Chapter 8: Transient Analysis of
Synchronous Machines
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Synchronous Machines

o Steady state modeling
rotor mmf and stator mmf are stationary with respect to each other
flux linkage with the rotor are invariant with time
no voltages are induced on the rotor circuits

o Transient modeling
flux linkage changes

V\{Ith tlme. | Xs R,
differential equations

have time-varying emf V-
coefficients

Parks transformation
dynamic behavior
m Sub-transient period, transient period, and steady-state period
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Transient Analysis

o Transient analysis will be applied in the dynamic study of
generators

o Generators experience dynamic behavior during
switching load
faults

e Consider the transient behavior of an RL circuit with a
switched voltage source
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Transient Analysis

e The voltage source is sinusoidal: Vv(t) :Vmsin(wt+a)
o The KVL equation are:

O:Vmsin(wt+a)—Ri(t)—L¥
i(t)=1_sin(wt+a-y)-1_e"sinla-y)
V L R t=
where: | =—1, 17T=—, AN, —— Y Y
/ R L i(t)—»>
4 wL
y = tan 1(?) V(1)
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Example

o Solve for the time-domain solution of the current
for a faulted generator having the following characteristics
R=0.125Q L =10 mH v(t) =151 sn (377t + )

which will give
(a) zero dc offset current,
(b) maximum dc offset current
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Example

Z =0.125+ j(377)(0.01) = 0.125+ j3.77 = 3.7720188.1° Q

=k =40A  1=-22 =008s
3.772 0.125

i(t) =40sin(377t +a -88.1°)- 40 € "*®sin(a - 88.1°)

(@) Let a=88.1° = i(t)=40sin(377t)
(b)Let a=(88.1°-90°)=-19° =
i(t) =40sin(377t-90°) - 40 e "*® sin(- 90°)
= —40 cos(377t) + 40 €7/°®
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Example

(@) zero dc
offset current

(b) maximum dc
offset current
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Transient Analysis

e Synchronous Machines
Models and analysis were previously developed for steady state
behaviors

m rotor and stator magnetic fields are stationary with respect to each
other

m the flux linkage in the rotor circuit are constant in time

m the per phase equivalent circuit becomes a constant generated emf
In series with a simple impedance

Under transient conditions (time varying) the above assumptions
are no longer valid

m changing stator current are reflected in a dynamic flux linkage

m changing flux linkage induces transient currents in the rotor

m transient rotor currents in turn react with the stator and the induced
voltages
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Synchronous Machine Model

e The synchronous machine consist of:
three ac stator windings mounted on the stator
one field winding mounted on the rotor

two fictitious windings which model short-circuited paths of the
damper windings

o When modeling, the following are assumed:
a synchronously rotating reference frame with a speed of w
the reference frame is along the axis of phase a at time zero

o For transient analysis of an ideal synchronous machine

The machine is represented as a group of magnetically coupled
rotating circuits with inductances which depend on the angular
position of the rotor
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Synchronous Machine Model

Reference AXxis
A Quadrature Axis

/
8 =wt+3+"
2

Direct Axis

Physical Layout
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Synchronous Machine Model

coupled circuits

|
‘ Schematic of mutually
I‘Q

i
b
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Synchronous Machine Model

o The KVL equations for the model

v, r 00 0 0 O],
v, 0r 00 0 0li
v, | |00 r 0 O O] d
~v.| |0 00Tt 0 O] dt
0 000 0 r, Olig
0| (000 0 0 1l
_Vabc _ R abe 0 | abe d ;”abc_
_VFDQ:|_ |: O RFDQ:||:iFDQ:| dt|:;\‘FDQ_
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Synchronous Machine Model

o The magnetic inductance equations

L] [La Lo Le Le Lo Lo 1
A, Le Lw Loe Loe Lo Lo

Al |Lka Lo Le Le Lo Lo

Ae ) LFa Ley Lee Lee Lo Leg
z Loa Lon Loc Lo Loo Lig
o) [l L Lo boe Lo Lool]
A Lss Lsr

;”FDQ:| L ks RR:| { FDQ}
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Salient Pole Machines

o Rotors have two types of construction
Cylindrical
Salient

o The cylindrical rotor has an evenly
spaced air gap and a constant
self-inductance Cylindrical

o The Salient has a non-uniform air
gap and a self-inductance that varies
periodically

maximum inductance when the direct axis

coincides with the stator coil magnetic axis ©
minimum inductance when the quadrature axis
coincides with the stator coil magnetic axis

Salient
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Salient Pole Machines

o The salient pole machine can be represented by cosines
of second harmonics

Stator guantities

L. =L,+L cos28

L, =Ls+L_cos2(@- £ )
L. =Ls+L_cos2(@+ £ )

L.=—-M,-L, 0052(6’+%7T)
L, =-M.-L_cos2(6-1m)
L,.=-Ms-L, cos2(6+5m)

Lab
Lbc
Lca
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Salient Pole Machines

+ Rotor quantities - All the rotor self inductances are constant since
the effects of the stator slots are negligible

Ler =L
Lop = Lp

Lo = Lo
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Salient Pole Machines

Mutual inductance between the stator and rotor circuits

LaF

= M, cos28
L. =M, cos2(6-2n)
L. =M 0052(9+% )
= M, cos26 Lo =Mg sin26

I—aD

Lo =My cos2(@-2m) Ly, =M,sin2(0-2m)
2

L., =M, cos2(@+2
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Park Transformation

o Changes the abc frame of reference to the dgq0 frame of
reference

Voltages and currents on the stator are changed to equivalent
values based on the rotor’s frame of reference

o The transformation is based on the two-axis theory
the electrical quantities are projections onto three new axes:
m direct axis - along the direct axis of the rotor field winding
m (uadrature axis - tangent to the direct axis of the rotor field winding
m Zero axis - a stationary axis

TN AR TN RN
P=_/—|cosé COS(Q-%]T) 005(6’+%7T)
sing sin(6-37) sin(6+27)
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Park Transformation

e The Park transformation for current
| —|YV2 12 V2 [,
i, |=.]=|cos@ cos(@-2m) cod@+2m)||i,

i 'snd sn(@-%7m) sn(@+37) ||

o Similarly applied to all electrical quantities

IOdq = P Iabc
Vodqg = P Vanc in matrix notation
;“Odq = I:);“abc
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Park Transformation

o The Park transformation matix is orthogonal:
_J/«@ cosé sng |

p-lsz:\F /N2 codl@-2m) sin(@-27)
3_1/ﬁ Cos(e+%n) sin(<9+%ﬂ)

o Applying the Park transformation to the generator
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Park Transformation

o Transforming the time-varying inductance to obtain a
rotor frame of reference

hosg |_|P O | Ao
[l e
i g

g 0 lgq || Mrog
_P_l 0 ;‘Odq — Lss LSR P* 0O iOdq
_0 I%B}{;‘FDQ}_{LRS LRJ{O I%B}LFDQ}
hoaq | [P 0 ][Lss Leg|[P™ 0] log
_;‘FDQ}_{O |3><3i||:LRS LRR:||:O |3XJLFDQ}
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Park Transformation

o Resulting inductance matrix

L, —2M, 0
0 L.+M +3L
0 0
0 JEM,
0 JEM,
0 0
(c) Feb 2004
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Park Transformation

o Applying the transformation to the machine model KVL

_Vabc _ Rabc 0 iabc d ;‘abc

_VFDJ i { 0 RFDJ L FDJ _dt{%mj

P" O || Voaq |_ [Ravc O [[P™ O |[ioaq| d|P™" O |[ Rog

n 0 I%HVFDJ_ { 0 RFDQH 0 ij LFDQ_ dt{ 0 ij L‘FDJ
Voaq |_ [P O |Rasc O [[P* 0 [ iog| [P O]d|[P* O | Rog
_VFDQ_ {Ol?ﬁxj{ 0 RFDQ_{ 0 |3ijFDj _O|3><3_dt{ 0 |3ij‘FDJ

_VOdq_: Rabc 0 iOdq __P%P_l O ;‘Odq _E_;‘Odq
_VFDQ_ 0 RFDQ iFDQ B O |3><3 ;‘FDQ dt _;‘FDQ
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Park Transformation

. Evaluate the expression P4P™

p4p

wlno
&

cosé cos(@ -
sind sin(@-
0 0 O]
=w|0 0 1
0-10
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1/¥2 o -sin@

) cos(@+22)| 0 —sin(6 -2

2z) sin(@+22) | 0 —sin(6+2
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Park Transformation

e Substituting the original terms into the transformation

v, r 0 O 0 0 0 i
V, 0 r a, 0 0 w\5M, o
V, [__|0-ay 1 -—w/iM. ~wiM, O lq
-V, 0 0 O re 0 0 I
0 0 0 O 0 I 0 i
0] o 0 O 0 0 A
L, O 0 0 0 0 - O

0 L, 0 3M.  2M, O iz

|0 o L, 0 0 iMq|d]|i,

0 J3M. O L M, 0 |dt|l

0. /3M, 0 M, L 0 'o

0 0o M, 0 0 L, | Led
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Park Transformation

e Observations

The transformation has constant coefficients provided that the
speed is assumed to be constant

The first equation (the zero sequence) is not coupled to the other
equations, and it can be treated separately

While the transformation technique is a mathematical process, it
gives insight into the internal phenomena of the rotor and the
effects of transients
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