Symmetrical Components Explained by Example

Symmetrical components is the name given to a methodology discovered by Charles Legeyt Fortescue in 1913.
Fortescue demonstrated that any set of unbalanced three-phase quantities could be expressed as the sum of three
symmetrical sets of balanced phasors.

Using this method, unbalanced system conditions, like those caused by common fault types may be analyzed with a
"Per Phase" approach.

According to Fortescue’s methodology, there are three sets of independent phasors (components) in a three-phase system:

Positive Sequence:
Supplied by the "Generator " or "Source" and are always present.
Equal in Magnitude.
Rotate counter-clockwise with the "Sequence" A-B-C-A ....etc.
First A, then B, then C, then A again, etc.
In other words: B Lags A, C Lags B, A Lags C (by 120 Degrees.... or 5.56 sec in a 60Hz system).

Negative Sequence:
Negative Sequence "Generator " or "Source" Voltages will only exist if the "Source" is unbalanced.
Negative Sequence System Voltages and Currents will exist during unbalanced fault conditions.
Equal in magnitude.
Rotate counter-clockwise with the "Sequence" A-C-B-A ....etc.
First A, then C, then B, then A again, etc.
In other words: C Lags A, B Lags C, A Lags B (by 120 Degrees.... or 5.56 sec in a 60Hz system).

Zero Sequence:
Zero Sequence "Generator " or "Source" Voltages will not exist in a "Normal" 3-Phase Source.

Zero Sequence System Voltages and Currents will exist during unbalanced fault conditions when "Ground" Currents
flow.

Equal in magnitude.
Rotate counter-clockwise with no "Sequence" .
In other words: A and B and C then 360 Degrees later... A and B and C again ....etc.

Question Is
How to "Decompose" an Unbalance set of 3-Phase Phasors into their Positive, Negative, and Zero Sequence Components

How to "Compose" a set of 3-Phase Vectors Given Phase "A" Positive, Negative, and Zero Sequence Vectors
Note: The A, B, and C Phase Vectors could be Voltage or Current
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Symmetrical Components Explained by Example (cont.)

A,B,C Phasors each have 3 components (positive, negative, zero)

start:

A=A+ A"+ A°
B=B*+B +B°
C=C*+C +C°

where:

Bt = At 2240°
B™ =A"2£120°
B9 = A°
Ct =A%t2120°
C~ = A 2240°
CO — AO

let:
a=12£120°

a? = 14240°

then:

A=A+ At 4+ 4"
B =A%+ a?A*Y + aA™
C =A%+ aA* + a?A~

in matrix form:

solving for A*, A5, A°

A°=1(A+B+C)
3

s 1 2
A 3(A+0(B+a C)

1
A~ =§(A+aZB + aC)

Al (A 1 1
B =3 ATl[1  «a? a]
C A1l o a?
A7 (A 1 1
At =3 Bl|1 « 0(2]
A~ Clll a* «




Symmetrical Components Explained by Example (cont.)

Now ... How to Apply Symmetrical Components to Faults in Three-Phase Power Systems:

* First .... important to realize that the source or generator voltage is balanced (in three-phase power systems)
* Phase A source voltage is chosen for the reference angle (0°)

V| = % Vi = [Vgl20° Vg =|Vp|2240° V= |Vy|2120°

Because the source or generator voltage is balanced .....
negative and zero sequence source voltages are zero (do not exist)

Vg = Vg- = Ve = 02£0°
Vjo = Vgo = Vo = 02£0°
VA+ = |V®|LOO

Vg+ = |V |£240°

Ver = |Vi| 2120°

In other words ....
* The source voltages are nothing new ... the same per-phase voltages used in normal circuit analysis.



Symmetrical Components Explained by Example (cont.)

Now that a per-phase fault analysis is possible ... How to model phase impedances?
* First.... A,B,C phase impedances are assumed equal (in three-phase power systems)
* Next... Draw the Circuit to be Analyzed .... Using only Phase A.

Z=R+jX
Z

Ve = [Vp|20° :

This circuit represents the source voltage and Thevenin impedance looking into some fault on the system

* the Thevenin impedance consists of positive, negative, and zero sequence components
* notice that loads are not considered in fault analysis.

* important to realize that all values are phasor quantities
* next... draw the three sequence networks

Z* ® Z- ® Zo

VA+ VA_ = 0 VAO - 0




Symmetrical Components Explained by Example (cont.)

Next... The Trick is how to Connect the Sequence Networks for Different Fault Conditions.
Although it may not be Intuitive This is how it works:

Three-Phase to Ground Fault (3LG):
this is a balanced fault... no ground current will flow
since this is a balanced Fault..... no negative sequence current will flow
since there is no ground current... no zero sequence current will flow
the three sequence networks are not connected
this means that you only have to deal with the positive sequence network
the currents in the negative and zero sequence networks are zero... (no voltage to source them)
analyze the positive sequence network to obtain the A phase current or voltages
B and C phase current will have the same magnitude as A... but shifted by +/- 120°

Single Line to Ground Fault (1LG):
this is an unbalanced fault.... ground Current will Flow
since this is an unbalanced fault..... negative sequence current will flow
since there is ground current..... zero sequence current will flow
the positive, negative, and zero sequence networks are connected in series
analyze this connection to obtain the A phase currents or voltages
you will find that the three sequence currents in phase A are equal
use the phase A currents to calculate the B and C phases (using the transformations described above)

Line-to-Line Fault (LL):
this is an unbalanced fault.... but ground current will not Flow
since this is an unbalanced fault..... negative sequence current will flow
since there is no ground current..... zero sequence current will not flow
the positive and negative sequence networks are connected in parallel
analyze this connection to obtain the A phase currents or voltages
you will find that the positive and negative sequence currents are equal but shifted by 180°
use the phase A currents to calculate the B and C phases (using the transformations described above)

Line-to-Line to Ground Fault (2LG):
this is an unbalanced fault.... ground current will flow
Since this is an Unbalanced Fault..... Negative Sequence Current will Flow
Since there is Ground Current..... Zero Sequence Current will Flow
the positive, negative and zero sequence networks are connected in parallel
analyze this connection to obtain the A phase currents or voltages
you will find that the positive sequence current is equal to the sum of the negative and zero sequence currents shifted by 180°
use the phase A currents to calculate the B and C phases (using the transformations described above)




VA +

Example

3L or 3LG Fault

Three-Phase Fault (3L) -or- Three-Phase to Ground Fault (3LG):

Z+

IA+

IA—=O IAO=0

Let:

Z,=2+j10=10.2.78.7° Q

Z_ = Not Needed
Zo = Not Needed
System V;; = 138kV

V| = i _ 79674
V3

Vg 7967420° 811,981 30
Z*t 10.2278.7° '

We Can Now Calculate the BYand C* Values:

IA+

Ifault =IA+ +IB+ +Ic+ = 0

[Ground Fault Cur
[Ground Faul C:

rentipu =
urent] = 0.0

Ig+ = [,+(1£240°) = (7811£281.3°)(1£240°) = 78112£161.3°
[+ =1,+(12£120°) = (7811£281.3°)(1£120°) = 7811241.3°
Now Calculate the "Total" A, B and C Values:

Iy =1+ + 1y~ + 10 =14+ +0+0=1,+=78112£281.3° Amps
Ip =Ig+ +1g-+1Igo =Ig+ +0+0 =15+ =78112161.3° Amps
lc=1c++Ic-+1co=1++0+0=1.+=7811241.3° Amps

-=I1s-=1--=0 [,o=Ip0=1,0=0
A B C A B Cc
il il
I | | -Il | I | | il |
A-=B-=C-= Ao=Bo=Co=
0.00=0.0 1 0.00=0.0




Example

1LG Fault

Single Line-to-Ground Fault (1LG) on Phase "A":

Z+

IA+

Let:

System Voltage = 69kV

Vs| —m—@—39837 |4

| ) \/§ \/§

V,+ =3983740°=39837 +j0 V
Z, =9+ j20 = 21.9304£65.77° Q
Z_=9+j20 =21.930£65.77° Q

Zy = 16 + j39 = 42.150267.69° Q

Z0

First Notice: [ += I4- = I o
ZEQ =Z+ +Z_+ZO

Zpo =9 +j20 +9 +j20 + 16 + j39 = 34 + j79 = 86.0£66.71°

Ve 39837.£0°

I N —
AT AT T A T T 86.0266.71°

Recall That:

= 463.24293.3°

Ijo = Igo = I oo = 463.22293.3° = 183.2 — j425.4




1LG Fault (cont.)

Calculate the B*and C* Values:
Ipr = Lie(12 — 120°) = (463.22 — 66.71 °)(12240°) = 463.22173.3° = —460.0 + j54.0
Io+r = L+(12120°) = (463.22 — 66.71 ©)(1£120°) = 463.2253.3° = 276.9 + j371.3

Calculate the B”and C~ Values:
Ig- = [;-(1£120°) = (463.24£ — 66.71 °)(14£120°) = 463.2£53.3° = 276.9 + j371.3
Ic- = 1;-(12 —120°) = (463.22 — 66.71 °)(14£240°) = 463.22173.3° = —460.0 + j54.0

Calculate the "Total" A, B and C Values:

Iy = I+ + I4— + [40 = 3140 = 3(463.2£293.3°) = 1389.6£293.3°

Ig = Ig+ + Ig- + Igo = —460.0 + j54.0 + 276.9 + j371.3 + 183.1 — j425.5=0+,j0=0
Ic =1c+ +1c-+1c0=2769+j371.3 —460.0 +;54.0 + 183.1 —j425.5=0+,0=0

These results show that no fault current is contibuted from B and C phases ....makes sense

IBASE = 483.2 il iApu = 1.186
iBpu = -0.000 1 lAjpu = 3.000
IBlpu = 0.000 IA] = 1389.6
IB|=0.0
Irquie = Ia +1p +Ic
Ifault = 1389.6,293.3°
| let:
/ | ? Igase = |IA+| = 463.2
By i e then:
\ 1 2 3 o Irquie _ 1389.6£293.3°
| fault =, o 463.2
pu — o
| \ Ifault = 3.04£293.3° = 3.02 — 66.7
iCpu =-0.000 X
|IC]pu = 0.000 1 [IGlpu = 3.000
IC] =00 |Ground Fault Current| = 1389.6




Example

LL Fault

Line-to-Line Fault (LL) on Phases B to C:

Z+ ° Z- Zo °
—_—
IA+ IA_ IAO = 0
VA+
o °
Let: First Notice: I,+= —I4- and I4po =0
System Voltage = 138kV Zpg=Zy+Z_=1+j8+1+j8=2+)16=16.1245,82.87°
Z, =10+ j80 = 8.060£82.87° Vy+ 79674,0°
I+ = —1y-= = 4941.18 £277.13°

Z_ =10+ j80 = 8.060£82.87°
Zo = Not Needed
Vi, 138kV

V3 3
Ve = 7967420° = 79674 + jO

V| = = 79674

Zpq  16.1245.82.87°
I,+ = 4941.18 £277.13° = 613.30 — j4903.0
I~ = 4941.18 £97.13° = —613.30 + j4903.0

Zero Sequence:
IAO =IBO =ICO == 0

Calculate the B*and C* Values:

Ig+ = 1,+(14£240°) = (4941.182277.13°)(1£240°) = 4941.182157.13° = —4552.75 + j1920.35
Io+ = 1,+(1£120°) = (4941.182277.13°)(1£120°) = 4941.182£37.13° = 3939.44 + j2982.62




LL Fault (cont.)

Calculate the B and C~ Values:
Ig- = 1,-(1£120°) = (4941.18297.13°)(14£120°) = 4941.184£217.13° = —3939.44 — j2982.62
I-- = 1,-(14£240°) = (4941.182£97.13°)(14£240°) = 4941.184£337.13° = 4552.75 — j1920.35

Calculate the "Total" A, B and C Values:

Iy = I+ + I~ + 140 = 613.30 — j4903.0 — 613.30 +j4903.0+ 0 =10

Ip = Ig+ + Ig- + Igo = —4552.75 + j1920.35 — 3939.44 — j2982.6 + 0 = —8492.2 + j1062.25 = 8558.192187.1°
Ic = Ic+ +1c- + 1co = 3939.44 + j2982.62 + 4552.75 — j1920.35 + 0 = 8492.2 — j1062.25 = 8558.1927.1

_ il
e s 1 sou-0000 || These results show that:
IBlpu = 1.732 liApu = 0.000 no fault current flows in A nhase...
IB| = 8558.4 1A = 0.0 f f p

ok since A phase was not faulted.

B and C phase fault currents are equal and opposite...
makes sense for passive sign convention.

Not calculated here, but...

1 B to C fault voltage is obviously zero, however...
/v the votage at the BC "fault Point" with respect to neutral
| | | | | | | |

TR 1 ! is 1/2 of the phase voltage
let:
Ipase = |[4+] = 4941.18
then:
o Iy 8558.19,187.1°  1732,187.1°
iCpu = 1.719 ’ IBIase 8553914‘}91.%81o . |
U=17 IGlpu = 0.000 pu _ ¢ _ A927.17 o
“C|:||(P;|:g15gg_24 T |Ground FaurtCu;::Jenﬂ:D.D IC - Ipgse - 4941.18 = 1732271




2LG Fault

Example
Line-to-Line-to-Ground Fault (2LG) on Phases B to C to Ground:

Z+

m [p0 Let:

’ Z* =0.6 +j4 = 4.0447,81.469° ()
a Z==0.6+j4=4.0447,81.469° Q)

Vy+ ‘I\ 7% =14+ j6 =6.161276.866° ()
L System Voltage = 69kV

Vp| = = = —— = 39837.2
Vet = 3983720° = 39837 + 0

Vi, 69kV
V3 V3

First Notice: I ++ I4~+ [40 =0
Zpo =27+ (Z" 12
Z77°  (4.0447,81.47°)(6.161276.87°) 24.919,158.34°

Z-11z° =

= 2.4436,79.645° = 0.4392 + j2.4038

Z- 4270 (0.6 + j4) + (1.4 + j6) ~10.198278.69°

Zgo = 0.6 + j4 + 0.4392 + j2.4038 = 1.03923 + j6.40385 = 6.487623,80.782°
I+ = Var _ 59857207 = 6140.46 £279.218° = 983.62 — j6061.19
AT Zp  6A487623280.782° B
IA_ =

Z_+Z,

—1+Z_
IAO A+

~ 7 +2,




2LG Fault (cont.)

Zy 6.161,76.866" 6.161,76.866° 6.161,76.866° 0.60414, 358176
— - i - — — g Y . o
Z_+Zg 06+j4+14+)6 24510 10.198..78.690°
Z_ 4.0447,81.469° 4.0447,81.469° 4.0447,81.469° 0396622779
f - - fr - e fr . i . o
Z_+Z; 06+j4+14+ )6 24710 10.198,.78.69°
—I,+Z
Iy~ = E“—Jr; — (—6140.46 £279.218°)(0.60414.,358.176°) = 3709.69.,97.394° = —477.41 + j3678.84
— 0
—[+Z_
Lo = .?:J!T = (—6140.46 £279.218°)(0.39662,2.779°) = 2435.44,102.0° = —506.23 + j2382.21
- a

Calculate the Brand C* Values:
Ig+ = I;+(1£240°) = (6140.46 £279.22°)(1£240°) = 6140.46,159.22° = —5740.94 + j2178.72
I+ = Li+(12120°) = (6140.46 £279.22°)(12120°) = 6140.46,39.22° = 4757.16 + j3882.61

Ig~ = I~ (12120°) = (3709.69,97.394)(12120°) = 3709.69,217.394° = —2947.27 — j2252.9
Io- = I,-(12240°) = (3709.69..97.394)(1£240°) = 3709.69,337.394° = 3424.67 — j1426.0

Calculate the "Total" A, B and C Values:

Iy =1+ + 14+ 10 =983.6 —j6061.19 — 477.4 + j3678.84 — 506.23 +j2382.21 =0 + jO

Ig = Ig+ + Ig- + Igo = —5740.9 + j2178.7 — 2947.3 — j2252.9 — 506.2 + j2382.2 = —9194.4 + j2308.1 = 9479.72165.9°
I = I+ + I~ + Ico = 4757.2 + j3882.6 + 3424.7 — j1426.0 —|506.2 + j2382.2 = 7675.7 + j4838.8 = 9073.6,32.23°




2LG Fault (cont.)

Ground fault Current:

I =14+Ig+1;=0+,;0—-9194.4 + j2308.1 + 7675.7 + j4838.8 = —1518.3 + j7146.9 = 7306.42102.0°
these results show that no fault current Flows in Phase A ... ok since A phase was not faulted.

also ....the sum of A,B,and C fault currents = ground fault current (310)

il il

B = iy 1 iApu = 0.000 IBASE = 6140.5
|IBlpu = 1.544 |lAjpu = 0.000
IIB| = 9479.8 lIA] = 0.0

i = iGpu =-0.227
||é(|;iu=_1 ?42}'?30 IIGIpE - 11899

IC] = 90736 |Ground Fault Current| = 7306.3
let: ou _ lg 730642102.0° .
Ipase = [4+| = 6140.46 le” = Igase 614046 1.190102.0
then:

ou Iz 9479.7£165.9°
17 =

" Ipgse 6140.46
[ _ Ic 9073.6£32.23°
C

" Ipgse 6140.46

= 1.544,165.9°

= 1.478432.23°
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