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Park’s Transformation

= R(6,)P(0)f e

odq
where 6, = @, + %548
Coordinate axis tlansfmmatan
i T O O
V2 V2 V2
‘}%{P(O) = \[ 1 —% —% , abc=rodq
0 V3 V3
i 2 2
Transformation to rotating reference frame
10 0
R(6,):=| 0 cosb, —sin(6,) |, 0dg®= 0dq", Rotation
0 sinB, cos(6y)
Combine into one step
P(6,) = R(6,)P(0)
qu = P(0, ) e
- I =1 L N
o /2 NG 7 Ja
; 2
q | = 3 | cos6; cos(6, — &) cos(6,+ %) Jo
| f7 | | sin6, sin(6, — 4%) sin(B,-—l—zT”) | Lfe

W\

&

= wrt
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Synchronous Machine Equations
1. Stator Voltage Equations: (Note: p = d/dt) Iask gkep-/

/

Vabes = —Vskapes — P/:a'abcs

/
&*‘\v Yodgs = “rsiOdqs - P’mﬂdqs - mxz&{)dqs

\' A3

2. Rotor Voltage Equation:

VrDeor = —Ridrpeor — PAy DgQr

3. Stator Flux Linkage Equations:
m‘abcs = Lislgpes + Ligdp DgQr

s I s
m'ﬂdqrs e leodqs + Ls;-IF DgQr

4. Rotor Flux Linkage Equations:
Arpgor = Lgabes + Liirngor

"I‘l -
2avFDgQr = Lgigpes +Lp DgQr

et
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L7298 Y 28/

direct axis reactance

quadrature axis reactance

direct axis transient reactance
quadrature axis transient reactance
direct axis subtransient reactance
quadrature axis subtransient reactance
negative sequence reactance

Zero sequence reactance

Synchronous Machine Parameter Ao).w
P v

stator dc resistance

stator ac resistance

field resistance referred to the stator
negative sequence resistance

direct axis open-circuit transient time-constant
direct axis short-circuit transient time-constant
direct axis short-circuit subtransient time-constant
armature short-circuit (d.c.) time-constant
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I T Sl i ™
Q\' Machine | Turbo Hydro Synchronous | Synchronous
/\ \70)7 Constant | Generator | Generator | Condensor | Motor
N Xy 1.1 | 1.80 1.20
Xy 1.08 0.75 1, 1S 0.90
X/, 0.23 0.37 0.40 0.35
Y X; 0.23 0.75 1.15 0.90
X 0.12 0.24 (.25 0.30
Xg 0.15 0.34 0.30 0.40
X> .13 0.29 0.27 03
Xo 0.05 0.11 0.09 0.16
g\a\"f Tsde 0.003 0.012 0.008 0.01
0.005 0.012 0.008 0.01
L [y 0035  |0.100  |0.05 0.06
;\OSV?J 1. 5.6 36 9.0 6.0
é})‘*\ —| T, L1 1.8 2.0 1.4
T/ 0.035 0.035 0.035 0.035
82’);3 A T, 0.16 0.15 0.17 0.15
v
o
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I L
P e
Three Phase Short ‘gircuit of a Synchronous Machine

\
ias(t) = V2|E,

Name
Steady
g
L}\\\‘\‘w Transient
Subtransient
Asymmetric@

deolleer

Second Harmonic

! !
1 1 1 T 1 1 v
'{E*(Yz—z)e () ]

)_{1?) eiTLasin(a)

%) e“TLasin(ZaJet + )

sin(w,t + «

Magnitude Frequency T
E,_,,Xid Fundamental oo
E, (%{,} de) Fundamental i
E, (S{ldﬁ — Xl,') Fundamental T,
%‘l (Xi; £ Xl(,},) sin(a) Zero ‘b
% ('le’ — )—}57) Double Fundamental 7,

W
o
) W"oy
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Phasor Diagram of a Salient Pole Synchronous Generator

\ Q - Axis

Define g-axis
al = Va+ Ryl +jXgla 0q = arg(al)

- 5 8

Angle of the back EMF, E,

By = Vot Ryly +j- X Taa + - Xq'lag 04 = 8, = arg(Ey)
Show that the angle of E,, is the same as the angle of al

Bq—al = (Vo + Relg+j-Xa-Tad + - Xq lag) = (Va+ Ry'la +j-Xq-Ia)
Which simplified to

Ea—al = (jXq lag +j-Xq-laq) ﬁ(j-Xq-la)

By defininition we know that:

la = Iad + lag

Substituting
Eq—al = (jXgTaa+j-Xq Tag) — (J-Xq'lad +j-Xq'Iag)

Which simplified to:

Ba—al = Iatd'(j‘Xd _j'Xq)
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Sioad 1= lpu-ej'd)]"ad
Sload .
ljoad = [ Tjoad = (0.8 — 0.6i)-pu |Iload| = 1-pu
Vlerm
B2 = Vigin + Toag*]- X" |E"| = 1.093-pu arg(E";2) = 6.091-deg
T 9 e 2
pp_<+ § X" ¥ jXican |Iapp_2| = 4.462-pu arg(lapp_2) = —83.909-deg
E's2 = Vierm + licad-j- X' |E| = 1.16:pu arg(E') = 9.527-deg
I E'a2
B Ry || = 3.412:pu arg(I') = —80.473-deg
Ea_2 = Vlenn + Iload'j'Xd |Ea_2| = 1.879'pu ai‘g(Ea—z) = 27.929'deg
I . Ea_2
B R K |Ta 2| = 1.566-pu arg(T, 2) = —62.071-deg
] E"a2|
Ldcoffsetmax 2 := \/E o 1 Ldcoffsetmax 2 = 6.31-pu
- JX"4 +J- Xiran PO

Example 3: Athree phase fault occurs at the generator terminals, determine the symmetrical fault
current at the instant of the fault, after 1/2 cycle, after 3 cycles, after 30 cycles and after 300 cycles.
Assume generator is loaded as in the previous example

T"q := 0.035sec
T4 := 0.730sec
t := Osec

—t —t
\ll 1 1 1 T4 1 1 T
La(t) = E'a| — + (— = —-)-G 4 [— = —]-e .

Xqa \Xq X4 X"q X'



-_—
N EES523 Session 28; Page 4/8
} Symmetrical Components Fall 2023
L=+
Instantaneous fault current: Ila(t)| = 7.539-pu
o
0.5 -3
4 After 1/2 cycle tl = tl = 8333x 10 °s |[1a(tD)| = 6.866-pu
60Hz
After 3 cycles 0= — |[Ta(22)| = 5.034-pu
60Hz
30
After 30 cycles 13 1= 3=05s |1a(t3)| = 2.789-pu
60Hz

o Shoulduse E', for 30 cycles,not E",

300

After 300 cycles t4 = e |1 (t4)| = 0.998-pu
g e Note the difference,
y Ea 2 should use E, not
27 Xy [tss2| = 1.708:pu E," now.

e (Calculate momentary and interrupting ratings for generator breakers

v o

a
IdppMax = ﬁ"XT ]dppMax = ] 1.945'[31]
d
g e  Accounts dc offset as well as fundamental component
e ——
E"a
Ldppsymm = 'XT
i
Momentary := 1.6-1jppsymm Momentary = 11.034-pu at the mimimum
27 A
M is based on the number of cycles react in: ( A'ﬁu
M := 1.1 Assumes 5 cycle breakers (see Table 6.2)
Interrupting := M-lgppsymm Interrupting = 7.586-pu

Determine these currents in Amps if:
1) The generator is rated at 13.2kV and 150 MVA

VBI := 13.2kV MVA := 1000kW SBI1 := 150MVA
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SB1
Ibase .= — Ibase = 6.561-kA

V3 VBI

L19 1s/2\

Imoment] := Momentary-Ibase |Tmomenti| = 72.395-kA

linterrupt1 := Interrupting-Ibase |Iime,-mpu| = 49.772-kA

2) The generator is rated at 13.2kV and 600 MVA (M=M+0.1)

Sb2
Sb2 := 600MVA Ibase? = ——
\/3-VB1
Imoment2 ‘= Momentary-Ibase2 [Tmoment2| = 289.58-kA
InterruptingZ =M+ 0-1)'Idppsymm
IinlerruptZ = InterruplingZ’Ibase2 |Ii11terrupt2| = 217.185-kA

Example 5 for a salient pole motor. Terminal voltage is 1.0pu, drawing rated curent, 0.9 pf leading.

ltmag == 1.0 ¢ := —acos(0.9) b = —25.842.deg
Ty = g T Vipu := 1.0
Machine constants (average values from table 6.1):
X4 = 1.20pu X" := 0.30pu Ty =605
Xq = 0.90pu X"y = 0.40pu T4 = 1.4sec
X'q == 0.35pu .
X = 0.90pu X, = 0.35pu T"q := 0.035sec
T, = 0.15sec
Rq = 0.01pu AC resistance
(a) The voltage E behind the synchronous impedance V T

We need to include the d and q components now in the expression to account for the small
saliency and include the resistance:

o Define angle of the g-axis e 1

al := Vipu = (RaTipu +J-Xq-Tipu) 64 := arg(al) 64 = —30.486-deg
——

;
‘00\:,0‘ e
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maglad = —0.832-pu

[ maglad := |Itpu| -sin(.q) + Gq)

maglaq := |Itpul -cos((l) + Gq) maglaq = 0.554-pu

0
Lyg = maglaq-e~l 4

Lig = magIad-eJ . (Bq~90deg)
Eq = leui\(Ra‘Ilpu +j-Xa-lad + - Xq Iaq)
|Ea| = 1.855-pu arg(Ea) = —30.486-deg

Steady-state voltage. Not good for fault current calculations.

e Phasor diagram
0 0 Vipu
an = Ia = Vr =
Ea ]Ipu leu - Ra'ltpu

0
V t =
’ thu

thu - Ra'llpu thu - Ra‘Itpu —JXdlad
de = i qu :: ; .
thu - Ra'ltpu —JXd lad thu — Ry Itpu —JXd lag “‘j‘Xq‘Iaq
0.5 T T T
Im(Val)
Im(an)
0 -
Im(la)
Im Vl)
Im(Vxd) gk |
Im(Vxq)
~1 1 1 1
0 0.5 1 1.5 2

Re(Vqy) , Re(Eqq), Re(ly) ,Re(Vy), Re(Vid) , Re(Vyq)
One could also use alternation equation to calculate same thing in equation

Eq = Vipu - [Ra'ltpu +Jj-Xq ltpu "‘j‘(Xd - Xq)'Iad]
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Therefore we connect the positive and negative sequence circuits in series and impose
the voltage V1 - V2 across them (derived from the value of Vbc)

Original voltage:

. . —j-120deg . j-120deg

Vip i= Ipud Odeg Vpp = lpue Vep i= Ipue’
Vhe := Vip— Vep [Vb = 1.732:pu arg( Vi) = —90-deg
o This is 1.0per unit in the line to line voltage......

Then V1-V2is:
. Vbe .
Via:=j Vi2=1pu the problem was set up to use nice numbers

NE

Now we can solve the circuit below, where the positive and negative sequence
circuits are connected in

Rs JXs iXr
— AN\~ YN < ){/I\J*Q
i S
l JjXm % %
Ovi-v2 [
: Rr
I JXm 2-s
—
V'V (VVVV)
Rs iXs jXr

e First come up with the equivalent circuit for the parallel combination in the two rotor circuits...

-1

1 1
SRR T R, Zpos rot = (0.858 + 0.357i)-pu
O
slip_rated
L, I ~1
Zneg rot ‘= | 7 _
) P p B Ziag = (9.583 % 1073 + 0.078i)- pu
)

2 —slip_rated




