’ line-to-neutral for Delta connections



Current conversions (review)
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• Phase to line conversion

• Line currents phase currents

• If line currents exit triangle (delta source), vector i gets negative sign or

• Given line currents, recover equivalent delta currents

IA

IC

IB

i :=

2

4
Ia
Ib
Ic

3

5 ĩ :=

2

4
Iab
Ibc
Ica

3

5

• Singularity (shift-invariance) can be waived by fixing the sum of delta currents

ĩ = W>i

• Textbook follows a different derivation and finds matrix Lwith a zero column

i =

2

4
Iab � Ica
Ibc � Iab
Ica � Ibc

3

5 =

2

4
1 0 �1
�1 1 0
0 �1 1

3

5 ĩ = D>
f ĩ

<latexit sha1_base64="1V4LjUNEWi+iedUAKnu14X47mxE="></latexit><latexit sha1_base64="1V4LjUNEWi+iedUAKnu14X47mxE="></latexit><latexit sha1_base64="1V4LjUNEWi+iedUAKnu14X47mxE="></latexit><latexit sha1_base64="1V4LjUNEWi+iedUAKnu14X47mxE="></latexit>

<latexit sha1_base64="HGMBGWaCbKRUS5lLHR34VaYkf4Y="></latexit>

ĩ :=

2

4
Iba
Icb
Iac

3

5
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• Backward model

• Forward model

diagonal matrix with vector 
z on its main diagonal

• Turns ratios are typically identical across all phases

• Impedances may not be equal; transformers of different power ratings

<latexit sha1_base64="E4qBTWKqlirHW4A2C9zZnmvDpwY="></latexit>

VAG

Vta
= nt and

IA
Ia

=
1

nt

<latexit sha1_base64="9Hg+e2hMZZYXl8J9KGF8nm3TqZ4=">AAACGHicbZBNS8NAEIY39avWr6pHL8EieKqJKHoRCl48SQX7AW0Jm+2kXbrZhN2JWEJ/hhf/ihcPinjtzX/jNi2irS8svDwzw+y8fiy4Rsf5snJLyyura/n1wsbm1vZOcXevrqNEMaixSESq6VMNgkuoIUcBzVgBDX0BDX9wPak3HkBpHsl7HMbQCWlP8oAzigZ5xRPp4VU7UJSlt14b4RHTWPGQquFo9EM0sEh2M+YVS07ZyWQvGndmSmSmqlcct7sRS0KQyATVuuU6MXZSqpAzAaNCO9EQUzagPWgZK2kIupNmh43sI0O6dhAp8yTaGf09kdJQ62Hom86QYl/P1ybwv1orweCyk3IZJwiSTRcFibAxsicp2V2ugKEYGkOZ4uavNutTkxKaLAsmBHf+5EVTPy2752Xn7qxUcWZx5MkBOSTHxCUXpEJuSJXUCCNP5IW8kXfr2Xq1PqzPaWvOms3skz+yxt/6LKIx</latexit>

nt =
Nprimary

Nsecondary

• Transformations

<latexit sha1_base64="pkODB68BhrGc7Ac0PFvzV2/4+2Y="></latexit>

vm = vt � dg(z)im

=
1

nt
vn � dg(z)im

<latexit sha1_base64="eMqx1giUdCEWTl0bdKv258nUJv8="></latexit>

in =
1

nt
im

<latexit sha1_base64="LKdOVMaUh9txiHw7RwmutwyUmas="></latexit>

1) YG � YG connection
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• Very common in three-phase four-wire systems

• Useful in voltage upgrades: a 2.4kV delta feeder can be converted to 4W-Y (4.16kV) by 
reconnecting the same transformers from Delta-Delta to Wye-Wye!

• Issues with third harmonics unless solidly grounded (no grounding impedance)

[Gonen]

Discussion on YG � YG connection
<latexit sha1_base64="VErezQw6WSgTBfzjSJo4ihTOqXc="></latexit><latexit sha1_base64="VErezQw6WSgTBfzjSJo4ihTOqXc="></latexit><latexit sha1_base64="VErezQw6WSgTBfzjSJo4ihTOqXc="></latexit><latexit sha1_base64="VErezQw6WSgTBfzjSJo4ihTOqXc="></latexit>
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+ –

–

Vab Vbc

+

+

Vag

IcIbIa

ICIBIA

In

X1a

nt

X2b X3c

H1A H2B H3C

g

Zta Ztb Ztc

VCA

IAB

– –+ +

VBC

IAB

IBC

Ic

IaIb

ICA
ICA

Vtb

Vtc

Vta

Vab

IA

VABIBC

VAB VBC

Vta – – –+ + + VtcVtb

–

• Backward model

• Forward model

• Sanity check (for ideal transformer)

• Voltage and current transformations

phasor diagrams 
assume balanced 

conditions

<latexit sha1_base64="fN/Uprx+oTjLP1NgxacuXRmaOlQ=">AAACiHicbZHNatwwEMe1Tj/S7dcmPfZiuhR6MEbebLPJoRDaSw+hpNDdBNaukeWxIyLLRhovWYzfLi/RV+i1fYDK64W2SQaEfvw1M9L8lVRSGKT0x8DZefDw0ePdJ8Onz56/eDna21+YstYc5ryUpb5ImAEpFMxRoISLSgMrEgnnydWn7vx8BdqIUn3DdQVRwXIlMsEZWikefW/CTZOlzpOoof7x0eFkeuhRn9JZMAk6mMymB9 NWxfghzDTjzSIOEa6xOT31Ki0Kptdt+1f84hngpUo3chuPxl2rLty7EGxhTLZxFu8N9sO05HUBCrlkxiwDWmHUMI2CS2iHYW2gYvyK5bC0qFgBJmo2M7TuW6ukblZquxS6G/XeCi9dicr0aFZ5D8isa1Fz3Tf7t65hhTHrIvFyUN1ubyoYXprbOZ1439myxuwoaoSqagTF+4dmtXSxdLtfcVOhgaNcW2BcCzuryy+ZdRvt3w2ti8Ftz+7CYuIH7336dTo+8bd+7pLX5A15RwIyIyfkMzkjc8LJDflJfpHfztChzsw57lOdwbbmFfkvnI9/AJCDxg8=</latexit>

nt =
VLL,primary

VLN,secondary

<latexit sha1_base64="c1c6qwr8XykZ9TyhxO2v4QHB6+c="></latexit>

in = D>
f ĩn =

1

nt
D>

f im

<latexit sha1_base64="4Q08WpyQvwDCY4EqxSC4wFScnSI="></latexit>

vm = vt � dg(z)im =
1

nt
Dfvn � dg(z)im

• How can we determine it is a step-up without knowing the turns ratio?

<latexit sha1_base64="Vxdw6Wk2nRSL5oU+G9JehbiQWLg="></latexit>

ĩH
n
ṽn =

✓
1

nt

iH
m

◆
(ntvt) = iH

m
vm

<latexit sha1_base64="I+NGHpkqETLOtgAwnma4fo2wtKk="></latexit>

2) Step-up �� YG connection

<latexit sha1_base64="GL7GOtSXv755MZkyEFrQMiZDyhE="></latexit>

ṽn = ntvt and ĩn =

2

4
IAB

IBC

ICA

3

5 =
1

nt
im
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+ –

–

Vab
Vbc

+

+

Vag

IcIbIa

In

X1a

nt

X2b X3c

H1A H2B H3C

g

Zta Ztb Ztc

VCA

VCA – – –+ + +

VBC

VBC

Vtb

Vtc

Vta
Vab

VAN

VABVAB

Vta – – –+ + + VtcVtb

–

• Voltage transform where
permutation 

matrix

• Key properties

<latexit sha1_base64="nZueLlnGjMX/5zOouI1xFpX4wUA="></latexit>

Av :=

2

4
0 1 0
0 0 1
1 0 0

3

5

<latexit sha1_base64="HYC/ML3pDJiazu7pq6T4zvOGRfc="></latexit>

p1) A�1
v = A>

v

p2) �A>
v Df = D>

f

why step-down?

• Forward model
<latexit sha1_base64="b3ece7MteyzGPMQdqp/ULLFoJ7w="></latexit>

vm = vt � dg(z)im

= � 1

nt
A>

v ṽn � dg(z)im

= � 1

nt
A>

v Dfvn � dg(z)im =
1

nt
D>

f vn � dg(z)im

<latexit sha1_base64="xkhqB19O4XNiNbGvn2KHTt9cg94="></latexit>

3) Step-down �� YG connection

<latexit sha1_base64="eHiB/DMXoNMJ5pN65rKsY7QRfs0="></latexit>

ṽn =

2

4
VAB

VBC

VCA

3

5 = �ntAvvt
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+ + –

–

Vab Vbc

+ Vag

IcIbIa

In

nt

X1a

X2b X3c

H1A H2B H3C

g

Zta Ztb Ztc

IAC IBA ICB

Ia Ib Ic
IBA

ICB

Ia

Ic

Ib

IAC

IA

IBIA IC

–

• Backward model

• Current transformation

Step-down �� YG connection
<latexit sha1_base64="/oONkvrRTZU9LfRyyemrj868kHY="></latexit><latexit sha1_base64="/oONkvrRTZU9LfRyyemrj868kHY="></latexit><latexit sha1_base64="/oONkvrRTZU9LfRyyemrj868kHY="></latexit><latexit sha1_base64="/oONkvrRTZU9LfRyyemrj868kHY="></latexit>

<latexit sha1_base64="fMolKIKe6kZZqzj7PhECagbf4uU="></latexit>

ĩn =

2

4
IBA

ICB

IAC

3

5 =
1

nt
Avim

<latexit sha1_base64="ocv2IlP0Y4UyuMEF4aY0ex2fg4Q="></latexit>

in = �D>
f ĩn

= � 1

nt
D>

f Avim

=
�
�A>

v Df

�>
im =

1

nt
Df im



[Gonen]
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• Typical distribution substation connection

• Easier balancing of (large) 1ϕ loads across all three transformers

• Cannot operate with two transformers (no open delta – open Y)

Discussion on �� Y connection
<latexit sha1_base64="qPCwK0sSoV1X6+ViuzS7UMHWqV8="></latexit><latexit sha1_base64="qPCwK0sSoV1X6+ViuzS7UMHWqV8="></latexit><latexit sha1_base64="qPCwK0sSoV1X6+ViuzS7UMHWqV8="></latexit><latexit sha1_base64="qPCwK0sSoV1X6+ViuzS7UMHWqV8="></latexit>
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• Voltage and current transformations

Vab Vbc

Vca
+–

–
–+

+

Ib IcIa

IB ICIA

X1-a X2-b X3-c

nt

H1-A H2-B H3-C

Ztab Ztbc Ztca

VCN1

VAN

VAB VBC

+ +

–

+– –

+– +–

–

VBN1

VCN

Vca1

Vab1

Van1
Vbc1

VAN1

VAB1

VBN

Vtab

Iba Icb Iac

– –+ + + VtcaVtbc

ungrounded Y

• Key point: phase currents in delta are zero-sum

• Backward model

• Forward model

<latexit sha1_base64="W7cEaUwwDDGOMkNwD9gB0mw7Md4="></latexit>

4) Step-down Y �� connection

<latexit sha1_base64="Xpx8/MuiRjV4NqGjndev8rlws3A="></latexit>

in =
1

nt
Lim matrix L can be either WT or 

the matrix in (8.63) of book

<latexit sha1_base64="ODNbR51aIYm7PUdDHfLERLqutXA="></latexit>

im = D>
f ĩm ) ĩm = W>im

<latexit sha1_base64="PbUxFqm+RHqEGFsZmb6lnZu2oGg="></latexit>

vm = W
⇣
ṽt � dg(z)̃im

⌘

=
1

nt
Wvn �Wdg(z)Lim

<latexit sha1_base64="k8gpWbHxA6TZYWf6N+I7ilKaLxY="></latexit>

vn = ntṽt and in =
1

nt
ĩm =

1

nt

2

4
Iba
Icb
Iac

3

5
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• Similar analysis observing

• Backward model

• Forward model

ungrounded Y

<latexit sha1_base64="o/Vh+qFkuSB7Phdawq3PWmv6pNY="></latexit>

5) Step-up Y �� connection

<latexit sha1_base64="0ititJc8jhLH8qjIuCH8H1ilZx4="></latexit>

vm = � 1

nt
WAvvn �Wdg(z)Lim

key connection difference 
with step-down?

<latexit sha1_base64="5lj9xX04BrlOL36YJ19STF49PPc="></latexit>

vn = �ntA
>
v ṽt and in = � 1

nt
A>

v ĩm where ĩm =

2

4
Iba
Icb
Iac

3

5

<latexit sha1_base64="NAI0qmUfF0abtCBeKDSYFErhSf4="></latexit>

in = � 1

nt
A>

v Lim
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[Gonen]

Discussion on Y �� connection
<latexit sha1_base64="HfwPeldm30D139DwOdfaiyyElDk="></latexit><latexit sha1_base64="HfwPeldm30D139DwOdfaiyyElDk="></latexit><latexit sha1_base64="HfwPeldm30D139DwOdfaiyyElDk="></latexit><latexit sha1_base64="HfwPeldm30D139DwOdfaiyyElDk="></latexit>

mid-tap of one secondary is 
grounded and connected to 

secondary neutral conductor
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–

–

+

+
–

+

+

–
+

– +

–
+

–

+

–

+
–

+

–

+

––

+

VAG

VBG
VCG

IB

IC

IA

VAN

VCN

VBN

IA+ IB+ ICIN

Ztab

Iba

Iac

Icb

Vtab
Vtbc

Vtca

Ztca

Ztbc

Ia

Ic

Ib

Vca

Vab

Vbc

Zg

• Challenging part is to relate delta currents to secondary line currents

• Exploit the fact that LL voltages across the delta loop are zero-sum

<latexit sha1_base64="wQjuBOaprnBD+3PDbor6x32W2dY="></latexit>

6) Step-down YG �� connection
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• Voltage transformation

Step-down YG �� connection
<latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit>

• Non-ideal secondary

• LG voltages

• Current transformation

• Solve for secondary LL voltages

• Solve for secondary equivalent LN voltages

<latexit sha1_base64="CJq1AHoq2Cz+6EtL3E1rMdwQHMs="></latexit>

in =
1

nt
ĩm (1)

<latexit sha1_base64="/Q1rzSJTryd99PfjDm2sK+ZD0Fk="></latexit>

vn = ntṽt (2)

<latexit sha1_base64="m/rUtruL7ex8/PvcQ8IETwk/piM="></latexit>

ṽm = ṽt � dg(z)̃im (3)

<latexit sha1_base64="Be2/EQBcreN5RKuV0G9b//hAw7I="></latexit>

v̄n = vn + zg11
>in

(1),(2)
=)

= ntṽt +
zg
nt

11> ĩm
(3)
=)

= ntṽm +

✓
ntdg(z) +

zg
nt

11>
◆
ĩm (4)

<latexit sha1_base64="j1+NtclMIaxPO56G8Vn44bjViuo="></latexit>

ṽm =
1

nt
v̄n �

✓
dg(z) +

zg
n2
t

11>
◆
ĩm (5)

<latexit sha1_base64="j1CW3HrG9xOHGWEPwiIRh6SUYhE="></latexit>

vm = Wṽm =
1

nt
Wv̄n �W

✓
dg(z) +

zg
n2
t

11>
◆
ĩm (6)

–

–

+

+
–

+

+

–
+

– +

–
+

–

+

–

+
–

+

–

+

––

+

VAG

VBG
VCG

IB

IC

IA

VAN

VCN

VBN

IA+ IB+ ICIN

Ztab

Iba

Iac

Icb

Vtab
Vtbc

Vtca

Ztca

Ztbc

Ia

Ic

Ib

Vca

Vab

Vbc

Zg
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Step-down YG �� connection
<latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit>

• Get one more equation from zero-sum LL voltages across delta

• Goal: express delta currents in terms of line currents

• Solve for delta currents if

• Put the three equations together

delta currents depend on line currents and primary voltages!

<latexit sha1_base64="ZMg3xWdH9rbEnadUBZsW4NlGQj8="></latexit>

im = D>
f ĩm• There are two independent linear equations from

<latexit sha1_base64="sqlwBkD7uYX+eLroo+E9jmLiIZI="></latexit>

1>ṽm = 0
(5)
=) 1>v̄n =

✓
ntz+

3zg
nt

1

◆>
ĩm

<latexit sha1_base64="wAWmYOZeEqgPDALFvp4ZSBKkDsc="></latexit>2

4
Ia
Ib

1>v̄n

3

5 = K�1 ĩm where K�1 =

2

4
1 0 �1
�1 1 0

ntzab +
3zg
nt

ntzbc +
3zg
nt

ntzca +
3zg
nt

3

5

<latexit sha1_base64="tLiWen0OtpqWVW65zcXyBIj9o40="></latexit>

K = [k1 k2 k3]

<latexit sha1_base64="oUL5XjyduVShdTz4+d+6+GUAO+g="></latexit>

ĩm = [k1 k2 0] im + k31
>v̄n (7)
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Step-down YG �� connection
<latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit><latexit sha1_base64="SYTvEYXZp/Xgqmx+1gVhjMyRqJY="></latexit>

• Substitute (7) into (1) to get the backward update with

• Substitute (7) into (6) to get the forward update with

• This is the only connection with a Cmatrix!

<latexit sha1_base64="l+koI7UCX9L7LqQts/Zcd47CV+8="></latexit>

E = W

✓
1

nt
I�

✓
dg(z) +

zg
nt

11>
◆
k31

>
◆

F = �W

✓
dg(z) +

zg
nt

11>
◆
[k1 k2 0]

• Matrix C usually multiplies secondary voltages vm. However, this equation can still be 
used during backward sweep as primary voltages are known and fixed during this update.

<latexit sha1_base64="7IhQtZaDY0BljevjsxHUu+4Xt5g="></latexit>

in = C0v̄n + Fim where C0 =
1

nt
k31

> and D =
1

nt
[k1 k2 0]
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[Gonen]

<latexit sha1_base64="/A0cHMxfIumtlz/i1ukeK3DBH4Q="></latexit>

Discussion on YG �� connection
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• Voltage transformations

• Backward model

• Use zero-sum voltage drop across delta to 
relate phase to line currents

<latexit sha1_base64="z4/O4GB+V2o/0O/5rhgdr3crOOA="></latexit>

7) ��� connection

<latexit sha1_base64="udUvoTBLFuDtH4id3hcDbTvRgOI="></latexit>

ĩn =
1

nt
ĩm ) D>

f ĩn =
1

nt
D>

f ĩ ) in =
1

nt
im

• Stack previous equation with two from  
<latexit sha1_base64="khgVUlOIYZB+UzoVaRm/axVtZis="></latexit>

im = D>
f ĩm = 0

<latexit sha1_base64="FmJENwNrhc3cv8drHgr41MHQM1w="></latexit>

ṽm = ṽt � dg(z)̃im =
1

nt
ṽn � dg(z)̃im )

1>ṽm = 1>ṽt � 1>dg(z)̃im ) z> ĩm = 0

• Forward model
<latexit sha1_base64="8By7Q4OU67eW3pgt2iV3hOzFzW8="></latexit>

vm = Wṽm = Evn � Fim where E =
1

nt
WDf and F = Wdg(z)[k1 k2 0]

<latexit sha1_base64="q1g32qZOy6cz7sFwhsVLvZvF7Jc="></latexit>2

4
Ia
Ib
0

3

5 = K�1 ĩm where K�1 =

2

4
1 0 �1
�1 1 0
zab zbc zca

3

5 and K = [k1 k2 k3]
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mid-tap of one secondary is 
grounded and connected to 

secondary neutral conductor

• Load connections

– large 3ϕ to delta (240V)
– large 1ϕ to one of deltas (240V) or cn (208V)

– small 1ϕ to an or bn (120V)

VLL = 240 V

[Gonen]

Discussion on ��� connection
<latexit sha1_base64="mJgZwhtp/1ZGVFhVnUG/2hKbkBw="></latexit><latexit sha1_base64="mJgZwhtp/1ZGVFhVnUG/2hKbkBw="></latexit><latexit sha1_base64="mJgZwhtp/1ZGVFhVnUG/2hKbkBw="></latexit><latexit sha1_base64="mJgZwhtp/1ZGVFhVnUG/2hKbkBw="></latexit>

VLL = 2, 400 V
<latexit sha1_base64="2f5yetCg2Aw9F3xEQPCn6+06Z40="></latexit><latexit sha1_base64="2f5yetCg2Aw9F3xEQPCn6+06Z40="></latexit><latexit sha1_base64="2f5yetCg2Aw9F3xEQPCn6+06Z40="></latexit><latexit sha1_base64="2f5yetCg2Aw9F3xEQPCn6+06Z40="></latexit>

• Used in three-wire delta systems

• 180o displacement due to additive polarity; 0o displacement for subtractive polarity 
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–+ –+

+– +–

+ –
+–

– +

– +

Vab Vbc

Vca

Ib IcIa

IBIA

X1-a X2-b X3-c

nt

H1-A H2-B

Ztab Ztbc

VAB

Vca1

VBG1

VAB1

VAG1

Vab1

Van1Vbc1

Vtab

VAG VBG

Iba Icb

Vtbc

• Small 3ϕ load (motor) plus 1ϕ load (lighting)

• 2ϕ (2-line) primary and two transformers

• If 1ϕ load is connected on ab, the ‘lighting’ transformer is on AG

• Primary phase of lighting transformer (usually larger kVA) determines leading/lagging 
connection

<latexit sha1_base64="2saQ9WeTzYemKJMDJdUGq7zl9Wg="></latexit>

8) Open Y – open � connection
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• Secondary voltages

–+ –+

+– +–

+ –
+–

– +

– +

Vab Vbc

Vca

Ib IcIa

IBIA

X1-a X2-b X3-c

nt

H1-A H2-B

Ztab Ztbc

VAB

Vca1

VBG1

VAB1

VAG1

Vab1

Van1Vbc1

Vtab

VAG VBG

Iba Icb

Vtbc

• Backward model
<latexit sha1_base64="C7SpYum4RLCytyi331uLw5ESJXA="></latexit>

in =
1

nt

2

4
1 0 0
0 0 �1
0 0 0

3

5 im

<latexit sha1_base64="jbP06HHjSPexSHp0WF6Dw2MYA18="></latexit>

ṽm =
1

nt

2

4
1 0 0
0 1 0
�1 �1 0

3

5vn +

2

4
�zab 0 0
0 0 zbc
zab 0 �zbc

3

5 im• Collecting in matrix form

• Forward model
<latexit sha1_base64="bA3414e8Hb4Zpsb4E9MWj8Ro9jQ="></latexit>

vm = Wṽm =
1

3nt

2

4
2 1 0
�1 1 0
�1 �2 0

3

5vn � 1

3

2

4
2zab 0 �zbc
�zab 0 �zbc
�zab 0 2zbc

3

5 im

<latexit sha1_base64="gE6NcURHzO3+1TMZ7kiuTwHtW60="></latexit>

Open Y – open � connection (cont’d)

<latexit sha1_base64="NYVujsioiazkAfhOTjYuIzLdCRI="></latexit>

Vab = Vt,ab � Iazab =
1

nt
VAN � Iazab

Vbc = Vt,bc + Iczbc =
1

nt
VBN + Iczbc

Vca = �Vab � Vbc
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• Secondary LL voltages

• Backward model

Ztab

Ztbc

A

B

C

+

–

+

–

+

–

+

–
VAB

VBC

IA

IB

IC

Ia

Ia

Ic

Ib

+

–

–

+ –

Vca

Vbc

+

Vab

–

+

VCA

Vtab

Vtbc

c

a

b

IA IC Ic
3-line primary

<latexit sha1_base64="3JlwJI+HHL5nQ9lcGoicBsMRj7w="></latexit>

9) Open � – open � connection

<latexit sha1_base64="JaXzPrsUixX4aCFJU3HRZoM9jFM="></latexit>

in =
1

nt

2

4
1 0 0
�1 0 �1
0 0 1

3

5 im

<latexit sha1_base64="yRw1Lx7NhF4weAVtRVoIfdjosHc="></latexit>

vm = Wṽm =
1

nt
W

2

4
1 0 0
0 1 0
�1 �1 0

3

5Dfvn �W

2

4
Zab 0 0
0 0 Zbc

�Zab 0 �Zbc

3

5 im

<latexit sha1_base64="VKc0R3IotczkZiOJVXwpyKPY9k4="></latexit>

Vab =
1

nt
VAB � Iazab

Vbc =
1

nt
VBC � Iczbc

Vca = �Vab ��Vbc

• Forward model
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• Used in emergency or when load is expected to grow

[Gonen]

Discussion on open � or V connection
<latexit sha1_base64="4ozD7wibOROibthT7gCE+S9GFy0="></latexit><latexit sha1_base64="4ozD7wibOROibthT7gCE+S9GFy0="></latexit><latexit sha1_base64="4ozD7wibOROibthT7gCE+S9GFy0="></latexit><latexit sha1_base64="4ozD7wibOROibthT7gCE+S9GFy0="></latexit>
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Ztab

Ztbc
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B
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• Compare to the corresponding 3-tranformer bank:
– LL voltages remain unchanged

– line currents become phase (delta) currents 
– to comply with power rating, load has to be scaled down by 

• Hence, a bank with two transformers serves only 57.7% rather than 
2/3=66.6% of the full-bank capacity
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+– +–
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+–

– +

– +

Vab Vbc

Vca

Ib IcIa

IBIA

X1-a X2-b X3-c

nt

H1-A H2-B

Ztab Ztbc

VAB

Vca1

VBG1

VAB1

VAG1

Vab1

Van1Vbc1

Vtab

VAG VBG

Iba Icb

Vtbc

<latexit sha1_base64="C7JRgGXk1zX7oYYl33zluN34e5I="></latexit>

Comparing two ‘open’ connections

• Both use two transformers and can serve 3ϕ loads

• One feeds from a 2ϕ primary; the other from a 3ϕ one

<latexit sha1_base64="DcZBwcjTEYoJhBYGUcFTTrQ0HPE="></latexit>

1p
3
= 57.7%


