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Balanced 3-phase systems

Single-phase two-wire system:

• Single source connected to a 
load using two-wire system

Single-phase three-wire system:

• Two sources connected to two 
loads using three-wire system

• Sources have EQUAL 
magnitude and are IN PHASE
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Balanced 3-phase systems

Balanced Three-phase four-wire system:

Balanced Two-phase three-wire system:

• Two sources connected to two 
loads using three-wire system

• Sources have EQUAL 
frequency but DIFFFERENT 
phases

• Three sources connected to 3 
loads using four-wire system

• Sources have EQUAL 
frequency but DIFFFERENT 
phases
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Balanced 3-phase systems

• ALL electric power system in the world used 3-phase system to 
GENERATE, TRANSMIT and DISTRIBUTE 

WHY THREE PHASE SYSTEM ?

• Instantaneous power is constant – thus smoother rotation of electrical 
machines  

• More economical than single phase – less wire for the same power transfer   
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Balanced 3-phase systems
Generation of 3-phase voltage: Generator
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Balanced 3-phase systems
Generation, Transmission and Distribution
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Balanced 3-phase systems
Generation, Transmission and Distribution
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Balanced 3-phase systems

Y and  connections

Balanced 3-phase systems can be considered as 3 equal single phase 
voltage sources connected either as Y or Delta () to 3 single three loads 
connected as either Y or  

SOURCE CONNECTIONS LOAD CONNECTIONS

Y connected source

 connected source

Y connected load

 connected load

Y-Y Y- -Y - 
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Balanced 3-phase systems

+
−

Van

Vbn

Vcn

a

n

b

c

Source : Y connection

)tcos(V2)t(v pan =

)120tcos(V2)t(v o
pbn −=

)120tcos(V2)t(v o
pcn +=

o
pbn 120V −=V

o
pcn 120V =V

o
pan 0V =V





Vbn
Van Vcn

120o
240o

SOURCE CONNECTIONS

RMS phasors !
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Balanced 3-phase systems
Source : Y connection

o
pan 0V =V

o
pbn 120V −=V

o
p

o
pcn 240V120V −==V

120o

120o

120o

Phase sequence :  Van leads Vbn by 120o and Vbn leads Vcn by 120o 

→This is a known as abc sequence or positive sequence 
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SOURCE CONNECTIONS
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Balanced 3-phase systems
Source : Y connection

)tcos(V2)t(v pan =

)120tcos(V2)t(v o
pcn −=

)120tcos(V2)t(v o
pbn +=

Vbn
Van Vcn

120o
240o

+
−

Van

Vbn

Vcn

a

n

b

c

SOURCE CONNECTIONS

o
pcn 120V −=V

o
pbn 120V =V

o
pan 0V =V





RMS phasors !
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Balanced 3-phase systems
Source : Y connection

o
pan 0V =V

=−= o
pcn 120VV

o
pbn 120V =V

120o

120o

120o

Phase sequence :  Van leads Vcn by 120o and Vcn leads Vbn by 120o 

→This is a known as acb sequence or negative sequence 
 

+
−

Van

Vbn

Vcn

a

n

b

c

SOURCE CONNECTIONS
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Balanced 3-phase systems
Source :  connection

)tcos(V2)t(v pab =

o
pbc 120V −=V

o
pca 120V =V

o
pab 0V =V

)120tcos(V2)t(v o
pbc −=

)120tcos(V2)t(v o
pca +=







SOURCE CONNECTIONS

+−

Vab

Vbc

Vca

a

b

c

VbcVab Vca

120o

240o

RMS phasors !
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Balanced 3-phase systems

Y connection

b

c

LOAD CONNECTIONS

a

n

b

c

a

Z1

Z2 Z3 Za

ZbZc

 connection

Balanced load: 

Z1= Z2 = Z3 = ZY Za= Zb = Zc = Z 3Y
=
ZZ

Unbalanced load: each phase load may not be the same.
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Balanced 3-phase systems Example
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Balanced 3-phase systems

Example

Example
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Balanced 3-phase systems
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Balanced 3-phase systems Balanced Y-Y Connection

o
pan 0V =V

o
pbn 120V −=V

o
pcn 120V =V

Ia

ZY

ZY ZY

+
−

Van

Vbn

Vcn

n

b
c

a

In

Ib

Ic

N

A

CB

Y

o
p

a Z

0V 
=I

Y

o
p

b Z

120V −
=I

Y

o
p

c Z

120V 
=I

Phase 
voltages

line 
currents

o
p

oo
p

o
p

o
p

bnanab

30V3

)120101(V

120V0V

VV

=

−−=

−−=

−=V

o
p

cnbnbc

90V3

VV

−=

−=V

o
p

nacnca

150V3

VV

=

−=V

line-line 
voltages

OR
Line 

voltages
0ncba =−=++ IIII

The wire connecting n and N can be 
removed !
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Balanced 3-phase systems Balanced Y-Y Connection

o
p

cnbnbc

90V3

VV

−=

−=V

o
p

ancnca

150V3

VV

=

−=V

pL V3V =

abV

bcV

caV

o30

o30

o30

cnV

bnV
anV

cabcabLV VVV ===where and cnbnanpV VVV ===

Line voltage LEADS phase voltage by 30o

o
p

o
p

o
p

bnanab

30V3

120V0V

VV

=

−−=

−=V
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Balanced 3-phase systems Balanced Y-Y Connection

For a balanced Y-Y connection, analysis can be performed using an 
equivalent per-phase circuit: e.g. for phase A: 

ZY

ZY ZY

+
−

Van

Vbn

Vcn

n

b
c

a

In=0

Ib

Ic

Ia A

CB

N
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Balanced 3-phase systems Balanced Y-Y Connection

For a balanced Y-Y connection, analysis can be performed using an 
equivalent per-phase circuit: e.g. for phase A: 

ZY

+
−

Van

n

a
Ia

Based on the sequence, the other line currents can be 
obtained from:

Y

an
a Z
VI =

o
ab 120−= II o

ac 120= II

A

N
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Balanced 3-phase systems Balanced Y-Y Connection

Since abc (+ve):
𝑉𝑏𝑛 =

𝑉𝑐𝑛 =

Example: In a Y-Y three-phase system below, suppose a positive sequence 
Connection. Find 𝑉𝑏𝑛, 𝑉𝑐𝑛, 𝐼𝑎 , 𝐼𝑏 , 𝐼𝑐 .

= 0 + 5 − 𝑗2 + 10 + 𝑗8 = 15 + 𝑗6

                                            =
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Balanced 3-phase systems Balanced Y- Connection

o
pan 0V =V

o
pbn 120V −=V

o
pcn 120V =V

P
h

as
e 

C
u

rr
en

ts

Ia

ZZ

Z

+
−

Van

Vbn

Vcn

n

b
c

a

Ib

Ic

A

B C

AB

o
pab 30V3

V
V

=

=


=
Z

AB
AB

VI

BC

o
pbc 90V3

V
V

=

−=


=
Z

BC
BC

VI

CA

o
pca 150V3

V
V

=

=


=
Z

CA
CA

VI

Using KCL,

o
AB

o
AB

o
AB

o
AB

CAABa

303

)12011(

1200

−=

−=

−=

−=

I

I

II

III

o
BC

o
BC

ABBCb

303

)12011(

−=

−=

−=

I

I

III

o
CAc 303 −= II

ABI

BCI

CAI

Assume "abc”  

L
in

e 
V

o
lt

ag
es

L
in

e 
C

u
rr

en
ts

P
h

as
e 

  V
o

lt
ag

es
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Balanced 3-phase systems Balanced Y- Connection

o
AB

o
AB

CAABa

303

)12011(

−=

−=

−=

I

I

III

o
BC

o
BC

ABBCb

303

)12011(

−=

−=

−=

I

I

III

o
CAc 303 −= II

ABI

BCI

CAI

o30

o30

o30

cI

bI
aI

pL I3I =

Phase current LEADS line current by 30o

cbaLI III ===where and CABCABpI III ===
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Balanced 3-phase systems Balanced Y- Connection

Another way to solve Y-∆ connection by converting it into Y-Y connection:

𝐼𝑎 =
𝑉𝑎𝑛
𝑍𝑌

=
𝑉𝑎𝑛
𝑍∆
3

= 3
𝑉𝑎𝑛
𝑍∆
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Balanced 3-phase systems Balanced Y- Connection

Example: A balanced abc-sequence  Y-connected source with is 
connected to a ∆-connected balanced load 8 + 𝑗4 Ω per phase. Calculate the phase and 
line currents.







27

Balanced 3-phase systems Balanced Y- Connection

Alternatively, the example can be solved using single-phase 
analysis by converting -load into Y-load connection :

𝐙Y=

𝐈a =
𝐕an

𝐙Y
=

𝐕an

 

𝐕ab?

how to find 𝐈band 𝐈c? 

𝐕ab = 3𝐕an∠30° = 173.2∠40° = 𝐕AB

and 𝐈A𝐵 = 
𝐈a

( 3∠ − 30°) 
= 19.36∠13.43°)𝐴
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Balanced 3-phase systems Balanced - Connection

o
pab 0V =V

o
pbc 120V −=V

o
pcn 120V =V

Ia

ZZ

Z

Vab

Vbc

Vca

b
c

a

Ib

Ic

A

B C

ABab VV =


=
Z

AB
AB

VI

BCbc VV =


=
Z

BC
BC

VI

CAca VV =


=
Z

CA
CA

VI

Using KCL,

o
AB

o
AB

CAABa

303

)12011(

−=

−=

−=

I

I

III

o
BC

o
BC

ABBCb

303

)12011(

−=

−=

−=

I

I

III

o
CAc 303 −= II

ABI

BCI

CAI+−

Phase 
currents

line 
currents
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Balanced 3-phase systems Balanced - Connection

Ia

ZZ

Z

Vab

Vbc

Vca

b
c

a

Ib

Ic

A

B C
ABI

BCI

CAI+−

Alternatively, by transforming the  connections to the equivalent Y 
connections per phase equivalent circuit analysis can be performed.

o
pab 0V =V

o
pbc 120V −=V

o
pcn 120V =V
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Balanced 3-phase systems Balanced - Connection

Transforming a  -connected source to an equivalent Y-connected 
source.

How to get 𝑉𝑎𝑛,𝑉𝑏𝑛, 𝑉𝑐𝑛? 
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Balanced 3-phase systems Balanced - Connection

Example A balanced -connected load having an impedance 20 − 𝑗15 Ω is connected to 
a -connected, positive-sequence generator having 𝑉𝑎𝑏 = 330∠0° V. Calculate the phase 
currents of the load and the line currents.

The line currents:
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Balanced 3-phase systems Balanced -Y Connection

o
pab 0V =V

o
pbc 120V −=V

o
pca 120V =V

Ia

Vab

Vbc

Vca

b
c

a

Ib

Ic

+−

ZY

ZY ZY

A

CB

N

How to find Ia ?

0ZZ bYaYab =−+ IIV-

Loop1

Loop1
Y

ab
ba Z

VII =−

Since circuit is balanced, Ib = Ia-120o ))120(11( o
aba −−=− III

o
a 303= I

o

Y

p
a 30

Z

3V
−=ITherefore

Use KVL at the loop1: b-a-A-B-b.
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Balanced 3-phase systems Balanced -Y Connection

o
pab 0V =V

o
pbc 120V −=V

o
pca 120V =V

Ia

Vab

Vbc

Vca

b
c

a

Ib

Ic

+−

ZY

ZY ZY

A

CB

N

How to find Ia ?  (Alternative)

Transform the delta source connection to an equivalent Y and then 
perform the per phase circuit analysis
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Balanced 3-phase systems Balanced -Y Connection
Example Calculate the phase currents of the load and the line currents.

What are the phase currents?

They are the same as the phase 
currents.
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Balanced 3-phase systems Summary
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Balanced 3-phase systems Power in a Balanced System

Assume we  have an “abc” sequence and Y-Y balanced connection:

𝑉𝑎𝑛 = 𝑉𝑝∠0°,              𝑉𝑏𝑛 = 𝑉𝑝∠ − 120°,                      𝑉𝑐𝑛 = 𝑉𝑝∠ + 120°  

Let 𝐙𝑌 = 𝐙∠𝜃,

𝐈𝑎 =
𝑽𝑎𝑛
𝐙∠𝜃

=
𝑽𝑝∠(−𝜃)

𝐙
 ,  Let 𝐈𝑝 =

𝑽𝑝
𝐙

⟹ 𝐈𝑎= 𝐈𝑝∠ −𝜃 ,  𝐈𝑏= 𝐈𝑝∠ − 𝜃 + 120° , 𝐈𝑐= 𝐈𝑝∠ − 𝜃 − 120°

We know that: The complex power   𝑆 = 𝑉𝐼∗

⟹ The complex power per phase: 𝑺𝑝 = 𝑉𝑝∠𝜃𝑉𝑝(𝐼𝑝∠ − 𝜃𝐼𝑝)∗

 𝑆𝑎 = 𝑉𝑝∠0°(𝐼𝑝∠ − 𝜃)∗= 𝑉𝑝∠0° 𝐼𝑝∠ + 𝜃 =  𝑉𝑝𝐼𝑝∠ + 𝜃

𝑆𝑏 = 𝑉𝑝∠ − 120° 𝐼𝑝∠ − 𝜃 + 120°
∗

= 𝑉𝑝∠ − 120° 𝐼𝑝∠ + 𝜃 + 120° = 𝑉𝑝𝐼𝑝∠ + 𝜃

𝑆𝑐 = 𝑉𝑝∠ + 120° 𝐼𝑝∠ − 𝜃 − 120°
∗

= 𝑉𝑝∠ + 120° 𝐼𝑝∠ + 𝜃 − 120° = 𝑉𝑝𝐼𝑝∠ + 𝜃

The total complex power:   𝑆 = 𝑆𝑎+𝑆𝑏+𝑆𝑐 = 3𝑉𝑝𝐼𝑝∠𝜃
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Balanced 3-phase systems Power in a Balanced System

∵ The complex power (VA)  𝑺 = 𝑃 + 𝑗𝑄

These formulas are the same for all other connections:
Y-∆,    ∆ -∆    and  ∆ -𝑌 

⟹ from 1  𝑃 = 3𝑉𝑝𝐼𝑝 cos𝜃 = 3
𝑉𝐿

3
𝐼𝐿 cos𝜃 ⟹ 𝑃 = 3𝑉𝐿𝐼𝐿 cos𝜃

The total active (real/average) power (W): 𝑃 = 3𝑉𝑝𝐼𝑝 cos𝜃 (1)

The total reactive power (VAR):                 𝑄 = 3𝑉𝑝𝐼𝑝 sin𝜃 (2)

𝑃 is constant in time!   It is not sinusoidal anymore. 

In terms of Line parameters:
Since 𝑽𝐿 = 3 𝑽𝑝  in Y-Y connection, while    𝑰𝐿 = 𝑰𝑝  

and 𝑄 = 3𝑉𝐿𝐼𝐿 sin𝜃

The total complex power 𝑺 = 3𝑺𝑝 = 3𝑽𝑝𝑰𝑝
∗ = 3𝐼2𝑝𝐙𝑝 =

3𝑉2𝑝

𝐙𝑝
∗

𝐙𝑝 = Z𝑝∠𝜃

and could be
𝐙𝑌 or 𝐙∆ 

Or 𝑺 = 𝑃 + 𝑗𝑄 = 3𝑉𝐿𝐼𝐿∠𝜃

𝜃 is  the angle 
of load
impedance or 
angle between 
𝑉𝑝 and 𝐼𝑝 

The apparent power per phase (VA): 𝑆𝑝= 𝑉𝑝𝐼𝑝
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• Δ-connected loads are most common to allow easy addition and removal 
of loads in each phase

• Y-connected sources are most common to avoid circulating currents
when there is a small imbalance.

Notes

Balanced 3-phase systems
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Balanced 3-phase systems Power in a Balanced System

Example: In a Y-Y three-phase system below, suppose a positive sequence Connection. 
Find 𝑃,𝑄, and 𝑆 at the source and at the load

We found that in the previous example:

For phase “a”:

We take one phase:
At the source:

At the load:
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Balanced 3-phase systems

So, the power loss 𝑆𝑙:

The difference between the two complex powers 
is absorbed by the line impedance (5 − 𝑗2)

Another way to calculate the loss:

𝑺𝑙 = 3 𝑰𝑝
2
𝒁𝑙 = 3 6.81  2 5 − 𝑗2

 = 695.6 − 𝑗278.3 𝑉𝐴

which is the difference between and that is,

𝑆𝑠 + 𝑆𝑙 + 𝑆𝐿 = 0
as expected.
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Example:
Balanced 3-phase systems

The apparent power is
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