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. Basic design rules for electrical machines

. Design of Induction Machines

. Heat transfer and cooling of electrical machines
. Dynamics of electrical machines
. Dynamics of DC machines

. Space vector theory

. Dynamics of induction machines
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8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines Repetition
Electrically excited synchronous machine

Source: H. Kleinrath, Studientext stator slots
. N 4s : damper bar
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field - damper =
winding o ring
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Three phase stator winding, DC excitation via slip rings
rotor field and damper winding from a DC voltage

via a controlled rectifier
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Repetition

8. Dynamics of synchronous machines

Permanent magnet (PM) excited synchronous machine
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rotor iron magnet bandage

\ \ /L 6 pole rotor,
S™ 4 magnets
\ ‘ ’ Z per pole
4
)
) \“"
-
N \
= 0nd.
' Z 2p=6
g \\\\‘_l““"\ P=
r ‘ \ Source:
Siemens AG,
" Germany
housing stator iron Application of inverter-fed PM synchronous

Cylindrical rotor with surface mounted rotor

rare earth high energy magnets driving robots

machine as adjustable speed drive for
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8. Dynamics of synchronous machines
Air gap of synchronous machines

Repetition

Rotor oriented 4
/<1d d- and g-axis reference frame P

Cylindrical rotor synchronous machine
with constant air gap

Salient pole rotor synchronous machine
with non-constant air gap

*amps
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Repetition TECHNISCHE
8. Dynamics of synchronous machines A
Cylindrical rotor Salient pole rotor
g

Source:
Andritz Hydro, Austria
Source:
Siemens AG, Germany
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8. Dynamics of synchronous machines Repetition

Steady-state M (.9)-characteristic
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Assumptions: Neglected stator losses (R = 0), constant r.m.s. phase value U,,

*amps

constant stator frequency f, constant rotor flux
stable stable
- — »
Me ‘ Me
Mpo A motor Mpo
motor 1,0
+1
+0,5 synchrofous 10,9 reluctance torque
generator torq; )’\
I I s _ﬂ\/ﬂ \ ﬁ m - v
— 1T - /2 0 /2 U " 7l
salient pole
machine
torque
generator
Cylindrical rotor synchronous machine Salient pole synchronous machine
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8. Dynamics of synchronous machines Repetition § TECHNISCHE
Transient operation of synchronous machine

)y DARMSTADT

e Large transient disturbance: e. g. generator operation at the grid:

- sudden short circuits,
- voltage dips or oscillations due to switching,

- load steps on turbine or grid side etc.

e Small transient disturbances lead to natural oscillations of load angle and rotor speed
N dM,
Od ,m 1 p-‘clg‘ » | Stiffness” of "torsion spring™ cg =
fd m = — = - d g

’ 2 2rx J

Damper cage:

e—t/T T=1/a Damplpg of naftural
9 \ ™ oscillations by induced
A 0 N~ y ,
~J _ Te '=1/f4,, damper bar currents
T t
~ ?
Te
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Summary:
Basics of steady state and significance of dynamic performance of
synchronous machines

- Repetition of bachelor course contents

- Salient versus cylindrical pole rotors

- Synchronous versus reluctance torque

- Electrically versus permanent magnet excited rotors

- Pull-out torque and stability limit

- Natural oscillations of rotors damped by damper cage
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines Repetition
Rotor air gap field of cylindrical rotor synchronous machine

* Rotor field winding is excited by the DC field current 7;
* Rotor m.m.f. V(x,) and rotor air gap field distribution B (x,) have steps due to rotor slots

* FOURIER series gives the fundamental rotor field (« = 1):

~ 2 Nf
- r /
// // stator n I}
TP/3 — f , N = 2 . . N
“ , . — air gap § Bp Ho S f P9, fe
jsj?lgz SMD\NfC/'.If rotor W \/3
V4 Y kpf_snl _— —SlIl(7Z'/3)__
e V1 r )~ Bplxr) ’ r, 2 2
L R |
g 7 e _ sin(7z/6) | ko,
° "xr T g sin(zl6q))

« The fundamental rotor air-gap field is sinusoidal distributed.
* It may described by a space vector, fixed in the rotor reference frame.

*amps
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8. Dynamics of synchronous machines Repetition
Cylindrical rotor synchronous excitation-stator transfer ratio

« Fundamental of rotor m.m.f. Vi(x.):

. Nk, /N2 . - Nk

I = ;]f iy = Mg IV gKs \/7 Uf = liys -Uf uUf s ws
Uy N phy V2N ki,

tiy: field current transfer ratio tiy,e field voltag/e transfer ratio

—_—

iy =5~

2 Uy 2 N
'PrOOf ]frms If/\/7 Uflrms a)Lﬂl Ifrms \/779{ kawf ’l'l koé‘yz- pf kf If
C

Rotor field winding self- 7
inductance Ly, due to - . y

fundamental air-gap field: L, = 1 - (N (k ) 4 Tple By
fh = HO Y SR ﬂzp koo

m 4 Tyl 2m, Tpl
A WS)z o+ (N gl ) P ro  Ho (s ) 3

Ly, = Ly, =iy -iiy - Ly
h sh ur “If ~fh (\/Ekawf)

72'2p kcé‘
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8. Dynamics of synchronous machines
Cylindrical rotor synchronous machine: Rotor magnetic field

I':T] Ur
Cay T Niky

« Fundamental of rotor m.m.f. Vi(x.):
s 2 Ny J2 myN
Vf:_._.kwf.]f: .

T p T p

 Expressed with stator winding data (m, = 3):

V215

. 2 3N, 3 .
V= — .kws.]f:?[/w’ph._
P /
P = 1y 2k
lN,ph_Z' N';' ws
* Rotor m.m.f. space vector:
3 . y
Kf(f)=5'V1N,ph'l}(f) Ly =

ey 1

N

Iy

d-axis |—-
1 I Mg N sk /2 (Re-axis)

Vi)

g-axis

W
{ /1

W&
¢

/A
i )

f
i
lﬁ ‘!")‘f/

'i J k“ !K il‘
. I!I!' M' e 1
!: i§\i&l\\‘\\kk\\‘i\§§\g\ h::}ni‘“ ! ; "‘!"d‘ ' "":-;:\‘\

Tl R

"\;‘\“{\k\ —
11\ \
:

Magnetic rotor field, no-load (I,=0, 1, > 0):
- Field winding excited by I,
- Stator winding without current (no-load)
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8. Dynamics of synchronous machines
Stator and rotor m.m.f. and current space vectors

Stator space vectors: V (1) = I%N,ph : [iU(t) +a-iy(1)+ Qz Ty (t)]

. 3 .

V1,N=5' 1N, ph

V. 2. , ,
v (=29 =2 0+ aip @+ iy 0]
IN
I.(t) 2 :
L0=20ra 0@ 0] [(0=52 =30+ @i 0+ @ iy 02,0
N

Rotor space vectors: in direction of d-axis! (= Re-axis)

3 y 4 f (1) y
Kf(f)=5°V1N,ph-lf(f) V()= ; =i, (1) =1 ,(7)
IN
Lo N2 L)
Lr (1) = 7 =Vr (1)
N ﬂ‘
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8. Dynamics of synchronous machines
Magnetizing current space vector
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I¢’

Main stator flux linkage space Magnétic field at load (Z;>0, 1,> 0):
Field winding excited by I,

vector: v, (t)=x, -1, (7)

field axis
¥y

®ss In per-ynit:

i(0)+1 () =1, (7)

Magnetizing clirrent
space vector

m

Is

Stator winding excited by

’T‘___m Example:
IS\ 297>
T AN qr = 9
IR r
8 Source:
o N f/‘f E. Fuchs,
2| IEEE-PAS
5 i \\\\Q \,

] .

i

!
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8. Dynamics of synchronous machines

Stator flux linkage equation in rotor reference frame (d- and g-axis)
without damper cage

In rotor reference frame: i ()= Voo (r) i,(7)= zs(,,)(f) etc.

_ Lo Y
(l’zs(r) _Zs(s) e’ ’)
Stator flux linkage:

W (D)= X0 i (D) 4Y, (1) = Xy 1, (D) 42, ()

. . . of . . of .. o .
W =X g Xy (g + )= (Xgo + ) L+ 2,0 iy =ig+j-1,
. . 0 0 -'
ﬂs de +]l//q ZXS'ld +]xs-zq+xhlf
_ . of _ .
l//d—xs°ld+xhlf Wq—xs'lq

Stator winding inductance: X, =X, + X, = X4
(“synchronous inductance”)

We assume constant iron saturation, so x, is constant.

*amps
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8. Dynamics of synchronous machines
Space vector diagram in rotor reference frame (d- and g-axis)

dA . .
g d-axis = Re-axis
Ly g-axis = Im-axis
_ 2 Wan = Xp - (ig +i7)
%h %dh TJ th Yan

Wanh = Xh 'iq
. or . .
Zdh:xh'(ld +i ) Wa = Xslg T Xply

Wq :xs'lq

A

ldw

*amps
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8. Dynamics of synchronous machines
Dynamic equations of cylindrical rotor synchronous machine
without damper cage

rotor reference frame = d- and g-axis g =lg+ ] ig||Us =Uy +J-u,
, dy ,(t
ug(7) =75 ig(7)+ l/;?;( )_wm(f)"”q(r) v o=Watjy,
. dy (1) _
u, (1) =1, °lq(2')+d—+a)m(1')°l//d(1') Unknowns:
T : :
La (T)al (T)a Y (T)a Yq (7)9 Wy, (T)

Wa (T) = (xh + xsa) ) id (T) T Xy i’f (T)
Y, (7) =(x; +Xy5)- iq (7)

) 2 0y () =iy (), (7) - (0

Given:
Ug (T)a u (T)a l} (T)a mg (T)

dl//SO

dr
Separate zero-sequence flux linkage equation (not discussed here)

Stator zero sequence voltage system: u,y, =7, i+
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8. Dynamics of synchronous machines Repetition
Saliency: Stator air gap field larger in d- than in g-axis

Air gap is LARGER in neutral zone (inter-pole gap of g-axis) than in pole axis (d-axis).

Hence for equal m.m.f. V; (sinus fundamental v = 1) the corresponding air gap field is SMALLER
in g-axis than in d-axis and NOT SINUSOIDAL

Vs(xg:vscos X

. . . . :A . 51
Stator field in o Stator field in Vs(x)=Vgsin =
d-position Ba(x) g-position ¢
Bq(x)
R 1V q
-/ % pai N Bqt
_E = /IJHHHIJIIHJ =~ E - XS O Tp - XS
2 // 2 //
‘ E/

Vs(x)
Vv _ S
Ba(x) = MOS_(XQ‘ Bq(x) = 1o (x)
6(x) 5
A 2 3
- Fundamental stator mm.f. V, =—-—-N_k -1  leads to non-sinus By(x,), B,(x;) !
T 2
- Stator field at cylindrical rotor synchror%us machine (air gap ¢): ﬁs = o \;—S
A O A

- Amplitudes of FOURIER-fundamental waves of By(x,), B,(x,): édl < és, Bql << B,

*amps
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8. Dynamics of synchronous machines
Saliency: Different main inductances in d- and g-axis

Repetition
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Stator field in Vs(x)

:vscos R
Tp

d-position: Ba(x)
L=1I, "
Baqi
/// (50 \'\.
Tp /lll!illlIJIIrJJ Tp = XS
_? // 5
/
¢, =B, /B, ~095<1

Stator field in  Vs(x)=Vssin ég

g-position:
Is:Iq > 4 Bq(XS)
Bq1
0 Wﬁo
7 4@
/

¢,=B,/B;~05..0.6<1

- Stator main inductance of cylindrical rotor synchronous machine (air gap &,):
6 Tple ¥,/N2 B

2
at tpe —> 01 Ly = o - (Ngkyye)™ -

2

n°p kcdy I

/

S

deh/\/a_cd'ﬁyh/\/a

- Saliency: d-axis:|Ly, =

1, I

N

= Cd 'Lh q-aXiS:

Ly,

_yth/\/i_cq'?zyh/\/z:

/

q

/

S

q'Lh
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I I TECHNISCHE
8. Dynamics of synchronous machines TECHNISCHE
Example: d-axis: Constant air-gap &, over b,: a) Rotor field PARMSTABT
q-axis d-axis q—axis
/'/ : 5 Rotor-side m.m.f. V{(x,) of field-coil per rotor pole has the fundamental
! amplitude V; ;:
__'_ M i 1 Tp
: fPo:le Vf(xs) Nf,Pole = Nf /(2p) Vf,l = T— IVf(xS)'COS(xSﬂ'/Tp)'de
: | 2 | 5 b2 Pt Ay b
! ! > x, Vil=—"- IVf-cos(xsﬂ/rp)-de=—f-sin( L 7[) Vil(xg)=Vpy- COS(—)
-'2'p/2 -bp/2 0 bp/2 z"p/2 ' Tp _bp/z T Tp p

(N —
== koo ek,
I Vf 1 Lst 1 (xs) Y /

> X, The fundamental m.m.f. yields along with air-gap &x,) the radial rotor air-gap
—Tp/2 —bp/2 0 bp/2 Tp/2 field:

/ / 550/ 5 | B, (x;) =ty V51(xg)/ 5(xy) B, =uy-Vsld

' ! The fundamental amplitude B_ , of the radial rotor air-gap field is:

L | p.1

: Iﬁ i |_| | r b, /2

' B,(x) | B -1 (g e yedy. = 2. B, /7 Y)-d B,
B ' p,l_z__' J. p(xs)'cos(xsﬂ- Tp)' -xs — J. +COS (x T/ T ) x —Cd

Ply e P -z, Ty —b,/2

B
f | I X
: - : s b,m
2 b2 O b2 2 cy=Llavsinal a="2%  Forb,=r1,:c;=1
T T
p

-

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8. /22
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

k‘
=
%



<73 TECHNISCHE
5? UNIVERSITAT

8. Dynamics of synchronous machines
Example: d-axis: Constant air-gap &, over b,: b) Stator field

1S
9
@~ DARMSTADT

g-axis d-axis g-axis
Stator-side m.m.f. V(x,) of m—phase (three-phase) winding has the
fundamental amplitude V/ ,:

M . M T
. . ! ! 1 7 N2 m
i T | VSJ:T—- IVS(xS)-cos(xSﬁ/rp)-dxs:7-—S-Nskws-ls
e man AR P, g
I | : > X X T
l-Tp/2 a 2 ¢ Vii(xg) =V 1 -cos( . )
: l ; p
] L) | .
> Vai -1 The fundamental m.m.f. yields along with air-gap &x,) the radial rotor air-gap
I ixs field:
“5/2 b2 0 b2 /2 By(xg) =ty Vs 1(x5)/ 6(xy) By =y V110
/:/ / A The fundamental amplitude B , of the radial rotor air-gap field is:
; Iﬁ /l/ |—I i 1 Ty o) by /2
i 7 By(x,) Bjy=—- IBd(xS)°COS()CS7Z'/Tp)°de =—- j B, -cosz(xsﬂ/rp)-dxs =c, - B
! B, | |B. i [ tp b, /2
: w:r : > X 1 . bp”
b0 b2 #2  cqg=—lasingl a=-t= " Forb,=7,:c;=1
p

-
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8. Dynamics of synchronous machines
Saliency: Voltage & current transfer ratio i & U
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By(x,) = By -cos(**"

2

27 t) Dy ==1,-1,-By=U; =27 f Nk,
T /A
p

Ui,f:\/E.ﬁ.f.zp.Nf’Pole.kwf.gpl:ﬁ.ﬂ.f.Nf.kwf.gpl

* Voltage transfer ratio Uy iy =U;  /U; r =(N ko) (N s kyp)

e Current transfer ratio i tigp =1,11%
4-N I, V2 m

Boi=cq-B,=cq -ty Vi1/oy=cy 'ﬂo‘ﬁ_—zp‘kwfmo =By () =cq 1 '7'7‘Nskws
iy =1,/ 15 =(mg Ny k) (N2 Np k)
¢ Stator-side self-inductance due to air-gap field in d-axis: \
2-m )
Lip=U;s 127 f 1) =¢cqy ‘ﬂo'(Nskws)z',TZ o pg —=cq-Ly
P 0 P
e Rotor-side self-inductance due to air-gap field in d-axis: Y | Ly =tigp i Ly,
2.2 1,1
Lyn=Up g (2emfoIp)=cg tty (N phoyg)® =5 L=
T -p 50 )

118,
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8. Dynamics of synchronous machines
Saliency: Stator current and flux linkage space vectors
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d—axis (Re-axis)

Stator current space vector:

decomposed: |[,=1,+1

(in d-axis!)

Flux linkage space vector:

Fan =Ly 21 5q

Rotor current space vector: L’ f

Magnetizing current space vector:
In d-axis: [, ; = ]} +1,
In g-axis: ]mq = Iq

Yy=¥up+¥,

Pan = Lay '\/5'(1} +1)
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8. Dynamics of synchronous machines
Saliency: Stator flux linkage equations in d- and g-axis

Stator flux linkage in per-unit:

. of . of
Wi =Xgo +Xgp) lg +Xgply =Xg ig +Xgpiy
W, =Xso + X)) 1, = X1,
Stator inductances:

Synchronous inductance of d-axis x4 and of g-axis x:

)Cd = th +xSO‘ Xq = )th +'xSO' )Cd > xq

We assume constant iron saturation, S0 X, X, are constant.

By calculating the magnetizing current in d- and g-component,
the resulting variable iron saturation due to (I, =1,,,+1,,
is usually not correctly considered!

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 26
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8. Dynamics of synchronous machines

Set of dynamic equations of salient rotor synchronous machine
without damper cage

rotor reference frame = d- and g-axis g =lg+Ji,||Us=ug+ju,
, dy,(t
g (7) =1, iy (7) + "fj; b0, v, @y =y,
: d'ﬂq(f) Unknowns:
u(t)=r,-1(r)+——+aw, (7)- T : : '
q( ) s q( ) dr m( ) l//d( ) ld(T),l (T)9Wd(r)9Wq(T)awm(T)

Wa(7)=(Xgp + X56) iq (T) + Xgp, 15 (7)
Wq(T) = (th +Xs5) iq (7)

) 2O () ()= (), (7) - (0

Given:
Ug (T)a u (T)a l} (T)a m (T)

dl//so

dr
Separate zero-sequence flux linkage equation (not discussed here)

Stator zero sequence voltage system:u =17, ‘1o +
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Energy Converters — CAD and System Dynamics

Summary:
Flux linkage in cylindrical and salient rotor synchronous machines

- Repetition of bachelor course contents
- Also with space vectors:
One magnetizing stator inductance in cylindrical rotor
machines
- In salient pole rotors:
d-axis magnetizing stator inductance bigger than in g-axis
- So far: Influence of damper cage neglected
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8. Dynamics of synchronous machines
Fluxes in salient pole synchronous machine with damper cage

a) Stator magnetic field component, excited in parallel with rotor d-axis
b) Stator magnetic field component, excited in parallel with rotor g- axis

d q d q d
Stray fluxes: ‘ - — ‘ ( ‘ e | ~
VR . @ Pso 5 . j so \'& ®qh
Dy < X5 ///J/////// NIPIIIY. l’// /J('////// Vovvic svss
%on GO, (OOE |(OOTD)
i 4 2z
¢QG < Xaqo #Do (/ Qfo 9 é ; Qo ; ;
/ | / dh ; | / ;
/ /
Main fluxes: §® @ ‘ 4 g | 4
LY 2N EIIN
Dy, & Xyp 777777 TN 77 | ol
Dyh < X, ‘\ i / ‘ \ N i J ‘ &

a) d-axis flux linkage b) g-axis flux linkage
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8. Dynamics of synchronous machines
Dynamic inductances and reactances

®* Magnetic equivalent circuit of synchronous machine in dynamic state of operation:
— “Transformer”: Magnetizing inductance: d-axis Ly, , g-axis L,

— Secondary leakage inductance: D
Excitation winding: @&, X, = aoyLs,, L
O
— Damper cage: [ ()lU
— d-axis @p. Xp, = oylpe, !
— @g-axis @q, : Xqs = onLas
°* Damper bars are short circuited by end rings!

° Exciting DC voltage source of excitation winding has small internal resistance,
which may be regarded for induced transient voltages and currents as
an ideal voltage source = no internal impedance = field winding is AC short circuited.

* So field and damper secondary windings are (AC) short circuited!

(
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8. Dynamics of synchronous machines
Dynamic voltage equations for synchronous machines

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

d|
. dyy
Md:VS'ld-Fd—T—a)m'Wq I'g
d
uqzrs-iq+ﬂ+a)m-l//d /- =
d
O:rD‘lD‘|‘ WD q | q__jaf
dr —o Y
Irs { rq
: dWQ -
O—rQ-lQ+ 0 <T== ~—]
d, q. Stator voltage equations

D, Q: Damper voltage equations
f  : Field voltage equation

Equations are valid in rotor reference frame !
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8. Dynamics of synchronous machines
q-axis transformer equivalent circuit of synchronous machine

Magnetic flux linkage in g-axis of synchronous machine:

Rg
2-Winding-transformer:
Stator winding with damper cage = like induction machine
*q *q Ra  Voltage and current transfer ratios for field and damper winding

different!

[ — Z:l‘ — NS kWS — NS kWS

Xan PR V0N kT (1/2)1
Vy=Lylg+Mylg vo I .. omy .3
1o e . uIQ:uUQ._:uUQ._

Loo =liygligLos

Y =L 1 +ii,,M. (I /i)
q q9-q 10" sQ "\LQ0 "¥IQ

Yy =Lsg+Lgp) 1g+Lyy 1
WY = Lopl, +(Lpg + L) I

Loy =tiigM 5o = tiyoM o5 =tiygtig Loy

We skip the notation " in the following for transferred values!
Vy=Ligly+Ly, (I, +1p)
TQ :LQGIQ +th (]q +IQ)

S”q :Lmlq +th -(Iq +I’Q)
S”é :Léalé +th -(Iq +Ié)

*amps
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8. Dynamics of synchronous machines
d-axis transformer equivalent circuit of synchronous machine

Magnetic flux linkage in d-axis of synchronous machine:

3-Winding-transformer: El. excited rotor with damper cage
Simplification: Bundled flux lines:
Main flux is identical for stator, field and damper winding
— Voltage & current transfer ratios for field & damper winding

different: tiy;r # tiye # tiyp # tigp ”UQ = “UD»”IQ = U
Yy=Lg1, +Msf1f +Mplp Lan =tijpM p =tigpM pg = tigpM o = tige M 4

Ve=Mplg+Lols+Mplp Ly, = tiypliypM pr = ﬁUf’leM /= ’jUf’jlfL i = ﬁUDﬁlDLDh

Wy =Lgly +iiye My (1 i) +iip Mgy -(Ip i) Lf =typtiy L LDG _MUDMIDLDJ
tigp¥'p = tiypM pel g +tiygpliyy M pr - (L ¢ 1ige) +iiyptipp Lp -(Lp 1igp) b= =Do T =Dh

Yo =Lag +Law) La+Lanls +LanIp  Skip notation ":| ¥y =Losly+Lagy-(Ig+1p+1p)
syj” :thld +(L}O' +th)'l;’ +th1b ij :LfO'If + Ly, (Id +If +[D)
¥p =Lapla +Laply +(Lps +Lap)-Ip Yy =LpoIp+Lagy-(Ig+1p+1p)

*amps
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8. Dynamics of synchronous machines
Understanding transients

A A

1 R U _____ —
7 2
ul L Ul AU \11 i _I_ Eg/R
] GW/R[
o O .'t, O I >t

Example: Rotor DC field winding: Voltage step

If only transient change of current for very short time t << T after disturbance is of
interest, only the resulting inductance for dynamic condition must be known!

Ai Ai
Aul .
T=L/R 0 -t
i(t) = (;1 +4‘}§].(1_e—t/T) - Ai(t):i(t)—ﬂt«T zATU.t
e_”Tzl—?,t<<T
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8. Dynamics of synchronous machines

Rg Asg Ate  ADo

o= —
11 I,
Xp Rp R¢ ‘ Xan
T T . IfR_ Iy

Magnetlc coupling in d-axis ( X = a)N L)

:{EEF
h . ~ . ﬁ i
o
No damper cage, no field wmdmg No damper cage: Damper cage and field winding:
synchronous d-reactance X transient reactance X’y  subtransient d-reactance X :
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8. Dynamics of synchronous machines /%) UNIVERSITAT

DARMSTADT
Rs :{Sﬂ'
> ao
Rq
Rq
T o
Magnetic coupling in g-axis (X = a)N L)
E-El'
o |
No damper cage, no field winding: Damper cage:
synchronous g-reactance X, subtransient g-reactance X", %
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8. Dynamics of synchronous machines
Subtransient inductances and reactances

- ,Subtransient reactance® of d-axis
(secondary resistances neglected):

:{Eﬂ'
L,L. L | |
XII :C()NL" :a)N'(LSO_+ dh fO' Do )
LapL s+ Lgplps +LisLps xanfll «. W x
o

e "Subtransient reactance of g-axis" :

}:EU
.

xg =1>x,=0.6,but:
Lylgo

X! =wyL) =wy (L, + x; =0.15<x], =0.18
q N*q v - (Lo th+LQO- thl lxﬁﬂ d q

" "o, :
Xg =X . subtransient symmetry

Example: Salient poles:
Xd/ZN :xd =1p.u., Xq/ZN :xq =0.6p.u., XSO' :XfO' :XDG :XQG :OIZN .

0.9-0.1-0.1 0.5-0.1
y = " = = X”/Z - ”:0.1+

0.9.-0.1+40.9-0.1+0.1-0.1 —
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8. Dynamics of synchronous machines
Subtransient performance of synchronous machine

A TECHNISCHE
UNIVERSITAT
-° - DARMSTADT

During subtransient state of synchronous machine nof the
synchronous reactances X, X are active,
but the much smaller subtrans:ent reactances: X g, X g

Note: Even if X, > X, like in salient pole machines,
the subtran3|ent reactances are nearly the SAME: Xz < X/, but X7 ~ X/

Winding resistances R, R;, Ry and R, cause a decay of dynamic currents,
which flow due to induced transient voltages in the stator and rotor windings

In the damper cage the dynamic current in the damper bars decays much faster
than in the field winding.

Typical time constant of decay:
in damper winding 20 ... 50 ms,
in excitation winding 0.5 s ... 2 s.
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8. Dynamics of synchronous machines
Example: Calculation of r_, r;, ry (1)

Two-pole turbine generator (= cylindrical rotor) with complete damper cage:
Copper wedges of rotor field winding slots are damper bars

SN =125MVA, Uy =105kVY, Iy =6880 A, fn =50Hz,d,, =920 mm, lFe,r =29m

Zx =Unpn / Tnpn = 0.88 Q2
Stator winding resistance per phase:
Rs,75°C =156 mQ,Q, =66,9, =1l,m, =3, N, =l,a,=2,2p=2=>N,=2p-q, Ny /a,=11
Wit,=27/33,k, =0.9595,k; =0.9553, k,,; =0.9166
Ry ac = kac ‘Rspc = 1.33-1.56=2.078 mQ,|r, = Ry ac / Zn =0.00236 p.u.
Field winding resistance:
R 750¢ :94.2mQ,Qf =32,4, =8,mf =1,Nfc =9,af :1,:>Nf =2p-q, -Nfc/af =144
ko =312, kg =0.9556, k,,; = 0.8276

iy = AslNs 99100 I _ 6 0gag g miye 20,1795, iy iy =0.01518
kN, 0.8276-144 my 2

Rf" = il.If . L.iUf . Rf =1.43 mQ, T = Rf" /ZN =0.00162 p-u.
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8. Dynamics of synchronous machines
Example: Calculation of r_, r;, ry (2)

Damper winding resistance: S—
Here: ldeal symmetrical damper cage = no difference between d- and g-axis %

hp =20 mm, by =(32+49)/2=40.5 mm,

lpar =lpe, +2-A41=2.9+2-0.1=3.1m

Ryar 750 = lpar (Mpbpkc,) =3.1/(0.02-0.0405-44 - 10%) =870
Qr:48:mr:mD,erl/ZZND,kwrzlzka

hendcap =35 mm, 7, =d, 7w/ Q, =60.2 mm, Aby, oo = 7oy /2
Ab 0.0301

ARendcap,75°C = nceap = 6 6.15pQ
Al - hendcap "Kstainlesssteel  0.1-0.035-1.4-10

ARendcap,75°C = .endcap,75 = 5 = : 7= 718 uQd
2-(sin(mp/Q,))” 2-(sin(x/48))

RD - Rbar,75 oC + ARendcap,75 °oC - 87 + 718 = 805 MQ

. k., N, 09166-11 . . my ..

Ugp = kWDND = 1.05 = 20165, Ump = Uyp m_D = 126, Ump "Uyp = 25.414

*amps
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8. Dynamics of synchronous machines
4-pole Turbine generator: Rotor insertion in stator

Copper wedges
as complete
damper cage

Stainless steel
end-caps as
retaining rings

Source:
ALSTOM

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8. / 41
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

*amps

k‘
I~
%



8. Dynamics of synchronous machines
Example: Calculation of r_, r;, ry (3)

Stator / field / damper winding resistance in physical units:

R, =2.078 mQ, Ry =94.2 mQ, Ry =805uQ
Per-unit stator / field / damper winding resistance, with respect to stator-side:

r, =0.00237, 71 =0.00162, rr, =0.02074

* In physical units the field winding has the biggest ohmic value

» The damper bar has the smallest ohmic value, although the retaining stainless steel cap
(as “end-ring”) increases the resistance strongly.

* In p.u. the damper resistance is the biggest value, the field winding resistance is the smallest.

* As the p.u. inductance values x,, x;, x;, (with respect to the stator side) are similar,
the time constant for the separated windings

Tr=Xplnp>T,=X,/1,>Tp=Xxp/m

is for the damper the shortest = The dynamic damper currents decay fastest!

* Example: x;=xp= 1.8 p.u.: 7= 1111 p.u. (3.5 8), 7, = 87 p.u. (277 ms)
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8. Dynamics of synchronous machines
, 1Transient” state of synchronous machine

7 TECHNISCHE
UNIVERSITAT
)y DARMSTADT

° Intermediate state in d-axis: Dynamic currents in the damper cage have already decayed,
whereas in the field winding still a big dynamic field current is flowing.

* Equivalent reactance for this “transient™ “Transient reactance” of d-axis X!
Is only slightly bigger than subtransient reactance !

® After decay of all dynamic currents the stator reactance becomes again X resp. X,

, : Lanl o aL
Xd:wNLd:wN°(LSO'+ )
Ly, +Lfa
Example: xg = 0.9, X0 = x7o=0.1: X,/ Z =x}; =0.19 ?
x, =01+2201 619 °
09+0.1 —

x;=0.15<x; =0.19

vy
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8. Dynamics of synchronous machines e
Subtransient and transient state

» Time constant of damper winding for decay of transient damper current is much shorter
(factor 10) than time constant of field winding for decay of transient field current

» S0 we can distinguish “transient” and “sub-transient” state

Subtransient time section Dynamic current flow in stator, damper
0...~05s and field winding
Transient time section Dynamic current flow in
05s...2s stator and field winding
Steady state (synchronous) Steady state current flow in
>2..3s stator and field winding
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Energy Converters — CAD and System Dynamics

Stator inductance per phase for steady state and dynamics (1)

:I Steady state Sub-transient

Synchronous inductance Transient inductance Subtransient inductance
£ x
Quadrature axis J| Synchronous inductance Synchronous inductance Subtransient inductance

d-axis

— ] X

7 Xdo XDO’
Xd ™ %
dh Xto X’él - th
o 4 »
(o
Xdo Xto

Xd ™ X, X (=X,

o .
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7 TECHNISCHE

8. Dynamics of synchronous machines

UNIVERSITAT
Stator inductance per phase for steady state and dynamics (2) DARMSTADT
Subtransient inductance of d-axis: (physical units: L, per unit value: x)
" Lol t5Lps " XahX feXDor
L;=L._+ X7 =X, +
d — Hso .1 I L L. L d — ‘'so
dht fo T Lantpe T Lol Do XahX fo T XdhXDo T X foX Do
Subtransient inductance of g-axis:
L hL X h.x
Ly=Lys+ an oo X =Xy + qh”Qo
th + LQG th + an
Transient inductance of d-axis:
thL xdhx
L, +L X + X
dn T L fo dh T X fo
Transient inductance of g-axis:
r r _
Ly =1L, g = Xq
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8. Dynamics of synchronous machines
d-axis: Field lines for dynamic and steady state

Vs (L) }Vsa)(t)

synchronous X transient X', sub-transient X",

Sinusoidal distributed (= fundamental) stator m.m.f. V,(x) Source.

- synchronous: No reaction of rotor windings K Bonfort

- transient: Reaction of rotor field winding Springer-Verlag
- sub-transient: Reaction of rotor field and damper winding

*amps
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8. Dynamics of synchronous machines

7% TECHNISCHE
UNIVERSITAT

g-axis: Field lines for dynamic and steady state PARMSTADT
{ vs{l]{t} | vs{l}{t}
| [
| 9
I £s
I=1,
]
1
" Q
Xq ]
DC excitation [ | |
| ; | I pc not shown [ ] |
| | I | [ I
synchronous X, NO transient = X’ =X, sub-transient X',
- synchronous: No reaction of rotor windings
- NO transient state, because no linkage with rotor field winding e
- sub-transient: Reaction of damper winding Springer-Verlag

*amps
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8. Dynamics of synchronous machines

$Vsn)(t) . :
| Field lines for dynamic
| d | and steady state
% — s Sinusoidal distributed
o (= fundamental) stator
m.m.f. V(x,)
- synchronous:
No reaction of rotor
Synchronous X, , X, transient X', , X_ windings
FVsny(t) DC excitation § Vg(1y(t) - transient;
| [ipc mot shown [ Reaction of
q-axis m | N | N rotor field winding
——— ————— ——t—— 7% _sub-transient:
Eome ele alln olo G el aeln s o

Reaction of rotor field
and damper winding

Source:
| i | | | ! [ : | K Bonfert,
Springer-Verlag

*amps
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8. Dynamics of synchronous machines .

p.u. reactances of synchronous machines

TECHNISCHE
UNIVERSITAT
Synchronous reactance of
direct axis

DARMSTADT

0.8 ... 1.2: Salient pole synchronous machines
with high pole count

1.2 ... 2.5: 4- and 2-pole cylindrical rotor
synchronous reactance of
quadrature axis

synchronous machines with high utilization

(0.5...0.6) - x; : Salient pole synchronous machines

with high pole count
(0.8...0.9)- x; : 2- and 4-pole cylindrical rotor
transient reactance of
direct axis

synchronous machines
0.2-0.25 ... 0.35-0.4

transient reactance of
quadrature axis

Identical with synchronous reactance

subtransient reactance of
direct axis

0.1-0.12 ... 0.2-0.3

subtransient reactance of
quadrature axis

usually x; > xgl , as field winding is missing in g-axis:

" "
0.1...0.3, but X, = xg
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Energy Converters — CAD and System Dynamics

Summary (1):
Dynamic flux linkages of synchronous machines

- d- and g-axes separation of flux linkages in synchronous machines
- Rotor cage described only by two short circuited coils in d- and g-axes each: D and Q
- Electrically excited synchronous machines:
- Three-winding transformer in d-axis
- Two-winding transformer in g-axis
- Sudden change in flux linkage leads to transient rotor currents
in damper and field winding
- Subtransient d- and g-axis inductance (in p.u.: ,reactance®)
- Transient d-axis inductance, when transient rotor current only in field winding
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Summary (2):
Dynamic inductances in synchronous machines

- Steady-state and dynamic inductances are mostly given in p.u.
- p.u.-values as inductances or reactances identical
- ,p.uU.-reactances” is the standardized wording
- Subtransient reactances smaller than transient reactance
- Transient reactance smaller than steady-state reactance
- Sub-transient g-reactance slightly larger than subtransient d-reactance
- In subtransient reactances machines are nearly symmetrical,
although at steady-state (esp. salient poles!) not!
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines
Space vectors in rotor reference frame

Equations are formulated in rotor reference frame:

Real axis = d-axis, Imaginary axis = g-axis

qd
Im A
UqA____ Ug -
| g-axis
| <
> Re —
0 Ud d

In synchronous steady state condition (a, = @) stator voltage / current space vectors at
sinus stator three-phase voltage feeding DO NOT MOVE in rotor reference frame:

—Jr(7) _ AL J 0T

— — —j°60m2'
%S(I") - %s(s) ‘€ — Zs(s) € —Us-e

.e :gs
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8. Dynamics of synchronous machines

dy s(r) - Subscript (r) denotes:
+ ] @y 'ZS(},) rotor reference frame

- Stator @ (U, =hc iyt

- We skip subscript (r) for simplicity

- Damper : |0 =/, 1yt

Decomposition of stator space vectors in d- and g-components:
Ug =Ug +]°uq9 Iy =14 +]'lq %S =WV +]°l//q
Damper current space vector: ', =ip + j-ij K’r =Wp+j¥o

Transformation ratio for voltage and current:
kws'NS'mS - - kws'Ns

, Uyp =l =————
(1/2)-0, up e T 0

Field winding: leferent transformatlon ratio: WE SKIP THE ~ FURTHER
f lf/l/l]f Wf—uUf l//f I"f—l/lUf l/l]f I"f

Up =Ujp =

*amps
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8. Dynamics of synchronous machines
Dynamic voltage equations for synchronous machines

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

d|
. dyy
Md:VS'ld-Fd—T—a)m'Wq I'g
d
uqzrs-iq+ﬂ+a)m-l//d /- =
d
O:rD‘lD‘|‘ WD q | q__jaf
dr —o Y
Irs { rq
: dWQ -
O—rQ-lQ+ 0 <T== ~—]
d, q. Stator voltage equations

D, Q: Damper voltage equations
f  : Field voltage equation

Equations are valid in rotor reference frame !
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8. Dynamics of synchronous machines
Flux linkage equations Iin d- and g-axis

N

Wa =Xglg +Xgplp + Xl

. : » Stator flux linkage
Wy = Xglg + Xghl0

Wp =Xgplg T Xplp + Xgul s
, Damper flux linkage

Vo = Xgnlg + Xolo

W ¢ =Xgplg +Xgplp + Xrlr  Field winding flux linkage
Stator inductance  Xg = Xgp T Xg6  Xg =Xgp T X545
Damper inductance xp =xz +Xp, Xp =Xgp T X005
Field inductance Xy =Xgp +x fo
We assume constant iron saturation, so x4, x,, are constant
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8. Dynamics of synchronous machines
Electromagnetic torque

* Stator current and flux linkage space vector

mey = Imts Y }: by Va1l "Vyq components in d-g-reference frame
dw,, (1)
dr

Complete set of dynamic equations in rotor reference frame for

ty = iq (1) wa(r)—iy(7) Vg (z) —my(7) Mechanical equation

a) electrically excited synchronous machines with damper cage (and rotor saliency):
11 equations, 11 unknowns

id>lgsIps 10>l sWasWasWpsWos W g O Ug, Ug, Uy Mg

b) permanent magnet synchronous machines: NO damper cage, NO field winding:
5 equations, 5 unknowns

L lys WY g» O [ Ug, Uy, Perm.Flux ye =y, mg
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8. Dynamics of synchronous machines

Electrically excited synchronous machines
- with damper cage and rotor saliency

d
ud(T)=rS-id(z-)+dl//d(T) — @, (7) ¥, (7) 4, (7) =1, i, (7)+ Wq(T)Jfa)m(T)'Wd(T)
d d
0=rp-ip(z)+ W;T(T) 0=rp-ip(r)+ "’fr(f)
dy ¢ (1)

up(r)=re-ip(7)+ 7

Wa(7)=(Xgp +X55) g (T) + Xgip (D) + Xgpi p (7)) W, (7) = (Xyp +X55) 1,(T) + X, i (7)
Wp(7) = Xguig(T) + (Xgp + Xpg ) ip(T) + Xgui o (T) W T) = X4 (T) + (X + X5 ) 1 (7)
W (7)) = Xgpiq (7)) + Xguip(7) + (Xg + X 15) i p(7)

- ) 0) (D)= 1a(2) ()= (o)
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8. Dynamics of synchronous machines

Permanent magnet synchronous machines
no damper / field winding

dy,(7)

— (D) Y,(7)

ug (1) =15 -i5(7) +

d
Uy (7) =75 iy (7) +%(T)+ 0y (7)Y 4(7)

Wi (7)=(xgy +X55) 14 (T) + W),
WQ(T) — (th + xSO') ) iq(T)
dw, (1)

A =i,(7) (1) —iy(7) -y, (7) —my(7)

dWSO

dr
Separate zero-sequence flux linkage equations (not discussed here)

Stator zero sequence voltage system: wu ,=r, -i;o+
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8. Dynamics of synchronous machines
Steady state operation of synchronous machine

%) TECHNISCHE
UNIVERSITAT
)y DARMSTADT

- In rotor reference frame: steady state: d./dr= 10
- DC values = d- and g-phasor amplitudes of d-g-phasor diagram

Uy =rS'id—a)m-l,Vq W4 :xdid +thif Wq:.xqiq

Uy =Ts lg T O Yq The steady state back emf u is directed in g-axis:
O:VD lD

0=rp-ip “p = Om Xdn'y

Uy =ryiy
iD:iQ:O, lf:l/lf/l"f

Ug =T lg = @Op - Xgly Uy =Tg Ty + Oy Xgly + Opy - Xgpl s

*amps
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8. Dynamics of synchronous machines
Steady state DC values diagram

q, Im q ExamQIe.'
Us rsig Under-excited motor operation,
Rsly'\ 4 ‘/IDENTICKi ?\ A “inverse” reluctance x, = 2xy
s'q
Xqlg\ 1 jxqlq omXqiq| M o xqig
Space vector
A U gs A ~diagram for
Conventional 9 =p Llp— @mXdhlf Steady state:
phasor diagram corresponds
T I 'y i directly to
-q . i = -
q conventional
¢ phasor diagram
0 > > d, Re _ > > d
Ia It 'ld  f

udzrs-id—a)m-xqiq uq=rS-iq+a)m-xdid+a)m-xdhif

*amps
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8. Dynamics of synchronous machines
Do you remember ? Motor operation — under-excited

q, Im

1Xqlg

Example:
Example:

Salient rotor, L
,,inverse* Iy Cylindrical rotor,
Xy=X,

reluctance: X; > X,

- & d, Re

| I
A 9<0 ©>0
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Energy Converters — CAD and System Dynamics

Summary:
Set of dynamic equations for synchronous machines

- Formulation in rotor reference frame
- Due to damper and field winding:

11 dynamic equations for d- and g-axis
- PM machines:

Only 5 dynamic equations, if rotor eddy currents are neglected
- Steady state solutions are in rotor reference frame DC values
- Steady state DC values correspond

with

Re- and Im-part of steady state AC complex phasor results

(see: Bachelor’s course)
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines
Park transformation (1)

Transformation from stator (s) three-phase U, V, W-system
into rotor (r) two-axis d-g-system: e.g. stator voltage space vector u.:

Imr(\q) I;nS Re..(d) U, _|_j.uq = Uy = Ug(s) o )Y =
\ = v 9 |
\ e _ < 2 —jy
\\ _ — (MU+QMV+Q UW)e
N %
\/\/ 7(\ » Res —mmm— Y :l(u Yy, U ):u
U-winding axis sO 7 VU TRV T 0
(2 2 2r, 2 47z ) _ pJj2m/3
—-COS —-cos(y———) —-cos(y——— a=c
e yoogeosy==0) reos(y=—) (g
u, |= _2 sin —g-sin( —2—7Z) —g-sin( —4—7Z) | u
|7 T3 TR Ty TR
\H0 1 1 1 \tw )
. 3 3 3 y,

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8. / 66
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8. Dynamics of synchronous machines
Park transformation (2)

<7 TECHNISCHE
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2 2 2 2 4r
—-cosy —-cos(y——) —-cos(y——)
U 3 3 3 3 3 ug; ug;
u, |= —z-sin —%-sin( —2—7[) —z-sin( —4—7Z) Auy |=(T)|u
q 3 Y 3 Y 3 3 Y 3 V V
w) | 1 1 1 uy uy
3 3 3
( \
g ) cosyzﬂ —sin}/zﬂ L (u) (1)
_ - . _ -l
uy |= cos(y—?) —sm(y—?) L ug |=(T) U
u 4 : 4 u u
W cos(y——ﬂ) —sm(y——ﬂ) 1 0/ 0/
\ 3 3 J
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Energy Converters — CAD and System Dynamics
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Summary:
Park transformation

- Alternative formulation to KOVAC’s complex space vectors
- Matrix transformation from U,V,W to d,q,0-system
- Historically older, since ca. 1930
- CLARKE s transformation:
From U,V,W to stator «,f3,0-system
- PARK’s transformation:
From U,V,W to rotor d,q,0-system
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 69 2
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder 'udl\\‘\



+'"A TECHNISCHE
UNIVERSITAT

8. Dynamics of synchronous machines

Magnetic coupling in d- and g-axis PARMSTABT
d
d
/‘\ I's

— AV — — I'D
g-axis: 4 Y I A | d-axis:

r'q Is | —|
2 windings re { 3 windings
transformer ~~1]— - transformer

Stator leakage inductance xdG # Xqo due to saliency slightly dlfferent\
Here: Simplification: x4, = X,

*amps
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8. Dynamics of synchronous machines
Equivalent circuits for magnetic coupling in d- and g-axis in per-unit

d-axis: 3 windings transformer

Va = Xap +X55)1g + Xgpip + Xaply

Vp = Xapla +(Xgn +Xpg ) ip + Xgpiy

«p Yr=Xanla tXapip +(Xgp +Xg5) iy

X =Xqg X Qo g-axis: 2 windings transformer
Vg = (th +xSO')°lq T Xgh 10
q- *qh < Q Wo =Xgnlg +(Xgp + X095 ) g
O > o

*amps
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8. Dynamics of synchronous machines ) ecrische
Blondel stray coefficients 0 < o <1

DARMSTADT

Describes degree of magnetic coupling between two windings.

2 2 2
: Xdh Xdh Xdh
d-axis: O-dDzl_ 5 Gdle_ , O =1-
xde xdxf .X'f.X'D
2
th
O Q :1—
9 X X
q-Q
040
o | ;(qo XQ:J'
' O . .
Wy =Xy g+ X, ig
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8. Dynamics of synchronous machines
Expression of dynamic inductances with BLONDEL coefficients

2 2
' Xdh Xgh
X4 :xd.o-df:xd. l_x N = x;:xq.O-qQ:xq. 1— 9 =
df quQ
Xah XanXf  Xan X2 XpXo X
=x; ——L=x,,+ — = _y 4 _ L ah7Q gk _
Xf .Xf Xf q xQ SO xQ xQ
XanX fo
Xdh +xf6 - so X h+xQ
q o
(X465 = X,5) Xqo XQo
X do X fo (xqc - xsc)
’ ” X
—> h
dh
o O

*amps
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8. Dynamics of synchronous machines
Stator inductance per phase for steady state and dynamics

TECHNISCHE

7=\ UNIVERSITAT

DARMSTADT

Example: Calculation via BLONDEL coefficients

Electrically excited salient pole synchronous machine with damper cage:
Xgp =1.2,x,, =0.6, x5, =0.15,x 7, =0.2, xp, =0.1, x5, =0.1

XanX f6X Do 1.2:0.2-0.1 oo

X =X+ =0.15+ 0.21
xdthO.+xdhxDo.+Xfo.xDo. 1202+1201+0201 -
X, X
X=Xy, +— T 0,15+ 9601 _504- &,0%, =0.31-0.75=0.24
Xgh + X090 0.6+0.1 = B
_1- ey
X 1, X . =1—- =1—-
¥y =x e 45,1202 44 ©a0 = 7 X0
xdh +.7Cf0_ 12+02 -

Xg=Xg=Xg + X35 =0.6+0.15=0.75

Xg =Xgp + X6 =1.2+0.15=1.35

;i:gdf-xd:O.238-1.35=0.32< [ ~1 xc%h —1
! O-df - - -
q

0.6>

0.75-0.7

1.22
1.35-1.4

=0.31

Il

S

NS

(oY

o0
~—
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Energy Converters — CAD and System Dynamics

Summary:
Equivalent circuits for magnetic coupling in synchronous machines

- Three-winding transformer in d-axis yields three BLONDEL stray coefficients
- Two-winding transformer in g-axis yields one BLONDEL stray coefficient
- Subtransient g-axis and transient d-axis reactance:
May be calculated with BLONDEL coefficients
- BLONDEL coefficients are extensively used to write formulas shorter
- Here:
Only ONE main flux in d-axis, but in reality:
Main fluxes between d and fresp. d and D different (see: 8.9.3)
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines
Dynamic performance at constant speed operation
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,, = const.

e Electrical time constants of stator and rotor windings are much shorter than
mechanical time constant

e Operation at constant speed during electrical transient is assumed.

e Examples: - Sudden short circuits,
- Electric load steps with only change of reactive power,
- Switching during inverter operation

e 10 LINEAR DYNAMIC EQUATIONS: 5" order differential equation system;
Laplace transformation may be used !

e Only electrical equations are needed, as n = const.

e Initial conditions for dgdrfor flux linkages: ¥ ;0,¥ 40-¥ r0-¥ Do-¥ 00
e. 9 L{dy,(v)/drj=s17,(5)=waq
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8. Dynamics of synchronous machines
Linear dynamic equations in Laplace domain, n = const.

(1) Voltage equations: Unknowns: i, iq, ip, iQ, if, ViYW Wp-Wo V¥
ﬁd+wd0:rs'\l;1+S‘l);d—a)m’Wq l//DO:rDoiD-I_S'l);D
Vo0 =T lp+S Yo

Ug T W0 =T 1, +S W, + @y Yy § Y i
Mf‘FWf():l’f'lf‘l‘S'l//f

(2) Flux linkage equations:

-\ [ N\ 7))
V. Xa Xan  Xan | | La (3) Initial conditions:
Yp |=|Xan Xp Xan || D Y40 Xg  Xgn  Xan | | a0
Yr) \KXan Xan X7 ) \lr) Wpo |=|Xan XD Xan |*| iDo
_ - Wreo) \Xan Xan  Xr ) iro
wq . xq th lq )
- — ¢ Y40 Xqg  Xgh 40
W x h x l = ) ;
0 q 0 0 WQO th xQ lQO

*amps
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8. Dynamics of synchronous machines @, Techhiscr
Eliminating rotor flux linkages & currents ¥ p, ¥, l,uf,iD, iQ, if L

DARMSTADT

10 — 6 = 4 remaining stator equations!

= Y (7
(V/d (xd Xan — Xan L

vy |l=1x, X, X, (i Ypo=Tp lptS¥p
Yr) Kan Xan Xy ) \1r) Voo =Tg lp+S-¥g
(v, (xq thw (iq\ Up TV o =ry-ly+S¥y
\WQ) \th Yo ) le/
~ Va0 L4 Uy Lo
Ya— =xq(8)-| ig —— ‘ —xp(s)
I
; Va0 _ (s) X, (s) 2L “Reactance
q q 0 '
S «— S  operators :
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8. Dynamics of synchronous machines
8.6.1 “Reactance operators”

2
N (S)_S 'Xd'O'](D'Tf'TD+S'.Xd'(Gdf'ff'FGdD'TD)'de
4(8) =
S2-Gﬂ)-2'f°TD+S°(Tf+TD)+1
g+ l Important: x,(s), x,(s)
O,nT
W q0 0
g (s) = *q 1 Open-circuit time constants of
S+— damper and field winding:
To £, =D TQ:x_Q Tf:x_f
S-xf0+1 P 0 "/
r
Xp(s) =— ! * X 1
s -GfD°Tf°TD+S°(Tf+TD)+1 P
9
5. 2Do 4 X (8) =77
v S+ —
Xp(s8)=— o "X 9
S -O'fD°Tf°Z'D+S°(Z'f+TD)+1
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8. Dynamics of synchronous machines 3 TECHNISCHE

UNIVERSITAT
“Reactance operators”: x;(s), X, (s), xp(s), xo($), x ¢ (§) "L DARMSTADT
At transient operation:

Initial condition: Synchronous operation: )
v : \ - Yo v Lo
Up Upy  lpo i, Vag——=Xq(8)| Iy —
/ — f — / f_f0 =0 S \)
I"f A I"f S I"f S > - W , ; ;
1 — = - qv _ ¥ q
lDo—O,lQ()—O Wq___xq(s). lq__
} S S
(s) s xh O Ty Tp+s-Xy -(Gdf Tr+0,p -TD)+xd
Xg\§)=
s "OmpTrTp -I-S'(Tf -I—Z'D)-I-l
- Most important are “the reactance 1
operators” x(s), x,(s)! S+ o 7
X (S) . xrr ) q0 ‘0
- The others x((s), xp(s), xy(s) are only g\P) — *q 1
needed, if i # 0, i # 0, iy # ug/r; S+—
TQ .
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8. Dynamics of synchronous machines
Determination of “reactance operator” x.(s) (1)

Voltage equation: Flux linkage equation:

WQO:rQ°iQ+S°l);Q WQquhZ1+xQ7Q

Calculation of damper current: -
_ e ( 5 e ) < _l//QO_S'th'lq

l//QO —VQ'ZQ +.5- thlq +leQ — lQ =

Calculation of g-flux linkage:

(//QO_S'th ‘lq
I’Q +S'xQ

~

Wq =quq +.thlQ =quq +th .

Determination of reactance operator x(s):

2 "
. (s)= Xy (rp +8-Xp) =S Xz, _ XgTp+S 040 XgXg _ Xglp +58XgXg
1 I"Q‘l'S'XQ I"Q+S'XQ VQ+S'XQ

*amps
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I I TECHNISCHE
8. Dynamics of synchronous machines TECHNISCHE
Determination of “reactance operator” x,(s) (2) PARMSTADT
X Vn+S-X,X
xq (S) __4 0 q”Q
I"Q +.5- xQ
- : . N
Reactance operator in a more convenient form: (7p, =040 =040 "7p)
0
X o 1
—rQ+S xe §+— S+—
QQ _ c QxQ "o_ Z-QU "
X, (8)= = Xy = %
: v,
I’Q + S xQ <t g G4
X0 o RS
: : : : _ To
By using 00 = Xgnlg0 T Xplpo We get with the abbreviation x, (s) = 1 Xgn
S +—
. . T
. qu \ - Igo 9o ¢
Vg = =g ()| Iy = | =xp(s) =
S S
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8. Dynamics of synchronous machines ), TEcHNiscHE
. - - DARMSTADT
“Reactance operator of g-axis damper winding” x(s)
. . : . . xq (o +S-xQ)—S-x§h
WQO —thlqo +leQO l//qo —quqo +thlQ0 xq(s): e
0 0
W0 - g0 ) XgnWoo W0 140
7, —— = =x,(s)| I, - |+ q+ 00 _74q +x,(s) L
S S @ A) )CQ S /S
e
ey . . . . B 2 .
Xagn - (Xgniz0 + X0lpo)  Xglgo t thlQO Tp T8 X xq (rg +5-x9)— 8- Xy, g0
7"Q+S )CQ 7"Q+S xQ VQ+S'XQ S
1y rnX il
Q\(q\qow . QX/ ?f} Q /Q/ 2
I’Q + .5 XQ
o 1
oo T Xqn 100 T0%ah X z
S FQ—I-S')CQ S o t5-Xp 2+S ELI
XQ 2-Q
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8. Dynamics of synchronous machines
Reactance operators at short and long time scale

We assume ;) =0,i590 =0,i,9 =0,i,0 =0

Reactance operators are flux transfer functions !

N~

Wa :xd(S)';d l/jq :xq(s)';q

Example: Current steps

14(7), 1,(7)

d-axis: L(iy)=i/s w, (s)=x,4(s)-i/s '

0
Forz=0: w, ,(0)=Ilims- -y (s)=lim x,;(s)-i=x)-i
§—>00 §—>00
For r— w:ly (0)= lim s-w; (s)= lim x;(s)-i=x,"i

s—>0+ s—>0+
g-axis: L(i,)=i/s w,(s)=x,(s)-i/s

For z=0: v, (0)=lims-w (s)= lim x (s)-i=xg i
§—>00 §—>00

For > oy ()= lim s-y (s)= lim x,(s)-i=x,-i
s—0+ s—>0+
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8. Dynamics of synchronous machines ) TEcHNisCHE
8.6.2 Electrical rotor time constants for flux change in d- and g-axis DARMSTADT
Vg =xq(5) Iy
W, =X,(5) -fq - Usually voltages are given, defining the flux linkages.
- The currents have to be calculated !
y — 7 1 1
Walxq(s)=iy (s+—)-(s+—-
g . . T, ;" T Numerator
Wq/xq(s):lq xd(S):xd° :
(S + adl) . (S + adz) «— Denominator
Numerator: N | 1 1
OTr+0,0TH x X
s2 .Y —dDD ff+ : fsz = Roots . s =——,8) =——
(TfDTfTD X4 (Tﬂ)TfTD X4 T4 T4
T+ (2)) 1
Denominator: s~ + 5 - / + = = Roots:sy=—0 1,57 =—Q

GJDTfTD GjDTfTD

*amps
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8. Dynamics of synchronous machines
Electrical rotor time constants for the d-axis

A TECHNISCHE

UNIVERSITAT
)y DARMSTADT

(S+i,)-(s+%)
() i

) =X v agy)

1 Il (s+a,) (s+a 1 B-s C-s
L G (5rdn) gy L B 1
Xq(8)  Xg (s+—)-(s+—) Xq(s) S+— S+
T Ty T )
Determine A, B, C by comparison of numerators !
Result: where: 1 1
[ " T” ZJ
Lo _ L (1 1) s (1 1) s x-x e
x;(8) x X; X 1 Xy X, 1 Qg+ gy —— | 1474
d d d d) g+ S+— U xy

T Ty
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8. Dynamics of synchronous machines

“Reactance operators” are flux transfer functions:
1 1 ( 11 j s ( 11 ] s
N = + ’ - ) 1 + " - ' | 1
vl x,(8) =1, ¥a(s)  xa \Xa Xa) g4 - \Xa Ya) g4 -

lﬁq/xq(s)zfq 1 :1{1 1} 5

x,(8) x

q

4

- The stator current in d- and g-axis is changing with changing stator flux linkage with a
subtransient (very short) and a transient (short) time constant, caused by rotor winding

transients ! a) transient time constant 7; in d-axis,

II

b) subtransient time constants Z'd, in d- and g-axis.

- The stator flux linkage in d- and g-axis is changing W|th changing stator current with a
short and a long “open-circuit” time constant, caused by these rotor winding transients !

a) Open-circuit transient time constant 7;, =1/, = T ¢ In d-axis,

b) Open-circuit subtransient time constants 759 =1/a 5,749 =7 in d-and g-axi

*amps
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8. Dynamics of synchronous machines ) B
Calculation of inverse reactance operator 1/x,(s)

)y DARMSTADT

Too = Tg : Subtransient time constant of g-axis

1 1
s+— —
1 1 7o 1 S 1 7o 1 S 1 S
x(S):x”. 1 X 1+x”. I x, 1+x. 1
q 9 S+— 9 s+—- 9 s+—- 9 s+— 9 s+—
T0o Ty Ty 9 Ty ry
| Y
— 0
1 11 s 1 o 1 s
X(S): X x 1 +0 X 1 +x 1
q ¢ "q) s+— 74979 s+ q s+
T O,NnT O,n7T
9 qQ 3/ qQ 9
1 1 1 1 S 1
= + — . 1
" [
x,(8) x, x5 X, S+ X,
T q ‘
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 89 w‘_mv:‘

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder
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8. Dynamics of synchronous machines
Calculation of d-axis “short circuit time constants” 7', 7

0T s+ 00T
2y 2dtS dDD.Xff_i_ 1 -xff=0
G]@TfTD X4 Gﬂ)TfTD X4

S2+S°p+q=0=(S—S1)°(S—S2) Sl,S2=—p/2i\/(p/2)2—q
1 1

i,, %=£' 1+ —4—2 — =5, — =5

Tg Tq 2 p g d

1 1 _xd°(0dfz-f+0dDTD). 1F 4x2-O'fD-Tf-TD

T ’ Ty X, -2-0'ﬂ) ‘TreTp Xy -(adfrf +0'dD2'D)2

*amps
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TECHNISCHE

8. Dynamics of synchronous machines ), TECHNIScHE

Calculation of d-axis “short circuit time constants” for 7y << 7, DARMSTADT
(%)) << Tf
P " ’ - > ~
T, T, xd-2-0'ﬂ)-rf-rD xd-(adfrf+0'dDrD)
" "
X, Oy . 4x, O Th Xy Oy . 2x, O Tp
~— J1F |1- > ~— J1F] 1- >
xd.2.o-fD.rD Xy Oyl xd'Z'O'fD'TD X, 0T,
1 X; Oy a
- , =, (witha/l1—a =1—a/2 fora<<1)
Oy Ty Xg°Om Tp
a) Short circuit time constant of field winding = I~ ,
Td = O-df Tf

= transient time constant of d-axis

b) Short circuit time constant of damper winding in d-axis = _» _ Xa O Tp
= subtransient time constant of d-axis 47 XgOgf

*amps
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8. Dynamics of synchronous machines
d-axis: Sub-transient and transient time constants 7'y, 7’

Xg-Omp-T
- Subtransient time constant of d-axis: ) = d B D

xd'O-df
- Transient time constant of d-axis: Tg 204 Ty
Example:
Op = 04— 0.1, x,= 1, x7;=0.15,|7,= 107,
. Xd Omp-Tp 0.15-0.1-7p Exact values:
= = =0.15-7p )
xd-de 1-0.1 Td:O-16'TD
T;I:O-dfff:OIIOTD:TD f&/f2:1/015:7 7&209471)

If open-circuit time constant of the field winding 7 is much bigger than of the
damper winding z >>1r,, then also transient time constant is much bigger than

subtransient time constant:; rg, >> T;}
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8. Dynamics of synchronous machines
g-axis: Sub-transient time constant 7~

q

. . . "o _ _ O-QQ .XQ
- Subtransient time constant of g-axis 7; =040 '7g =7gs =

. — — "o .
Example: c,,=0.1, 75 = 1, T, =040 Tp =0.1-7p

Result: 7 =0.15-7p Z'g =0.1-7,

/Ty =0.15/1=1/7| |z4/7;=0.1/1=1/10

Subtransient time constants are much shorter than the transient time constant !
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8. Dynamics of synchronous machines
“Open circuit” d-axis time constants 7', 7y, for ;p << 7

7 << 7;: d-axis damper time constant z; much shorter than z; of field winding:

Tr+7T |
s L P =S2+S-p+q=(s+ad1)-(s+ad2)=0

O'fDTfTD O'ﬂ)TfTD Iy << Tf

T,+7T do gy Ty T / 4o T
ag, g, =L 1F 1—43 -— 12 7 1I-—L L P : 1F 1-—2 2
2 p 2'0ﬂ)'Tf-TD (Tf"‘TD) 2-0fD-TD Ty

With A/1—a =1—-a/2 fora<<1:

4o p T 20T

A1~ : ¥ p-omito g ] P 200220 | N SO S
2-0mp-7Tp Tr 2-0mp-7Tp Tr Tr  Omp-Tp
a

a) Open circuit time constant of field (= field winding time constant) 2';10 =Tr = 1/a

b) Open circuit time constant of damper in d-axis 7, = OmTp= 1/ays

L7 T it

4
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8. Dynamics of synchronous machines
Example: Rotor time constants for d-axis

Given: xg, =1.2,x,5, =0.15, x4, =0.2, xp, =0.1,7, =0.002, r, =0.02
xg =021 x,=1240.15=1.35,x,=12+402=1.4,x, =12+0.1=1.3

oy =1-12%/(1.35-1.4)=0.238, 0 =1-1.2° /(1.3-1.4) = 0.209, 54p =1-1.2% /(1.35-1.3) = 0.179
77 =1.4/0.002=700,7, =1.3/0.02=65—> 7 =65<<7, =700

A) For 5 >>5,: 7}, =0.238-700=166.6, 7y = 7, = 700

e O'f 13'50'50293'865 —8.879, 7/ = 0.209- 65 =13.59
B) For arbitrary z ,7: e
L 1 _1.35:(0.238:700+0.179-65) | _ | 4-0.21.0.209-700-65 | =0.00619/0.12032
o 0.21-2-0.209-700- 65 1.35-(0.238-700+0.179 - 65)
—— =3 O;(())g+76050 65-{11\/1—4'0'209'7002'65}_0.00133/0.07091 A) B)

fao Tao 20209700 (700+65) T 700.0 752.4
rh =161.5,7, =752.4, 7" =831, 7, =12.64 ) 166.6 161.5
" 13.59 12.64
For ¢ >> 7;: Simple formulas A) sufficient ! " ] 88 3
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8. Dynamics of synchronous machines
Example: Rotor time constants for g-axis

s&73 TECHNISCHE
(&)= UNIVERSITAT

>

&P~ DARMSTADT

Given: xg, =1.2, x5 =0.15,x 1, =0.2, xp, =0.1, 7, =0.002, rp, =0.02
th =0.6 an =0.1 7"Q =0.08

x) =0314-0.75=0.236,x, =0.6+0.15=0.75
0,0 =1-0.6%/(0.75-0.7)=0314  7,=0.7/0.08=8.75

For arbitrary zq:
Tg0 =79 =8.75,7,=0.314-8.75=2.75

770 > T00 12.64 8.75
Td » T4 8.31 2.75

In the g-axis the damper current i, vanishes faster than the damper current i,

in the d-axis !
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8. Dynamics of synchronous machines L") UNIVERSITAT
Proof: Transient inductance of stator winding in d-axis may be described
by a simple equivalent circuit !
(2)) << Tf
1 1 b7y Xq Ogr 1 XgOgr
" Ty Ty g Xg Om-Tp Oy Ty : , Xd Op-Tp
Xg =Xq - =Xy Xy =
1 X 1 1 1 X 1
Agt gy ———| 1+ + - | T4+
(] X4 Tf GfDTD Gdf 'Tf X4 O-fDTD
X, X =
=Xq 04 =Xs5 + dh”Jo (X5 = Xs)
Xdah +xf0'
5 5 5 Xdo Xtg
X 7, X ?
x;,:xd.cydf:xd. 1— Xdh :xd_xih: ot dh’) _Ydn _ X'gq X 41
)Cde Xf Xf Xf
o
X 7, X
=x, + dh* fo
Xan +xf0'

Due to 7 >> 7, the transient inductance may be easily calculated from an equivalent circuit,
where the transient current in the damper winding has already vanished
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8. Dynamics of synchronous machines
Example: Transient reactance x’

Given: x4, =1.2,x,, =0.15, x4, =0.2, xp, =0.1,7, =0.002, rp, =0.02

X =021,x;=12+0.15=1.35 oy =0.238,0 1 =0.209, 54 =0.179

A) For T >>TD:
x; =0.238-1.35=0.3213

B) For arbitrary %, 7p:

1 1
x; =021 8.31 161.? — — 0.3683
0.001329+0.07091——-(1+'—)
161.5 1.35
A) B)
Xy 0.3213 0.3683

Due to 7; >> 7 the transient inductance may be calculated
from an equivalent circuit with sufficient accuracy!
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8. Dynamics of synchronous machines

8.6.3 Electric excitation: Dynamic equations for constant speed

Ug +W a0 =T lg S Wg =0y Y,

Ug T W0 =T iy S W, + 0y Yy

_ Ve ) o
wq—S—xq(S)-[zq—j—xQ(s)-

Va _%:xd(s)°(ld _C;()j‘FXf(S)'(f—j; —xD(S).DTO

Initial conditions:

Electrically excited
synchronous
machine

- Field winding
- Damper cage

- Saliency

”Reactance operators” for ipg =ipg =0,ipg =u,s/ry

. . . . . 1 1 1
WdO’W 0° ldOal 0> ZD()al oal 0 [ = +[ —
! 1 00> s xg(8) x4

1 1 S
] ) 1+ n_r ) 1
Xa Xqa) ¢4 = \Xd Xd) ¢4 —
!

4 unknowns: i;, iq, Wi,V - o
3 given values: u;,u,, U ¢ 1 LN S
xq(S) Y q S-I—l
\
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.
8. Dynamics of synchronous machines

75 TECHNISCHE
Al o
Five reactance operators for electrically excited synchronous vyresal
machines with damper cage
(1 (1 1 s 11 s
= T ° 1 Ao e 1
xg(8) xg \xg Xg4) o b \xg x5) o, 1
! "
T T
Reactance operators: . d d
1 1 1 1 S
x(s):x+x”_x | 1
L q q i) s+— 1
2 7, s+
S 'XZI'O'fD'Tf'TD‘FS'Xd'(O'df'Tf+O'dD'TD)+xd _n O-qQ‘TQ
xq(s) = 2 Xq(8)=xg - 1
S 'O'ﬂ)'Tf'TD+S'(Tf+TD)+1 P
X T
S-£+1 L ©
r
S T
xp(s)= "Xdh X (s) = o X
ST-OpTy TD+S'(Z'f+TD)+1 0(s) s+1 qh
X
s- P9 4] fo
"D
Xp(8)=— * X dh
S -O'fD-Tf-z'D+s-(z'f+z'D)+1 :
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8. Dynamics of synchronous machines

— _ ks by by Permanent magnet excited
u, + =r 1,+S" -, -

« TVao =75 7 n Y synchronous machine
U, TY,o =51, +S¥Y, +0,V, - No field winding

_ » - _ - - Often no damper cage

———=X,"1 =X -1
a g d d 7 7 4 - Often no saliency X, = X,
Wao =Xy lgo TV, W0 =X, 1, : F_’ermanent rotor flux
linkage due to permanent
Initial conditions: magnets ¥, <V 1o = Xg, i g

WaosWa0o  La05 140
“Reactance operators”:

" — ” —
(if no damper cage) xq (S) = xq = xq

o
X, (8) =x5 = X4 =%,
3 given values: u,,u,, ¥,
4 unknowns: 1;,1,,¥4,¥,

L7 T it

4
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8. Dynamics of synchronous machines

Wind rotor diameter 90 m
Three-blade rotor

Pitch control

Variable speed operation
10 ... 20/min

Gearless drive

IGBT inverter 690 V

Source:
Siemens AG

Germany

Al o
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8. Dynamics of synchronous machines
“Multibrid” - permanent magnet wind generator — dual stage gear

Source:
Multibrid,
Germany
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8. Dynamics of synchronous machines TECHNISCHE
Prototype rotor of PM Synchronous Motor for Submarine propulsion DARMSTADT

Skewed rotor magnets to
reduce cogging torque

Cooling fins to dissipate
rotor magnet eddy current
losses and to enhance
internal air flow

High pole count (32 poles)
for slow speed operation

Source:

Siemens AG, Germany

- 4 ; ;
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Energy Converters — CAD and System Dynamics

Summary:
Transient performance of synchronous machines at constant speed

operation

- At constant speed and constant iron saturation:
Linear voltage and flux linkage equations = Laplace-transform possible

- Eliminating of rotor flux linkages leads to “reactance operators” as abbreviation
- Five reactance operators, but only two (stator d- and g-axis) mainly of interest
- ,,Reactance operators* give the dynamic change of e.g. stator inductances

from the small subtransient to the big steady state values
- In PM machines:

Reactance operators are simply the steady-state inductances

(if eddy currents in the rotor magnets are negligible)
- In voltage-fed machines the inverse reactance operators are needed
- ,,Reactance operators* are flux-current transfer functions

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 105 2
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder 'udl\\‘\



Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines
Rotor time constants for d-axis (for 7z >>1)

XanX fo T XanXso T X fo¥Xso

D

- Although looking different, these expressions are IDENTICAL relations !
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I I TECHNISCHE
8. Dynamics of synchronous machines TECHNISCHE
Subtransient time constant of d-axis (7 << 7) PARMSTABT
a) Short-circuit time constant:
2
1— ,
" xgl | Gﬂ) "D " xfxD XD 1 " 'xf'xD — Xdn 1
Td E = _xd . 2 . . = _xd . 2 .
= Xd-O'df 1— X Xq I'D xf_xd—xdh 'p
xfxd
1 1 1
+ +
1 X X X 1 1 1
et T 1T T 1 flh'xm' B A T R I
+ + +— Yso D +— "D
Xfo *Do Xdh ) Xfo KXso  Xan Xfo  Xso  Xdn
XX X 1
:(XDO- n dh* fo'tso .
Xdn* fo T XanXso +xf<7xsa "D
b) Open-circuit time constant:
2 2 2
1 X 75X 1 X 7, X 1
Tc;oEO'fD’TD: 1— th 'xD: XD—xﬂ = xDO'+ dh f—xdh . = 'xDO'+ dh” fo .
.Xf.xD ]"D Xf ]"D Xf Xf ]"D .Xf ]"D

*amps
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8. Dynamics of synchronous machines
Subtransient time constant of d-axis (i << 7)

- Influence of damper winding on i, (decay of damper current)

- Stator winding connected to grid (switch position 2):
Grid internal impedance is assumed zero \
- Stator winding is open-circuited (switch position 1): ] ig

time constant changes to rgo

- Resistance of considered winding: ry

- Resultant inductance:
Coupling of stator, field and damper winding

xdhxfaxsa ReSU|tant

Xres =Xpo T inductance x
xdhxfg +xdhxm +foxSU res

¥ n Xdh*X foXso
Do . "
- thXfo. + XinXso + xfaxsa Switch pOSItlon 2

D

pro = X0o Yo o Xy) Switch position 1

D
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8. Dynamics of synchronous machines
Transient short-circuit time constant of d-axis (7 << 7)

2 2
- _ Xan | Xf _ Xap | 1
Td :Gdf Tf— I—def ]/-f = .Xf Xd rf =
2
_ XanXg  Xgn | 1 _ Xan¥so | |
= xfO' + . = xfO' + .
Xd Xd I”f Xd rf
or
'
X O rXg OgrXg X X
Tc’lg—d Tc’l'Oz A 4o = A f:O'df ——O'df Tf
— xd xd xd I”f A

*amps
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8. Dynamics of synchronous machines
Transient time constant of d-axis (7 << 7)

X
= - Influence of field winding on i, (decay of field current)

X - Damper current already zero !
)

- Stator winding connected to grid (“Switch in position 27):

1,2 Xdh Grid internal impedance is assumed zero
Rt
- If stator winding is open-circuited (“Switch: position 17):
o Time constant changes to 7,

¢ - Resistance of considered winding: r;
Resultant

inductance x,, Resultant inductance: Coupling of stator and field winding

X 1, X
Ty =04 Ty =|Xjp +—LSC|/re| Switch position 2
Xanh + Xso

4 ~ J—
Tgo =X /rp=17p Switch position 1
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8. Dynamics of synchronous machines
Rotor time constant for g-axis (exact formulas!)

From dynamic From equivalent
equations circuit
= n _ 0

- Although looking different, these expressions are IDENTICAL relations !

- NO influence of field winding in q-axis ! = No transient time constant of q-axis !
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8. Dynamics of synchronous machines

75 TECHNISCHE
UNIVERSITAT

Subtransient short- & open-circuit time constants of g-axis (exact) DARMSTADT
1
- Influence of damper winding on i o—
Decay of g-component of damper current rQ XQO‘ 2
- Stator winding connected to grid (“Switch in position 27): Q -
Grid internal impedance is assumed zero
th qu
- If stator winding is open-circuited or current source ° y
operation: (“switch in position 17) = Resultant (qu = xSG)
Time constant changes to 7,y =7, = x5 /7y inductance x,,,
: : e XghXso
- Resistance of considered winding: rq Xppg = an +
- Resultant inductance: Coupling of stator and damper winding th T Xso
xzh .XQ xzh 1 X thG . o
T =Ty =0y To=|1- gh | 7Q _ xQ_L = Tg: Xpo + q /VQ Switch position 2
quQ VQ Xq I"Q th + xSG
2
Ny K Xe Xen | 1 Xeh¥so | 1 _ 3
=| XYoo X, x, | —| *0o X, " Tgo =Xg /”Q Switch position 1
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TECHNISCHE
UNIVERSITAT
DARMSTADT

8. Dynamics of synchronous machines
Armature time constant 7, - both for d- and g-axis

- Influence of stator winding on transient DC component of i,
- Resistance of considered winding: r, ( << 1)

- Resultant stator inductance immediately after disturbance is “average” of d- and g-axis
subtransient inductance: 2x
“Average”: Electrical paralleling of d- and g-axis: x,,, =

/4 14
X7 +X
d| d 1
d' . "
P rs { «—inductance X,
2x}
q— F#¥ T_rm_é)— I'D %
I‘Q$ } Trs q | |~ (xd +x”) 7"
. . " rf
<_f{— inductance X,
N0
2xd xd "
Note: If d- and g-axis are identical x); = x , then we get: X, .,y =—— ~= X
xd + xd

*amps
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8. Dynamics of synchronous machines
Summary: Stator and rotor time constants

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

d-axis time constants (7 << 7)

- Time constant: “resultant inductance / resistance of considered winding”

- d-axis three winding transformer: Winding of stator + rotor damper + rotor field

- Three time constants for variation e.g. of stator current i_:

Subtransient time constant 7} : Influence of decay of current in damper winding on i,

Transient time constant 7; : Influence of decay of transient field current on i
Damper current already zero !

Armature time constant 7, : Influence of stator winding on transient DC component of i

xdhxfaxsa

T =

z

X X

xf(7+ dh “so
xdh+xSO'
Ty

T

2xg "X,

e +xg) 7

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 115

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

&
-

*amps

&/



TECHNISCHE

8. Dynamics of synchronous machines UNIVERSITAT
Magnitudes of time constants of electrically excited
synchronous machines with damper cage (7, << 7)
Range of values for small (1 MVA)... big (2000 MVA) machines: Small ... big
Transient short circuit time constant of d-axis Tc} =(Ly/Ly) Ty 0.6-0.8...1-2s
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Energy Converters — CAD and System Dynamics ) Donner
“Reactance operator” x,(s) = Flux-current transfer function d-axis DARMSTADT
i4(s) Xso Xte XDpeo ld(s) Xsa Xte Xpo

4(s)| ( ) Va(s) - @y =0 \]/ %(s)

Voltage source feeding (internal reS|stance zero): Current source feeding (internal reS|stance infinite):

,stator short circuit operation® ,stator open circuit operation®
Iy =Wq/lx4(5) vy =x4(5) I
| . (s+ ,1 )-(s+ ,1, ) (S+1,)°(S+1”)
T T " T T
' dlo ldo xd(S):xd' o 6111
X)X (gh s+ ,) (s )
Ta Taq Ta0 Ta0
Time constants for voltage step response: Time constants for current step response:
! 4 4 "
Td»>td T40> 740

*amps
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TECHNISCHE
UNIVERSITAT
DARMSTADT

Energy Converters — CAD and System Dynamics

“Reactance operator” x,(s) = Flux-current transfer function g-axis

iq(s) K iq(s) XKag

A e
- j/

Voltage source feeding (internal resistance zero): Current source feeding (internal resistance infinite):

,stator short circuit operation® ,stator open circuit operation®

lq:l//q/xq(s) l);q :Xq(S)'iq

1 1

S+ S+—
14 T

1 = 1 : £q0 x,(s)=xg lq
ONEANL s+]

7, 740

Time constant for voltage step response: Time constant for current step response:
/4 "
Tq TqO

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Time constants of electrically excited synchronous machines
with damper cage

- Sub-transient and (in d-axis) transient rotor time constants for two cases:
- Case A: Stator is open circuit = no-load time constants 7", 7y,", 7,,”
- Case B: Stator connected to (ideal stiff) grid =
= Short-circuit time constants 7,,”, 7, T.”
- Equivalent circuits for d- and g-axis explain the time constants, but:
d-axis equivalent circuits forx,’, 7,”, T,’, T,,”, Ty, are only valid for 7, << T,
BUT: for x,” and g-axis equivalent circuits for x ”, 7.7, T,,” values are exact!
- Stator: Armature time constant 7, only valid for r, <<'1
- In addition: Mechanical time constant T'_ in case of variable speed operation
(here not presented)
- Starting time constant 7, represents rotor inertia
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines
Non-damped sudden short circuit of synchronous machine

® Synchronous generator at no-load (= open stator circuit)

° Sudden short circuited at all three stator terminals at t = 0, calculated with physical units
* Induced no-load voltage causes a dynamic short circuit current i (f)

* Due to rotor transient currents the subtransient inductance is active:L; = X, / o,

®* Non-damped: R, =0, L, =Ly’

_ Lg~ ig(t) No-load voltage: (e.g. phase U):

ug (t) luso (t) u (1) =U -sin(at + po) = ugo (1), 05 = 27,

o

[+]

R, =0, Lj = Ly, Initial condition: i3 (0) =0:

e

. 1 U
u(t)=0=u, @)+ L, -di,/dt i;()=—— Iuso(t)-dtz —-(cos(ayt + @) —cosgy)
Ly oL
a) Short circuit at zero crossing of voltage: @y = 0: i (1) = (2” . (Cos(a)St) -1
WOgLyg

lay

b) Short circuit at maximum voltage: Qo =T /2 q (1) =—

. — A,’ . .
o sin(w,t) = =1} -sin(wt) ‘
Wy Lg
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 121 2
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8. Dynamics of synchronous machines
Sudden short circuit current at R, = 0 (1)

yugg (t) ) Ugp (b)
Example: 0 .
W = N 0 U
1 Y
> { =t
0 T T 0 T
2 2
‘-is(t) R “'is(t)
~ ==Y
wNL ~
NLd 0
\ = U
DC component \ —% wNLg
AN N /.
0 ) ' 0
T T T T
2 2
Short circuit at a) zero crossing of voltage b) maximum of voltage

*amps
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8. Dynamics of synchronous machines
Sudden short circuit current at R, = 0 (2)

; TECHNISCHE
UNIVERSITAT
-° - DARMSTADT

a) Short circuit at zero crossing of stator voltage:
The current rises from 0 at f = 0 to double value of AC amplitude I attimet=7/w,

A subtransient DC current with same amplitude as AC current flows in the stator winding:

22U 22U

J=N2U, Ipc=If =1, =20} =2321} === :
oLy  Xg
b) Short circuit at maximum of stator voltage:
No subtransient DC current occurs, so current peak Ik is half the previous value.

J2U  J2u

]DC:O:jk:j]::\/EI]Z: —

oL, X}
Example: x", =0.15p.u., Uy, /Uy =1
I, 2U,/Uy 21 I, 1
a = = =13.33 VERY HIGH b = =6.66
) V2Iy  X5/Zy 015 =—— ) J21y, 015 =
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8. Dynamics of synchronous machines

Sudden short circuit at zero voltage crossing at no-load
(R = 0, rotor PM excitation) (1)

t<0:(7S:a)S5’9S
t>0:
u,=dy,/dt=0

W, =const.= Eﬁsl

a)t=0

1.(t) 4 ~
s(t) 2 Us
- wNLg 1
i =2%¥ /L, =20 Nw,Ly;) =i, (oot =7) )(
Y
0
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8. Dynamics of synchronous machines

Sudden short circuit at zero voltage crossing at no-load
(R = 0, rotor PM excitation) (2)

5 A TECHNISCHE
UNIVERSITAT
DARMSTADT

Physics explanation of sudden short circuit situation:

* Rotor turns with speed (2, , and is PM-excited i
» Open-circuit stator coill voltage is induced U =, ¥

a) At t = 0: Flux linkage of stator coil is maximum: y; = ¥, , so induced voltage is ZERO.
Now short circuit occurs. -
Flux linkage stays constant: u, =dy,/dt=0 |y, =const.=¥,

A

b) After half rotor turn (@, = 7r) rotor field is linked to stator with inverse polarity: ¥, =¥
In the stator coil short circuit current i; must flow to excite additional flux linkage 2¥, Z
to keep total flux linkage constant. 25U yf yf — CONSL.
PM machine without damper: L) = L,

So we get the current: i, =2 fS = 25% /L, = 2US (o Ly)=i (ot =7)

S

*amps
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7 TECHNISCHE
UNIVERSITAT
DARMSTADT

8. Dynamics of synchronous machines
Physics of transient inductance L

t<0:(7s :a)sﬁﬁs
t=0:
u,=dy /dt=0—>y, =const.

Stator flux is rejected
+ from rotor via transient
| rotor field,

Rotor is electrically excited must pass via air-gap,

with field current If , a) - b) - y|e|ds reduced
thus short-circuited by y, =const.= ¥ |Wf =const. =¥¢| inductance L,’
urvoltage source ig(t) 4 . instead of L
Peak 2Ug
up=dy,/ldt=0—->y , =const. currer;< \><0NLd’
\ Example: wg = ay
1 — -t
0
a) b)2 !

*amps
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8. Dynamics of synchronous machines
Physics of subtransient inductance L;", L,

* Rotor is electrically excited with field current I;
» Open-circuit stator coil voltage: U = @y S”

a) At t = 0 flux linkage of stator coil is maximum y, =¥, , so induced voltage is ZERO.
Now short circuit occurs. Flux linkage stays constant: u, =dy,/dt =0 = y = const.

b) After half a rotor turn (@, = 7 ) rotor field has reversed. Rotor winding nearly short-
circuited by feeding DC voltage source: u, =dy ,/dt=0—y , = const.

N

In the stator coil short circuit current i; must flow to keep v, = const. =¥,
but stator and rotor current oppose, so stator and rotor field must close via air-gap,
which decreases stator inductance: L; —» L) << L,

i A -
is(t) Peak R Ug With add. damper cage: L; — L) << L,
current ~J wNLd” Big stator current L}i; = 2%, needed for i/ ; = const.
)< x Dynamic field current is big_
tokeep ¥, =¥, =const.iip >>1;
\ \ et |, =2%¥. /L] 2U (o Ly)=i,(o =)
0 T T
a) b)z

*amps
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8. Dynamics of synchronous machines
Sudden short circuit with damping

Sudden short circuit in stator winding after no-load generator (at constant speed w,, =1)

Ug tYa0 =75 lg +S Yy = O Wg = Va0 =Ts lg +S Yy~ Oy ¥,
Ug W0 =T iy TS W, + @, Wy =0=11,+5 Y, + 0, Y,

7 =40 = xy(5) g

~

Sudden short circuit in
stator winding
e =>ug =u, =0

after no-load:
Generator no-load =

Wy =x4(8)-1,

zero stator & damper

currents!
qf Initial conditions = Generator no-load:
‘ Mf():l"f'lfo iDOZO iQOZO ldozlqO:O
Ugo=Uo Wao =Xalgo + Xanlpo = Xaplro, W0 = Xglgo =0
Ugo =T 'idO — Wy, 'xqqu =0
0 | —l-a
Va0 Ugo =Ts 140 T Wy, - Xglgo + Oy "Xdhl £0 = O " Xapl o = Ug
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8. Dynamics of synchronous machines
Solution of stator voltage equations using reactance operators

(ry +5-X4(5)) Iy W0 — @pXy(8) -1, = Wa0

(rS+qu(S));q+a)mxd(S);d :—a)m(//do/S:—uo/S We usefort=0:

lim £(r) < lim s- F(s)

rH s Xg(s) = @,x,(5) ) (i _[ 0 0+ s>

N.(

OpXg(s) 1y +5-x,(5) fq —uy/s
5 _Uo Wy Xy (5) 7 _ U ve+5-x(8) 7—>0: s~ 's ~ rf'
=——" ; =—— —> 0
d s Det 1 s Det *a(s) (s ) Xa
) Fs ~ Ts ~ Ts
Det = (r; +5-x4(5)) - (1 +5-x,(5)) + @, %4 (5)x,(5) x, () x,(s>0) Xxp

2
x" 4+ x")r
( d q)sJ +0)2

m
2x£}x'é

Xq(5) X, (s)

r, <<1: Det:xd(s)xq(s){( 's +5)-( 's +S)+a)31}zxd(s)xq(s) £S+

2xg - Xg

We introduce: 7,=——
(xd+xq)'rs

*amps
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8. Dynamics of synchronous machines

&7) TECHNISCHE
Voltage-current-transfer function at g-voltage step u,, 9 vyresal
at constant speed @, = const.
1 1
3 ). i
. uQO a)qu (S) " s+ Té’) G Tc'l" : Pd’z
ld—— . 2 xd(S):xd. 1 1 :P
S (ry+s5-x7(8)) (7 + 5 x,(5)) + a)mxd(s)xq(s)> (s+—)-(s+—) Tao2
Tdo Tdo
X :_uqO. rs+S'xd(S) s—i—i
s (s xg(9) - (r + 50 x,(8)) + 0pxg (5)x, (s) )T F
. 4 q 1 P
P_(s): Polynomial in s of order n SR q0.1
q0

g 1= g0 O Py 1/ Fio1
efme o d__ * 2
S (re+s-(FyalFyo2)) (rg+s-(B 1/ Byo)+ @y - (Bya/ Byon) (B i/ Prop)
s _ M0 @y - By Faop __Ug0 @y Py(s)
=40 . __ 40
S (- Bpoo+s-Fyo) (rg-Fpog+s-F )+, Fir-Fyy s B(s)
12, 2
~ (S+=) +a,=(s-5,)(s—sp)
¥ __uqo a)mPfi(S) __uCIO a)mPfS(S) ta § ’
YT TRy s 1 1 1 1 L,
S S(S) S ((S‘*‘N)2+a)’3,l}‘(s+w)‘(s+w)'(s+w) §A,B:_€i]-a)m
Ta Td Td Tq

Transfer function has characteristic polynomial Ps(s) of 5t order !

*amps
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8. Dynamics of synchronous machines
Time constants as roots of characteristic polynomial P5(s) (1)

e Via induction ofd- and g-axis are coupled at @, = 0! Ug +Yao =75l +S"7”d

e d-axis (34 order system: s, f, D) and g-axis (2"9-order system: s, Q) Uy +Wq0 =15y +S"/7q

are coupled as total 5t"-order system
= Transfer function has characteristic polynomial Ps(s) of 5t order !

e At variable speed a,, stator voltage and mechanical equation give a non-linear differential
equation system! Linearization in a stable equilibrium operation point ., gives six linearized
differential equations: Voltage equations: stator d, q, rotor: f, D, Q; mech. equation!

e At variable speed «,, the transfer function of the linearized system (e.g. on,(uy, Uy)) has as
denominator a characterlstlc polynomial Pg(s) of 6™ order, yielding also a mechanlcal time

constant z, | (

Py(s) = (s +—)-

Tm

<s+%>2+w,io)<s+ LR L YL
Ta Z'd Td Tq

e The time constants 7, 7, 7, rq depend also on r, and on the operation point quantities @,

=1 =n

and differ from the time constants 7,, 77, 74,7,

e The time constants 7,77, 7, %‘q” depend also on r,, w,, and differ from the time constants

"

Ta,Td,Td,Tq ' ) .
The values 7y, 7, 7, are only valid for ry = 0.

*amps
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8. Dynamics of synchronous machines

Time constants as roots of characteristic polynomial P5(s) (2)

TECHNISCHE
UNIVERSITAT
DARMSTADT

» Roots for P,(s), n > 4, cannot be determined analytically (N.H. Abel) = No exact formulas exist for

o oY/} oy ay/4 ~ ~py ~y ~n
TosTasTgsTgs Tq and TysTgsTys Tq
2xg %y N
e Forry<<1thevaluer, = R )" is derived as an approximation.
Xg+Xx,)-T
q S

e Then we obtain:

~

Ta

=~n 4

~n "o~ '
~Ta,2'd ~Td,2'd NTd’Tq ~Tq

e Summary:
1) At o, = 0 the d- and g-circuit are decoupled.
a) At r = 0 the time constants are 75, 77, 7,
b) At ry > 0 the time constants are 7, 7, 75 and 7, 7,

2) At o, = const. # 0 the d- and g-circuit are coupled.

a) At r = 0 the time constants are 7, 7, 7,
b) At ry > 0 the time constants are 7, 77,7, 7, yr

~ Xq X
Mostly we have r, << 1. Hence we can use: 7, ~7, = g

4 "
(xg +xg)- 15

~n ~n "

"o~ '
Td ~Td,Td ~Td,Tq~T

-
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8. Dynamics of synchronous machines TECHNISCHE
Introduction of armature time constant 7, (r, << 1, x," = x,) PARMSTADT
1) ( +5)-( +5) = , iy <<l
X (S) x,(s) X, Xg
2
vy v 1| r v, v v
2) ( ”+s) (—+s)—— R e e ] B I R e =l Fo
X Xg Xg X Xg Xg 4& Xqg  Xg) Xqg Xg
axb:(1):a-b~a*,(2):(a+b)*/4~Q2a)/4=a"
" " 2 " " 2 2
r 7 (1/xg +1/x5) -1 (xg +x5)75 1
3) ( f,‘i‘S)'(_S”‘FS)z S + =S+ = s+ —
2 2x” , T
Xd xq a
2xq - Xg
We introduce: <, = p
(xd T X )'rs
armature time constant z, &
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8. Dynamics of synchronous machines
Solution of stator current space vector d- and g-component

. . ; ~ _uO . C()qu(S) _ _uO . Wy,
Solution in d="" LV P |2
Laplace domain: x4 (5)x,(5) [S_i_z'] + o) x;(s) £s+) + )

a a
*l:':_u(). v, +85-x,;(5) LU S
¢=" 2 P 2
1 2 1 2
xg($)x ()| s+— | +ay, X S| s+— | +a,
Ta Ta

Solution in time domain:

: U 1 1 1 /7] 1 1 /7] |

ij(t)=——" + — e | ——— e " ——0- e "a.cos(w,T)

d / " / " m
w,, X4 Xq X4 Xg X4

. u _ .
i,(7) = ——0 . "% sin(w,,7)
Oy, X,

*amps
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I I 7 TECHNISCHE
8. Dynamics of synchronous machines ), TECHNISCHE
Inverse Laplace transform of stator current solution (1) PARMSTADT
1 1 1 1 1 1 1 1
S X (S):S°x " X, x, ) L XX ) L
d d d Yd) g4~ d *d) g4
td td
1 1 1 /7 | 1 /"
:fd(f): + P e T/Td‘l‘ — T ‘e T/Td
Xd \Xd X4 Xd  Xd
1 1 1 1 1 1 1 1 /7
q: = + " ) 1 :fq(f): + P e !
s-xg(s) s-x, x5, x4 S+ Xg \Xg X,
g
1) _ ]
d: $ =g (0)=e /% -sin(@,, 7)
1 2
ST | T Om S s+1/t
ta q: 5 ~ s —=g,(r) = e "' cos(w,7)
1 2 1 2
s+— |+, s+— | +w,
ta r,<<1 ta %
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8. Dynamics of synchronous machines
Inverse Laplace transform of stator current solution (2)

+‘"A TECHNISCHE
UNIVERSITAT
DARMSTADT

Product in Laplace domain is “convolution” in time domain:
T

f(S)'é(S)Df(f)*g(f)=ff(f—§)-g(§)-d§
0

Abbreviations: o =1/7, ~

Solution of “convolution” integrals: e.g.:

T
d: e/ xe sin(@,r) = [ e sin(@,8) - dE =
iy _ -pr _ _—ar
_ L ¢ 2-{1—e(ﬂ_“)'r-cosmmr+—'8 a-e(ﬂ_“)'r-sina)mr}J ~ 2 ¢ TRt
WOy 1+((/B_a)/a)m) O a,:8<<1 Om
T —arT :
_ _ _B(r— e ' -sim(w,T
q: e’ *e m-cos(a)mr)zje PE=5) . 7% . cos(w &) dE ~ (@7)
@
a,B<<1 m

 B=lzg~rp orf=1/ry~r; 1o f<<1

or g=1l/7,~r

Vz,,Vzy,1/zg,1/7,~0.01..0.1<<1
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8. Dynamics of synchronous machines
Inverse Laplace transform of stator current solution (3)

d:fd(”[)*gd(’[): 1 +(1 _ lj.e—’[/T&_l_(l _ lJoe—’[/Tgr *e_T/Ta°Sin(0)mT)

Xg \Xqg X4 Xq g
1 _ 1 1 1 i
Ja(t)*gq(7) = =" cos@y,r |+ —| ———|-le77" —e T " cos @, T )+
OmXd Wy \Xg Xq
1 1 1 i
| ——— | e — T cos T )=
O \Xa X
1 1 1 1 /7 1 1 1 /" 1
_ 4 | e T/t n J———e tlty ¢ t/t, .COS @, T
a)mxd a)m X4 X4 C()m X4 X4 C()mxd
1 1 1 /" /
. — : q Uity
q: fq(r)*gq(r)— " + = _x e ke ' e.cos(w,T)
q q q
1 1 1 1 . 1 _ .
Jo(D)* g, (7) = +| —— — e "% sin(w,7) = —.¢ "% sin(w, 1)
x, \xg X, ®,, WO X,
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8. Dynamics of synchronous machines
Inverse Laplace transform of stator current solution (4)

1 1 1 1 /7 1 1 1 /" 1 _
d:/fi(r)xg(r)= | e | T T T cos 7
W, X4 Wy, X4 X4 w,, Xg Xg

, u 1 1 1 /! 1 1 I
ij(r)=—""+|—+| ———|-¢ Az ———|-e 7/7d -—-e "% cos(w,7)
Oy | Xa \Xd  Xd Xa  Xd Xd
. * - 1 t/t, :
a: /(1) xg, (1) x—— & -sin(e,7)
@, X
q
: Uy —r/t, -
i,(7)=- —-e 4 -sin(@,T)
DX g
. . MO 1 1 . . l/lo .
Without damping: i, (7) = ———:| ———-cos(®,,7) | i, (7)=- P -sin(w,, 7)
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8. Dynamics of synchronous machines
Transformation from rotor into stator reference frame (o, = 1)

is(r) = id + - iq # transformed into stator reference frame: ;'S(S) = _'S(r) -ej7

y=w,T+yy=7+y9 Y- defines the rotor position at sudden short circuit
d

Voltage in phase U at sudden short circuit:
gs(r) =Uy +j'uq :j'uO

”S,U(T) — Re{@s(r) e’ }:

= Re{j - Uy ./ On*70) }Z —ug - SIn(@,, 7+ 7)

= «, Re 7% = 0: Maximum DC current component,
7 = m/2: No DC current component

Stator sudden short-circuit phase current U:
ity (t) = Reyy( (1) = Re(iy(r) + j-1,(r)) - (cosy + j -siny) f=

=14(7)-cos(@,,7 + 7o) —i,(7) - sin(®,, 7 + )

*amps
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8. Dynamics of synchronous machines
Stator current solution in phase U

iy (7) =iy (7)-cos(@,, 7 + 7o) — i, (7) - si(®,,7 + )

1 1 1 — ! 1 1 _ "
i () =——0. +( , —J-e 7/ta +( — — ,J-e 7T cos(w, T +7,) +
m | Xd Xd  Xd Xd  Xd
+Ho - e T/ -co8(®,,7) - cos(®,,7 + 7o) + “o - e T/ -sin(@,,7) - sin(@,, 7 + )
1 1 1 _
Yo |1 1” +i” 1008 Yg +—+| — —— |-cO8(2,,7 +7,) |- ¢ ' 4
m |2 \Xg  Xg 2 \xg x4
_ ! 1 _ "
i (1) = ——2 { 1 +( 1, 1 ] 7/ta +(Lﬂ— ,]-e T/Td]cos(a)mr+7/0)+
Op | X4 Xd  Xd Xd  Xd

u
L Mo

WOy

-{

1

2

1
=+
(xé’z

: L”——” -cosQw,, 7+ 7y) e T/
2 \xg x4
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8. Dynamics of synchronous machines
Sudden short circuit stator current in phase U

iU(r):—ZO-{1+( 1, —Lj-e_f/fél +( L_ llj-er/fé]cos(a)meryO)Jr

m | Xd \Xd Xd Xd  Xg
11 1 11 1 _
LB —+—|-cosygt—-| — ——|-cos(Qw, T +7,) | € 7/%a
@y |2 (X X 2 (xg x4

- First part [.]- cos(@,,7 + 7,) : AC short circuit current, frequency @,, =1:
Starting with big amplitude u, /x;} at 7 =0, decaying after three time constants 32’2
to the intermediate amplitude u / x); .
After three time constants 37; it decays to steady state short circuit current uy / x,; .
- Second part [] cos ¥ : DC short circuit current: Decaying with
armature time constant 7, , depends on y,.

- Third part [.]-cos(2m,, 7 + 7,) is AC short circuit current with double frequency 2w,
which occurs only, if xz # x; , and usually is small. ﬁ
>
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I i 7 TECHNISCHE
8. Dynamics of synchronous machines ), TECHNISCHE
No influence of 7,”" on stator sudden short circuit current DARMSTADT
U 1 1 1 Ry | | "
i (1) =——C | — 4| ——— |- e | — —— |7 |- cos(,,T + 1) +
m | Xd Xd  Xd Xd  Xd
U 1 1 1 1 1 | _
0= =+ —|-cosyg+—| ——— |-cosRa, T+ ) |-€ 7'
2 x" x" x” x”
Oy d q d q
Due to r, << 1, r, << 1, ro, << 1: No influence of 74, x, oni(2)!
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8. Dynamics of synchronous machines
Example: Sudden short circuit current per phase

24-pole synchronous generator: Sudden short circuit after no-load at rated voltage u, =1
and rated speed o, = 1, yielding stator frequency fy = 50 Hz:
Machine data: Sy =300 MVA, Uv=24 kV, In=T7217 A, x; =1,x; =0.3, x; = xg =0.15

Time constants: 7, =0.03s,7; =0.3s,7;=0.05s = 17,=94,7,=942,7);=15.7

ig(t) 12+ R 2 2.1 Worst case:
iy=10,8v2'I N =133 -
[sN-V2 101 v SN Y T, xp T 1015 Phass voltage is
8 circuit: 5 =0
6 :
4 “ o =1 ke o~ Us Maximum peak

m= \/E'IN - Xq current:

s-- AMMMM"MMMI\AMI\MM\M\ ______ 2}{11_, ot :aotfdtm(refent,

at r=m

Source:
H. Kleinrath, Springer-Verlag
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8. Dynamics of synchronous machines
Best case sudden short circuit current per phase

ig(t) Best case:
. Phase voltage is maximum
sN V2 ° ~ J2 at short circuit: y, = 90°
8 iy=6,3VvV2Z IgN

4 ﬂ Minimum peak current:
K / 6.3 times rated current,

I 2
= WUUWUWUUUU\MMIW ot

“ Source:
H. Kleinrath, Springer-Verlag

At yo = /2 the short circuit occurs in phase Uat 7 =0,

when voltage is maximum. DC component is zero due to cosy, =0.
ug 1

o, -xy 1-0.15

Amplitude of AC component : fU ~

*amps
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8. Dynamics of synchronous machines
Sudden short circuit current at long armature time constant

Short circuit of synchronous generator (like previous Example), but 3-times increased
armature time constant and by 2/3 decreased transient / subtransient time constant:

Time constants: 7, =0.1s,7; =0.25,7; =0.03s = 7,=314,7,=62.8,7;=9.4

12 +
10"” ‘ AC power switch between generator terminals and location of short
ﬂ iy=11,8 /2 IsN  circuit cannot extinguish the arc in the switch chamber during time
8 | span A, as long as no current zero crossing occurs
6 - (Time span A) Worst case:
ﬂ | Phase voltage is zero at
4 H short circuit: 5, =0
o __U o _1 Maximum peak current:

ﬁ.]SN 11.8 times rated current,

; AAALAAAAAAAMAAANAARARL 22 2
A NN
—21 Source:
21 H. Kleinrath, Springer-Verlag

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Sudden short circuit of electrically excited synchronous machine
with damper cage

- Sub-transient reactance x; and 7); rule the AC sudden short circuit current
- No influence of 7,
- DC component due to switching increases the amplitude in the worst-case

by nearly factor 2
- Decay of DC component with armature time constant z,
- Increase of inductance of subtransient via transient to steady state

Xy —>Xg —> Xy

is governed by subtransient and transient rotor time constants 77, 7;
- Huge short circuit current amplitude of factor 10 to 15
- Calculation valid for constant speed and small values 1/z,,1/7;,1/7;,1/7; <<1
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 147
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

*amps

&/



; TECHNISCHE
UNIVERSITAT
-° - DARMSTADT

8. Dynamics of synchronous machines
8.9.1 Sudden short circuit torque

e Sudden short circuit torque: We neglect damping of short circuit current !
For 7 — 0 we get from the reactance operators for s — o
. . . [} "
with 7,0 =0,7,0 =0 and x;(s = %) = x4, x,(s > ) =X,

Wy _m:xd(s)'(;d —\&%) = wy(@) =y o +xy-iy(7)

s s
- Y40 v l 0 "o
Wq_Tq:Xq(S)‘qu —%} = y,(D) =y, +x,1,(7)

e Flux linkage equations with neglected damping of short circuit current:

\

Wd():uqo/a)m - " .
Wd(T)z(uO/ )t g ig(T))
:Mo/a)m > s> "'D»> Q: f_
~ W, (1) = xg -1, (7)
WqO =0
J 5
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I I 74 TECHNISCHE
8. Dynamics of synchronous machines ), TEcHNiscHE
Calculation of non-damped sudden short circuit torque (1) PARMSTADT
e Short circuit current, neglecting damping:
i(7)=- 0 [1 cos(w,, r)] zq(r) =——0 —-Sin(@,,7)
m d C()qu
¢ Flux linkage equations with neglected damping of short circuit current:
u
wi(t)~——+x - [1 cos(w,, 2')] - -cos(w,,7)
m WOy, d O,
. U .
' q v, -Sin(@,,7) = ——— - sin(@,, 7)
mq m
: u .. u i
\ Wit Vg = a)—o (cos(@, )~ j-sin(e, 7)) = —--e /" = Vg (7
Wy |= 2 cos(,) " "
Oy Stator flux linkage space vector is in stator reference frame
'y > . . u .
d constant: % =y o/ (@, T+y0) — 20 . o770 = const.
—s(s)  =s(r) W
Uy . m
W, =——"sin(w,7)
m Compare the ideal short-circuit condition:
__ —]a) T
ViD= u, =0=dy,/dr=0:y, = const.

*amps
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8. Dynamics of synchronous machines
Calculation of non-damped sudden short circuit torque (2)

e Short circuit torque with neglected damping of short circuit current:

. . . Uy . . . .
Me(®) =g (7)1 (7) =1 (O) Yy () g+ Xl iy =g i =
m
u u . u " " u u 1
:iq 'a)—0+(x(;' _x(,]')ld .iq ~ — (;,, .Sln(a)mz-).a)_0+(xd _xq). 0 - -[I—COS(a)m’Z')]- . (;" -s1n(a)m2'):
m m*q m m”d m-q
u . u u u .
i st 2 o) o)
m*q m m”d m " "
~( (xd ~ X
S~ :
/- N\
2 2
u : u 1 1 :
m,(7)x ———2— -sin(w,,7) + —>- — -sin(2w,,7)
e 7 " m 2 " " m

o Example: 7-fold rated torque as AC torque with rotational frequency: @, = 1

2 2
. 1 _ .
My = = sin(,7) = ~—5———sin(1-7) = 7 sin(7)

*amps
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8. Dynamics of synchronous machines
Short-circuit torque oscillation with @,

» Undamped stator flux linkage space vector is

in stator reference frame constant: £, Im4
u .
y  =—L.e/70 = const.
L_s(s) w,,
L , _ €.g.:7y=0
» Undamped stator short-circuit current in rotor reference frame:
. u .
id ('[) —_ Uy ( 1” . 1” . Cos(a)mz-)j lq(T) = — 0 — Sln(a)mz-)
m \Xd  Xd WXy >—> o, Re
i+ i, =— .(—l—i—e_ja’mr):l's(r)(r) )
OpXg

* |n stator reference frame:

e i@,rrg) Mo ,[_ —jo r], j@r+y0) _ _Ho ,[j-(w r70) _ j'7o]
lo(s) = Lsry € " = —|l—e 7T | el = e’/ \m e

DX a)mxg’
R P SN B
me(r) - Imis . %S }: 20 v Im{<e] (OnT470) 8] o ) t€ /70 }: 2 Im{ej " }: 2 v SIN @y,
DX DX OnXq

e Result:
Short-circuit torque m, pulsates with @, due to DC stator flux linkage

*amps
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8. Dynamics of synchronous machines
Non-damped electromagnetic short circuit torque (r, , r;, rp o = 0)

2
u . u | 1 :
Three-phase sudden short circuit: |m, (7))~ — 5 0 -sin(w,,7) + 02 | ———|-sin(Cw,,7)
@, - Xy 20, \Xg X,

» For subtransient symmetrical machines x;} = x; the dynamic short circuit

pulsates with angular frequency @,, with big amplitude ug /(co,i - X))
* Average value of torque is (nearly) zero: M, ,, R -if /2 -w,,)

 With damping (e.g. r, > 0) torque decays with time constantz, /2 due to m, ~i-w

zPCu,S/Qm%m

e,av

* With damping: Average torque m, ,, is bigger than zero: Mechanical input power
via torque is converted into the losses mainly in the stator winding (minor: damper & field)

» Ratio peak torque/average torque is very big ug /(co,i - Xy -m, ,,): Endangers machine shaft

e,av

» Short circuit at full load overexcited: iy,, y;, bigger = short circuit current bigger ca. + 10%

» Two-phase sudden short circuit: Peak current ca. -15%, but peak torque by +30% bigger

-
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8. Dynamics of synchronous machines
8.9.2 Measurement of transient machine parameters

=

AC envelope:

-e_t/T‘;+ 1 _ 1 -e_t/TC?
X, Xy

]S,U(t) - US,N |:

+ —_
Xy Xy

From the measured
envelope

<75 TECHNISCHE
J=\ UNIVERSITAT
DARMSTADT

of the symmetrical AC short

circuit current time function
AT REDUCED STATOR
NO-LOAD VOLTAGE the

time constants 7,7, and

the reactances X,, X}, X

are determined.
84

N W(\MMMMMMA T
S
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8. Dynamics of synchronous machines
8.9.3 Synchronous machine transient equations for RUNGE-KUTTA solution

dy,ldt=uy; —ri; +o0,v
dy,/dt =u,—ri, — oW,
dypldt =-rpip

dyy/dt =—1pig

dy pldt=u,—reis

q

dw, ldt =iy, —igy, —my)/ 7,

Six 18t order differential equations

Given external quantities:

mS,Md,Mq,Mf

Wa = Xqlg +Xgplp + Xgpl s
Wp = Xaplq + Xplp + Xgpl s
W= Xgplg + Xglp + xfif
Vg =Xqlq T Xgilo

Vo = Xgnty T Xolo

Five algebraic flux linkage equations

Initial conditions: ¥4, ¥ 40> ¥ po> ¥ 00> ¥ ro

taken from: 170> I40> 1p0> 100> L £0

and: @,

For inverse PARK-Transformation: ¥
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8. Dynamics of synchronous machines
Example: Initial conditions for synchronous machine transients

@,0=1, 79=0 Generator no-load condition:
Ujog = O, l/lqo = 1, id() = O, qu =0
WqO =0
VDo = Xdn' 1o From that we get with the
Woo =0 stationary equations:
W ro =X fl g iro =WVao! Xan = Ugo (@DpoXan) =

= 1/(1th) = l/xdh

lzuqo =y, * Xy lfo =1-xdh lfO

*amps
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8. Dynamics of synchronous machines 2 mechiscr
Example: Turbine generator: Reactances WS pARMSTADT
2-pole turbine generator 600 MVA, 26 kV Y, 13.32 kA, 50 Hz, 3000/min, I, = 1800 A, Uy, = 146 V:

Hydrogen-gas cooled (H,) (ABB Birr, Switzerland (now GE))
Data set: 7, =0.004, 7, =0.001, 7, =0.0187, 7, = 0.0867, T, =3.85 — 7, =1200
Xgo =0.19, x4, =1.73,x,, =1.66, xp; =0.1313, x5, =0.0731, x ;, =0.1642

" xdhfoxDO' 9 1.73-0.16-0.13

Xg=X;,+ =0.19+ =0.26
xdth0+xdhxD0+XfaxD0 173(016+013)+016013 -

W mx 400 (19, 100007 o5, mx +xy =0.194+1.73=1.92

1 Xgn + X00 1.66+0.07 —— =

Xy = xg, b e 019 1010 g5, x4k, =0.1941.66=1.85
xdh‘l‘XfG 1.73+0.16 - T
u ]

Pg=—3d0 =0(.58

o x, 1173 ——

vy
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4;-; TECHNISCHE

8. Dynamics of synchronous machines

UNIVERSITAT
Example: Turbine generator: Time constants & short circuit current DARMSTADT
2xg - x, " 026 65
~ X =65, T,=—9 = =0.2s
(xd +xg)ry g 0004 = 2nfy 2750 =
xDG+x X i‘z’x]:xsix X 013+ 1.73- 01123 gig 0(1)316 0.13 11.4
Z_;,,: dh* fo dh*so foltso _ T3 ( + )+ ~114, Ta’; 2 36ms
. 0.0187 — 2750 ——
thxsa .
xQ0+ﬁ 0.073+ 1.66-0.19 e
Z.g — qh SO — 166+019 — 28, Tq” ° — 89mS
0 0.0867 = 2750 =——
X +X
0= antXfe 1.73+0.16 - 1890, T, = 1890 0s
ry 0.001 — 2250 —
= 0% g00 o334, T =22 J 107
X4 1.92 2750
o _ A 2u 2-1
Worst-case sudden short circuit current at voltage zero crossing: 1, ;, = == = U
(I =7.7-4/2-13323=145085 A) xg 026

*amps
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8. Dynamics of synchronous machines
Turbine generator assembly in the test bay
before short-circuit test at 10% no-load voltage

TECHNISCHE
UNIVERSITAT
DARMSTADT

— il ' 74 A= i Air-cooled two-pole
- - ” turbine generator

I ?,( e g i - - ;
| - < el 400 MVA
- = \\' ; !
. B s g A i SR .
g - 3000/min
| ' : - = - . e N e
4 : T ¢ ::‘ E 50 Hz
Se=—14 L ' . : . .
- =
- “‘
1] 1 4 :'-...., /f---: 2 ,},E
. . . Source:
ABB (now GE),
A s : ' . Birr, Switzerland
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8. Dynamics of synchronous machines
Power switch between generator and transformer

“Pressurized gas generator current switch” between generator winding and

transformer for short-circuit current switching-off

One phase of three-phase
current switch of four-pole
turbine generator in nuclear
power plant Krimmel, D

Opened during revision

Generator data: 1.4 GW el.
power, 1500/min, 50 Hz

Estimation of short circuit peak
current:
cosp =0.850.e;Uy =26kV, Iy =31.1kA

I, =7-42-1y =307.8kA

1 i ‘ Source: Wikipedia.de
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Example: Sudden short circuit at
zero voltage crossing (1)

—_ |

pu

o

\\\\\\\\\\\\\\\\\\\

i in
. Sq

2-pole turbine generator 600 MVA, 26 kV,
150 Hz, 3000/min, Iy = 1800 A, Uy, = 146 V:

(ABB Birr, Switzerland (now GE))

()]

1, =0.004,r, =0.001, 7, =0.0187, 75 =0.0867

I in pu

—

1
OO0 O O O_O

ip in pu

o

iq in pu

in pu

h , €m i
- O O Oo1_O’;
T T

m

-

pu

—_

w_in
m

7, =1200
Xyo = 0.19, x4, =1.73, x,, = 166,
Xpe =0.1313, xp, = 0.0731, x 1, = 0.1642

Analytical

(for o, = 1= const. Difference in stator currents
and small r,) negligible, as stator

‘ . |
VS. resistance is small!
numerical dD|ffergnc§ in toqutge,lla\s
calculation amping is analytically

neglected!

o
©

1. System Dynamics, 8./ 160
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8. Dynamics of synchronous machines
Example: Sudden stator-side 3-phase short circuit (2)

TECHNISCHE

2\ UNIVERSITAT

DARMSTADT

| | |

- St R 50Hz lAC compl)nent, indluced by sitator DC %ield com;l)onent
2‘ NA AN Decay with armature time constant 7, =0.2 s
'—"'O lro = 0-58[ _ _________ R I___t_r_ans_i_e_q_t__e_tte__czt_,__d_l_e_c_:ay_t_d'__=___1_._01_7__s _________ R I
100 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
= 5 Sudden 3-phase stator side short circuit i
E i])() = O & i\ NN A & A _ = B s
n 0
= 5 Subtransient effect decays with 7, = 36 ms : 1 | 1
5O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
=
Q o
= O lO_O l‘ Ty FE LY B
G
0 01| 02 03 04 05 06 07 08 09 1

Subtransient effect decays

with T, = 8.9 ms s
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Example: Sudden short circuit at zero
voltage crossing with very big stator
resistance (250-fold!)

r, = 1.0,Jr; =0.001, 7, =0.0187, 1, = 0.0867
7, =1200, x,, =0.19, x4, =1.73, x,, =1.66,
Xpe =0.1313, xp, = 0.0731, x 1, =0.1642

1~ 2026/1.0=026 T,=1,/0y =0.8ms

Fs

Difference in calculated stator currents big,
as stator resistance is biqg!

Very fast decay of stator DC
Analytical current component = no
(for O, = const. oscillations on rotor side.

and small r)

Big difference in calculated
VS torque, as damping is

T~ analytically neglected!
numerical

Strong decay in speed due to
calculation high stator losses!

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1) & System Dynamics, 8./ 162
time in sec
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8. Dynamics of synchronous machines
Enhanced flux linkage model for synchronous machines (1)

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Example:
Cylindrical rotor synchronous machine:
q— axis d—axis q— axis
‘ Bs(x) ‘
- P -
NY
(=1 A=
P @\ /@ Damper bar
Np pol T~
@\\//(X) Field coil
>L_/ e L_//‘

Nt pol

Common field lines between damper and

a)
b)

field winding in the rotor slots

Flux linkage between damper and field
winding is in cylindrical rotor
synchronous machines in the d-axis

bigger than
between field and stator winding

between damper and stator winding
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8. Dynamics of synchronous machines
Enhanced flux linkage model for synchronous machines (2)

“coupling” reactance x_

g Is X sp X c D xtee ri ir  Modified d-axis equivalent
{ circuit model:

N
" Deo Increased flux linkage between
Ug+wm¥q Xdh us | damper and field winding is
D represented by the
_ “coupling” reactance x_ . !
 J l T iD ] ’
iq Iy X oy (Dr. M. Canay, BBC, Baden, Switzerland)
——1{_ il
XQU
ug - oma Xqh No c_:hanges in tr_le g-axis
rq equivalent circuit model !
v Iq

[o} L 4

*amps
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8. Dynamics of synchronous machines
Enhanced flux linkage model for synchronous machines (3)

“enhanced” 0,15 0,04 0,15 “classical”
model — model
Xd Xa’ 1355 0,12 0,05
=0.197 p.u. =0.185p.u.
“coupling” reactance x_ s
’ ource:
x=0.04 + 0.08-0.01 _ 0.0488p.u. M. Canay, PhD thesis, EPFL Lausanne
0.08+0.01
" Xdh¥
X=X, +— = X! =0.15+ 1.55-0.12-0.05 _
Xdp T X 1.55-0.12+1.55-0.05+0.12-0.05
1.55-0.0488 —
~0.15 ~0.197 p.u. 0.185p.u.

_|_
1.55+0.0488

Result: For subtransient reactance
e Only small increase of x;,”” between “enhanced” and “classical” flux linkage model
e Only slight decrease of stator-side short-circuit current!

*amps
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8. Dynamics of synchronous machines
Enhanced flux linkage model for synchronous machines (4)

“Enhanced” 0,15 I 0,04 0 15 I “Classical”
model model
X 0,01 x; 155l 0,12 0,05
=0.197 p.u. ' =0.185p.u.
Source:

Stator s.c. AC current: M. Canay, PhD thesis, EPFL Lausanne Error with “classical” model:
: U 1

P =5.07 , u, 1

s " .1 l = = :5.42 - o
Rotor s.c. AC field current:
1.55 .. 1.55

ip =iy g - =0.546 if =iz ;.- =1.559 -65%

0.08 0.12
. 04+1. bbb 0.12+1.55-| 1+
0.08 +(0.04 +1.55) (Ho.mj ( o.osj

Result:
e “Classical” model predicts too big rotor side transient field current!
e For dynamical rotor side quantities the “enhanced” flux linkage model must be used!
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8. Dynamics of synchronous machines
Example: Transient field current in rotor exciter winding!

6

i/p.u.

5.2

I
I
L
UL

A »
1A
LI A

,,Classical*“ model

[y

i
2_

0.7

3.7

1]
TN

VYA A A
VAU YU A A
IRIRIRTRYRTAY

VA ANAA
LA \,-'ﬂ\_,-"\'/\/.‘ -

— /s

. 0
I/ P-U.

l
0.3 0.4

1 1
0.1\ 02

i 1 1 L |
05 0.6 0.7 08 0.9 1

Sudden 3-phase stator side short circuit

6

i/p.-u.st

- 4.6

Mﬂllﬂﬂﬂﬂm :

,,Enhanced* model
3.1

JUUUUUUUUUU T v, d
I L/\/\/\'/\/\/\/\/\,—\,.V_V_\’\'\’_\_‘
=

0.7

l l t/ls

ifO = 07

1
0.3 0.4

1 1
0.5 0.6 0.7 0.8 0.9 1

Numerical RUNGE-KUTTA calculation of
the rotor field current due to stator side
sudden short circuit after no-load operation.

Data: 2-pole turbine generator

| Sy =50Hz, 7, =1200, 139 =1, 3,59 =1

ry =0.004, 7, =0.001, rp =0.0187, 5 =0.0867
Xeg = 015, Xdih = 155, th = 148, an = 005,
a) Classical flux model: xp, =0.05, x 1, =0.12

| b) Enhanced flux model: xp, =0.01, x o, =0.08,

X, p =0.04

Transient current overshoot difference:

| Enhanced vs. classical flux model:

Aif,enhanced _ 3.1-0.7
Aif,classical 3.7-0.7

=0.80 —-20%

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Sudden short circuit torque and measurement of transient machine
parameters

- Stator DC current component i, causes alternating short-circuit torque
with big amplitude (factor 6 ... 8),
decaying with ca. 50% armature time constant z,/2

- Measurement of dynamic inductances and rotor time constants
from sudden short circuit test (at reduced stator voltage, usually at 10%)

- Numerical calculation of sudden short circuit for non-constant speed o, ¥
- Transient rotor currents in damper and field winding visible

- For correct rotor current calculation the more detailed flux linkage model
of M. CANAY is needed: x_ g,

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 168
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Energy Converters — CAD and System Dynamics

8. Dynamics of synchronous machines

8.1 Basics of steady state and significance of dynamic performance of
synchronous machines

8.2 Transient flux linkages of synchronous machines

8.3 Set of dynamic equations for synchronous machines

8.4 Park transformation

8.5 Equivalent circuits for magnetic coupling in synchronous machines

8.6 Transient performance of synchronous machines at constant speed operation
8.7 Time constants of electrically excited synchronous machines with damper cage

8.8 Sudden short circuit of electrically excited synchronous machine with damper
cage

8.9 Sudden short circuit torque and measurement of transient machine parameters

8.10 Transient stability of electrically excited synchronous machines
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8. Dynamics of synchronous machines
Quasi-static stability

Motivation: Quasi-static stability range and
o At steady state operation: steady state torque of cylindrical
_ . . e : : t h hi
Limit of quasi-static stability for cylindrical rotor rOTOT SR rozfszlfac e
synchronous machines is a max. load angle 9 of BERY, -
e
+712 and pull-out torque M, Mp0 A
Pe,max __|_Pe,p0 _+MpO'stn _+usup motor 14
SN B SN B 3UNIN B X4
e At a sudden load step an electrically excited T0.5
synchronous machine shows for “transient” ! 9p | generator
time scale 0<7 <37 ahigherload angle I 1 '5
limit ¢ >7/2 and a higher dynamic pull-out - _”/]\24 /MO /2 m
torque M ., >M,, s’ p0
e This is due to the increased transient field R, =0:
current i,> i, | +

M 0 =33UU , (X 42,)

*amps
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8. Dynamics of synchronous machines

Steady state operation in rotor reference frame

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Ugo = Tslqo _a)sl)”qo =Tslg0 _a)squqO

Z”lqO = rslqO T O 40 = rslqO T WO X440 +

. q

Va0 :xdidO +)thif0 -rsld A
W40 = X4lgo = ) .
Synchronous back EMF u, “mXqiq|

U, = OX g4l ro ds A

Synchronous operation: @, = @

e.g. motor, under-excited

Wm Xdld

Up= WmXdhlf

*amps
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8. Dynamics of synchronous machines
Assumption of transient constant rotor flux y;

- Steady state operation: u o =7 17 = const.
» Sudden load step at electrically excited synchronous machine: # ¢ (1) = ipo+dif (7)

» After a sudden load step: Damper bar currents already vanished,
transient field current still flows = “transient” time scale: 37}, <7 <37

up =ugo=rp-ip (@) +dy p(0)1de=rs g +rp-Aip(0) +dy (0)/dr

0=rs Aig(r)+dy,(z)/dr W) r;neglected:|dy ;/dz=0=y, =const.

=0
wfzxdhid+xfif=const. — if:(l//f_xdhid)/xf
« Stator flux linkage of d-axis during transient state:

. . . 2 . r -
Wa =Xqiqg +Xglp =Xgiqg =gy [ Xp) g +(Xgy [ Xp) W p = Xglg +(Xg [ X 7)Y

* Transient reactance: x;l =Xg — (Xglh /xf) — O'df "Xd

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 172 3
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8. Dynamics of synchronous machines
Transient back EMF v’ (= damping of transient i; is neglected)

e Comparing stator d-axis flux linkage (for rs = 0) before and after load step in d-axis:
Before: T/lq AW 0 = W - (xdido + xdhifo)
After: U, = @Y 5 = @ (xgiy —|—(xdh/xf) l//f)

a) Instead of x4 now the transient inductance x; is acting.

b) Instead of wxyi/, (= stationary back EMF up) the smaller value

(X4 /X ¢)- 0 ¢ has to be taken.
Transient back EMF:

r_ Adn
I/lp = x— . G)Sl//f
f
¢ In quadrature axis due to le =X stationary and transient conditions are identical.

e X;—> X'y, U, — U’ and use of complex calculus for sine wave u(?), i(?)

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 173 &
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder um



8. Dynamics of synchronous machines
Transient parameters x’; and u’",

* Result:
For synchronous machines in transient state: 7 <3z

a) Calculate phasor diagram in rotor reference frame like in synchronous state,

b) BUT

/

- take instead of u, the transient back EMF up

- take instead of synchronous reactance x, the transient reactance x .

* Transient back EMF: (For .= 0)
Induced voltage from rotor side flux of DC and transient field current i,
is considered to have constant amplitude during transient state: 7 <37

*amps
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8. Dynamics of synchronous machines

Transient stability of cylindrical rotor synchronous machine

%) TECHNISCHE

UNIVERSITAT
DARMSTADT

Phasor diagram
per phase in
physical units in
rotor reference
frame

lsd
-

Ad

SUNN |

'
T<37,:
X
u' =2y = const.
p st f
s

* Transient reactance:
During transient state stator winding
inductance is transient inductance !

’ r
X, <X, X, =X,
* Cylindrical rotor synchronous machine:
, — —
X, =X, =X,
0 »d
I Example: During transient state for over-excited
Ig ~Sq  generator operation; stator resistance neglected (R, = 0)
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8. Dynamics of synchronous machines
Transient electric machine power P, , , of cylindrical rotor machine (1)

e Calculating overload power from phasor diagram at given voltage U, U’ and R = 0:
P,y =my-ReW, I *=m -Re{Uy +jU,)-(Iy~jl,)j=m, (Uyly +U,1,)

e, dyn — ~ s ==
Uj=Us-sind, U,=Ug-cos9, 1,=U,-U,)/ Xy, I,=-U,/X,
Pogm=mg-|Us U, -UY Xy -UU, I X,]

e,dyn _
' ' r—1 —1
Pe,dyn:_ms'[UdUp/Xd_Uqu°(Xd _Xd )

Pdn
, SIn2Y) || Mg =—
Xy Xy, Uy,

P =—m. - -SIN & —
e,dyn S '
X, 2

uu, . Uf(l 1)

e Looks like salient pole machine power characteristic,
but is cylindrical rotor characteristic in transient state !

e Dynamic pull-out torque:\ M ,, 4., = B, gyp 1 20| M, g, > M

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 176 3
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8. Dynamics of synchronous machines
Transient electric machine power P of cylindrical rotor machine (2)

e, dyn
P TR 2 (1 1) .
p.U.-power: Pe gyn = e’dy’i —=— S,p .sin 9+ 5. —— -sin(2:9)
’ (mg/2)-Unly Xy 2 \x; xy4
Generator mode:
- ‘edyn 4
/// | \\\ _Pedyn’p Pe,dyn,p at ‘ugp‘>72'/2
Y |
/ S | uu’ U2 (1 1
// / é;, : dyn =g - S'p.sing— s ( —— )-sin(219)
/A Xy 2 \X; Xy
/ QJQ | Ug?
/ . | mg: 25 (Xl »—Xl )-sin21§‘
/) &7 | - ad X4
/, | A “Inverse” transient saliency between d- and g-axis:
[V v / r
OO /E T ."19 Xd < Xq — Xd
N 72
19p s T — Stability range > | +72 |, increased overload power
2
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8. Dynamics of synchronous machines
Transient pull-out power & transient pull-out torque

e Transient pull-out power / torque much bigger than at steady state, e.g.: 3.68/1.41 = 2.6!

Example:
Over-excited synchronous generator with cylindrical rotor:

Data: u, =1, i, =1, 9y =45°, x; =1, x;, =0.3, r. ~ 0. cosg, =1

u' =092<u
. . . Mpam _368 _, 1
Xdis | M 1.41

d(Pegym)/dF=0:

G,y am =£116.8°

=116.8°>90°

‘ p.dyn| ™~

Synchronous pull-out power: Increased dynamic pull-out power:
/(m UNIN)_ —Uugu /xd =-141 pe,dyn,p edynp/(m UNIN)——3 68
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8. Dynamics of synchronous machines
Transient electric machine power P, , ., salient pole machine

e Calculating overload power from phasor diagram at given voltage U, U’ and R = 0:

Pe,dyn = M .RG{QS .ls *}:ms Re{(Ud +qu)'([d _j]q)}:ms .(Ud[d +U[q)

U,=U,-sin$, U,=U_-cos9, I, =U —U')/X', I =-U
d s q s d q p d d

q
U, Uz (1
P, =—-m | —2L.ging——=. sin(29
o= s 3 o)

p Uy 2
e,dyri _ S,P .Sin9+us. 1, — L -sin(2:9)
(mS/Z)UNIN xd

Pe,dyn =

)Cd )Cq

¢ “Inverse” transient saliency between d- and g-axis:

Cylindrical rotor machine Salient pole rotor machine
Synchronous state X=X, Xg>X,
Transient state X;;<Xq=Xd Xc’z'<Xq<Xd
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8. Dynamics of synchronous machines
Including of transformer impedance Z; = j- X

Short circuit on the transmission _
line Steady state phasor diagram of
Generator

synchronous machine, including

U Up transformer impedance Z; ~ j- X,
~grid :

| Xhi :
@/ N/ Grid Ny stgls &:=0)
\ JXkls
Power Transformer
switch -

Transformer equivalent circuit per phase
(magnetizing current neglected):

. , X, . +X5, =X
? J(Xyg+ Xgg) o F K20 =X

—— R, =R+ R, << X,
Ri +R:
bhoe Transformer resistances neglected ¢ |

Uy Us ) )
Zr =R +j- X, =j X,

v
e, O / l ﬁ"’
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8. Dynamics of synchronous machines

Transient stability (1)

Example:
2-pole turbine generator

& block transformer

Generator mode

over-excited ;
L8

0,1p.u.

—

TECHNISCHE
UNIVERSITAT
DARMSTADT

- Synchronous machine is operating after a
“transient disturbance” with the transient

phasor diagram during the short time of ca. 377

- Load angle %:

Between g-axis and “impressed” grid voltage u

- Reduced back EMF .,

but increased dynamic pull-out torque M, 4,,!

- Resultant impedance x'; + x,

- Resistances r, r, neglected!

Disturbance (e.g. short circuit)
on the transmission line

Generator Z
: / Zj:\ Grid
Transformer

Power
switch
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8. Dynamics of synchronous machines

TECHNISCHE
. - UNIVERSITAT
Transient stability (2) S A
A M 1 2 3
0 . 7 when .short F:ircuit occurs |
m a) Machine shifts fast from sub-transient to

transient state
b) Switch disconnects generator = i, M, =0
c) Turbine torque M, accelerates generator:

N\ '//////57/
\ Twii
N\

ITR V71 =0T 1eit VT2 1: Steady state operation 9.5, M,
} %
|
I
|
I
|
[
[

>

Mol o n> syn,domgtheworkW1 0=

load angle & increases
Lg)Tl ~91'2

— | = . _ Me _Ms
Steady state W= -[ (Mg/p)-ddr>0 W, = I D ddr <0
curve e 1
Me
Transient curve 2: Fault clarified, generator reconnected, i current flows:

a) Transient torque M, brakes the generator set: Work W, <0

(,,Flichensatz") \ y b) Speed n > n, decreases, but load angle still increases to 4,
3:Mf-w,=w, = At 97, the gen-set speed reaches again

E/Ia’“lmum "‘Howable| Wi gri | synchronous speed n = ng,, = Generator synchronous again =
qual “areas | Wyp| = | Wop Transient stability is fulfilled! )
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8. Dynamics of synchronous machines
Transient stability: Sketch of load angle 4; & speed n

G an

v

Excitation of low-frequent (f; ) mechanical torsional
rotor oscillation (damping « by damper cage)

] lg'l“lkrit

Short circuit  Power recovery
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8. Dynamics of synchronous machines
Transient stability (3)

Case 1: W, < W, : Stable operation,
» 7 because small acceleration =
m generator re-synchronizes.

UTB VT =UT1krit VT2

Case 2: W) = W, : Critical case:

%
|
|
|
|
|
E Still stable operation =

/ generator re-synchronizes

Case 3: W, > W, .4 - Too big acceleration.
Sufficient braking not possible within load
curve range 0 < &% < m: Y% > n = Slipping.
1% Me Unstable operation =
1,crit generator does not re-synchronize.
It is further accelerated and must be
switched off the grid.

New synchronization process needed,
starting from no-load!

1 2 3
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8. Dynamics of synchronous machines
Critical fault clearing time f_

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

"9T,crit ~ 'tcrit

Case2: W, =W,

,crit

W,

Case 2: W, =W, Critical case: Still stable

operation, generator re-synchronizes

J-&:Me -M,=-M, y,:el.degrees

P
v . M, 2.
7e:Qm'p:‘9 ‘91“lcrit:_p'78' C;t+‘9TB

2J Consumer reference
Lorit = \/('-ngcrit - "QTB) . frame:

- pM
PYs Generator: M, <0
Mg =Pl(n- ) =Sy cosp (- 2gy) QO =N/ p
2
R R n~l
k p-Mg  p”-Sy
2T;
Lerit = \/(‘ngcrit - '9TB) ) :
wN'(_COS(DS)

*amps
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8. Dynamics of synchronous machines

7 TECHNISCHE

UNIVERSITAT
Example: Critical fault clearing time £_; DARMSTADT
forit = \/(STlcrit - ‘gTB) ) 2TJ Wl W2
@y - (=Cos ;) Gy = 113.45°
: AM g =515 I Iy, =165.4°
Example: 2-pole turbine generator: o1p O

Sy=850MVA,50Hz;T,=54s 0 / A
cos@. = -0.9 (consumer reference frame | 2
‘9T1(j:it =1 13(.45O =1.98rad, S = 51.5°): 0.899 rad //W{/{/;:/
- ol X,
lerit = \/(1 .98 -0.899)- 525009 =0.203s M,/ Mg= \\n

= cosg, = -0.9 Wo'p

7

I
|
|
|
|
|
|
I
|
|
|

e The fault must be cleared within 203 ms, Me
otherwise the generator set will not re-synchronize!

e 1.::<I; ,so that transient machine condition is still valid!
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8. Dynamics of synchronous machines
Nowadays operation of generator-sets during the fault

- Due to the short “critical fault clearing time” {_,, the generator set is kept operating
at the grid even after a severe fault (e.g. short circuit)

- The power p ~ ui_to the grid is in the worst-case zero (fault near generator: u = 0)

- The average air-gap short circuit torque is nearly zero: m_,, = M_ ~ 0 = Turbine
accelerates generator-set due to zero (or small) braking torque M_ = 0.

- When the fault is cleared (and the faulty line is switched off) within 7 <¢_., (transient
stability), the grid voltage u, suddenly appears again at the generator terminals via the
healthy parallel lines = i, , M_ > 0 = "load step”

- This “load step” causes a new transient i (#), M_(¢), which might cause torsion resonance

- Resonance torque must stay within mechanical safety limits !

*amps
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8. Dynamics of synchronous machines
Example: Transient stability at sudden short circuit

TECHNISCHE
UNIVERSITAT
DARMSTADT

~Fault cleared = voltage recovery

2-pole turbine generator 600 MV A, 26 kV, 50 Hz,

1h —a=—
u,=1,i, =1,cosp=-0.850.e. 3000/min, I/, = 1800 A, Uy, = 146 V, no transformer;
. ol t =1t =275ms | short circuit after rated generator load
-iwo,fs- ro = 0.004, rp = 0.001, rp =0.0187, ro = 0.0867 ,7; =1200
%’0-4—0 X,o =0.19, xy, :1.73,th =1.66, (Source: ABB Birr
0.2 Xps =0.1313, X006 = 0.0731, X fp = 0.1642  Switzerland (now GE))
____—Short circuit: u, =0
o= . A : '9 Literature: D. Oeding, B. Oswald / El. Kraftwerke & Netze, Springer, Berlin, 2016
5 7
timetins
200 T T T T 1.1 5 T

“Synchronous machine effect”
150 1 oscillation: ca. 2 Hz
105

moj]
o et

-100 : ' ' 09— ' ' '
5 6 7 8 9 5 6 7 8 9
timetins

in pu

speed w,, inpu
e
1
——
1
f__ﬁ
T
1
1
1
1
1
torque m,

load angle ¢ in ®

timetins

AC short-circuit torque,
50 Hz-oscillation

-
timetins
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8. Dynamics of synchronous machines
Example: Transient instability at sudden short circuit

TECHNISCHE
UNIVERSITAT
DARMSTADT

u,=1,i, =1,cosp =-0.850.e.
1 t=276ms > ¢, =275 ms
-Swo,s- ]
g’ 0.4
: 0.2

2-pole turbine generator 600 MV A, 26 kV, 50 Hz,

3000/min, I

= 1800 A, Uy

=146 V:

(Source: ABB Birr, Switzerland (now GE))

ry =0.004,r, =0.001,rp =0.0187 ,ry = 0.0867 ,7; = 1200
Xso =O.19,xdh :1.73,th :1.66,
> =0.1313, x5, = 0.0731, x ;= 0.1642

5 6 7 8 9 Literature: D. Oeding, B. Oswald / El. Kraftwerke & Netze, Springer, Berlin, 2016

timetins
1.2 5
118
[ —__
. T " Generatorset Generator set
> & turned off £ turned off
<@ E ©
5) 3 1.05 g
& 3 o
3 2 g
Q W 1 Q _5 L
0.95}
: 0.9 -10
6 7 8 9 6 7 8 5 6 7 8 9
time tins time tins time tin s i
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8. Dynamics of synchronous machines
Example: Transient stability

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Due to sudden short circuit on a parallel line the generator operates on a short circuit
and is accelerated by the turbine

Short circuit on parallel line

Line power-switch
clears the fault!

Generator EPNRENG
~ o)

/ )
Generator

] Transformer
power-switch
remains Source: Prof. M. Liese, TU Dresden
closed!

*amps

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 8./ 190
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

k‘
I~
%



A TECHNISCHE
=\ UNIVERSITAT
)y DARMSTADT

8. Dynamics of synchronous machines
Numerical calculation of shaft torque during fault clearing

Steam Steam turbiTne set T T \ Synchronous generator
l steam ' | ' ' Uvw
— 4
1 2 & M 3|8 2 o
P MP - LP1 Hwr2w HHH G 3~ HBEX
High- m 4“ 4J\ Bn{shless
ressure — — My Me exciter
P Medium Low-pressure
pressure

M,: electromagnetic air-gap torque

M4: Shaft tOI"que at Coupling no. 4 Source: Prof. M. Liese, TU Dresden
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8. Dynamics of synchronous machines
Numerically calculated torque in the air gap at coupling no. 4

M mgy

‘Mg Generator operates on short circuit o
41 and accelerates m\
IMe
A
I VAVAV/VAYAVAY
" T INIAS [1T Tioo \jlngbo 250 7 360 350 | ms
—o 1 \ \ \/ \Jd/ | Generator re-synchronizes to the grid,

\/ J but due to torsion resonance has

<
=

v big transient coupling torque!
Faulty parallel line switched off at 190 ms
within critical clearing time t < {_;,

Short circuit on parallel line m,: electromagnetic air-gap torque

Source: Prof. M. Liese, TU Dresden m4: Shaft torque at coupling no. 4

*amps
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8. Dynamics of synchronous machines

Peak torque at the coupling no. 4 is BIGGER than air gap torque due
to torsion resonance excitation in the long shaft

|
LA INAL A

A

\ 1 |
\, Ao 100 15@" "\/\i(zoo 250 300\ / 350 ms
o1 u \/ \j \U \j Peak torque at the

coupling no. 4

o
’7

_-_
Parallel line switched off within critical clearing time t<{_.,

m,: electromagnetic air-gap torque

Source: Prof. M. Liese, TU Dresden my: shaft torque at coupling no. 4

*amps
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8. Dynamics of synchronous machines
Breaking of shaft at Porcheville (F)

TECHNISCHE
UNIVERSITAT
DARMSTADT

 Breaking of the shaft due to too large peak torque after re-synchronization
(resonance effect) !

* Due to torsion resonance the exciting air-gap torque M, causes big shaft torques,
especially at coupling no. 4, where M, exceeds the air-gap torque !

v )

* In case of too weak shaft design, the turbine
shaft may break = lessons learned!

Example: k.
Broken shaft of the two-pole 600 MW turbine generator

at the thermal power plant Porcheville, France,
during re-synchronization of the generator after short

circuit clearing.
(1977)

Source: Prof. Dr. M. Liese, TU Dresden

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Transient stability of electrically excited synchronous machines

- Transient state: Induced damper currents ip, ig have already vanished,
but still transient field current Ai; component flows in addition to DC field current iy,

- Transient field current Ai; increases dynamic stability of synchronous machine

- During transient time constant increased dynamic pull-out torque M, 4,

- Increased transient pull-out torque M, 4 , helps to stabilize grid

- Critical fault clearing time ¢ is increased by increased transient torque M, 4,

- Transient stability peak torque limit M much bigger than steady-state stability torque limit M, ,

p.dyn

- At grid voltage recovery after fault resonant torque amplification may occur = Careful turbine-
generator shaft design necessary
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Energy Converters — CAD and System Dynamics

What did you learn in this course ?

- How to design an electric machine electromagnetically!

- Example of squirrel cage induction machine was chosen,
as it is the working horse of modern drive technology.

- Wound-rotor induction machine is included in text book !
- Thermal design has been presented !

- Dynamics of
a) DC machine,
b) induction machine and
c) synchronous machine
was discussed, using for linear or linearized equations Laplace transform !

- For non-linear equations MATLAB/Simulink program package was introduced !
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Energy Converters — CAD and System Dynamics

That's all, folks !
Thank you for your attention !

Good luck for your further studies !
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