Large Generators and High Power Drives

1. Manufacturing of Large Electrical Machines
2. Heating and cooling of electrical machines

3. Eddy current losses in winding systems

4. Excitation of synchronous machines
5. Design of large synchronous machines
6. Wind generators and high power drives

7. Forces in big synchronous machines
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4. Excitation of synchronous machines

4.1 No-load and short-circuit characteristic
No-load characteristic: U

\SO‘ISI{ Uso (If) —
UNhm — == T — —

- Stator open circuit
- Rotor driven by auxiliary motor

- Variable rotor excitation I

|
|
|
- Stator: No-load voltage U, is | =~
back EMF U, | s =100%
Short-circuit characteristic: 1 I =S |
o I *skO — ®Kk |
- Stator short circuited | D
J - I
- Rotor driven by auxiliary motor O() II II f
_ o fo _ fk
- Variable rotor excitation I; Synchronous reactance x, (per unit):
- Stator: Steady-state short- Xq = Xyl Zy = 1K,

circuit current | o
sk k.. No-load/short-circuit ratio

s
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4. Excitation of synchronous machines

No-load characteristic o ,

B y
Measured and calculated no-load characteristic: S
Line-to-line voltage versus field current at 20 (— /
3000/min, 50 Hz, 2-pole turbine generator, 400 /
MVA, cos ¢ = 0,75 cap. T /

IFh e

measured ’ /
| /
X calculated 0
Messung
X Rechnung mit MAG 2
Source: AEG, Germany T

c 500 1000 1500 A 2000

Ie >
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4. Excitation of synchronous machines

Saturation at no-load, no saturation at short-circuit

USO ‘ Isk USO (If’)=Uh(Im)
N |
iXnlf =Up UsNdecceee e fperril A
Xnlsk
Xalsk
|
A A '
_ T !, >/ |
Xnhlm=Un [e i]xas Isk |
1 |
_‘LﬂLﬂzzqf 05— ? . —-—
Im Isk 0 | : If '=I¢ /Ut

At stator short circuit stator air gap flux linkage ¥, = L4l IS opposite to rotor air gap
flux linkage ¥, = Lyl’; . It nearly cancels rotor air gap field, so resulting air gap flux
linkage ¥, = L4l,,, is small ("magnetic operation point A”). As stator voltage is zero,
induced stator internal voltage o ¥, = oLg4l,, must balance voltage, which is induced by
stator leakage flux: ® %, = olL4l,, = oL ly. SO ¥, is small, iron is unsaturated.
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Olkiluoto 3: 2 GW turbo generator

4. Excitation of synchronous machines

Measured no-load and short-circuit curve: 2000 MW generator
Sy = 2222 MVA, cosg, = 0.9 over-excited, 27 kV, Y, 50 Hz, 1500/min, I, = 47.5 kA

Open Circuit Saturation Curve Short Circuit Saturation Curve

- -1-:-‘!' I/

— Rated Voltage

B Test Points

=== Calculated by FEA

— Rated Current
10 - — Calculated
= B Test Points

[ Test Based If(rated current)
u T T T T T I

stator phase current |[KA|

0.0 05 1.0 15 2.0

field current normalized by

' 00 02 04 06 08 10 1.2

2 3.0

i

field current normalized by
42.6 kA short circuit field current

27 KV open circuit field current

Source: Siemens, Germany
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4. Excitation of synchronous machines

Measured reactances: Turbine generator 2000 MW

Unsaturated Reactances

Reactances P.U. at 1992 MVA

O calc unsat max
B test unsat

I1calc unsat min

B -

0.0

xd x'd x"d

Olkiluoto 3: 2 GW turbo generator

Reactances P.U. at 1992 MVA

Saturated Reactances

3.5 |

3.0 1 O calc sat max
B test sat

£t calc sat min

=
=
1
" E EEEE NSNS RN

xd x'd x"'d

Source: Siemens, Germany
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4. Excitation of synchronous machines
Transfer ratio for rotor field current

« Amplitude and phase shift of U,: may be described in equivalent circuit by fictive AC
stator current [ : U,=jX,1;

« This defines transfer ratio of field current Uy: It =-—1q

« |';is the “equivalent” stator AC field current, that flows in stator winding and by
self-induction causes the same back EMF U, as the real rotor DC field current I’
does by rotation of rotor.

!
’ Xhl f U D Bp Vf 1
Iy = ls=—ls=——ls==lg =1
Xh Is Us,s Bs,5 Vs U
Example: Turbine generator: 5 N
A f
Rotor m.m.f. fundamental: Vf —; T'kwf ‘If ) m Nskws\f
we get: Uy = ON . Kk
. 7 \/E m N f N\wf
Stator m.m.f. fundamental: V, = S S Ky * 1
T P
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4. Excitation of synchronous machines

Fundamental of rotor field of turbine generator

* Rotor m.m.f. and air gap field distribution have
Tp steps due to slots and contain fundamental

B e,
To /3 stator H
///// Wi ///// S, 2 N
. A VA Y ('S N
y Nfc-If rotor ,lp
NA VYV /7 V(/)~B(/) A V,
/// \\fx i Bp::uog’ N¢=2p-0g,-Ng
7 Vt 7N ‘
| .-k, =sin[W-”)=sin(z/3) _3
- X ’ Tp 2 2
Example: Iqr:2 Tr _sin(z/6)

= : =k K
"' gsin(ziq)) T

Rotor field winding is “one phase” of a three phase distributed winding, which is pitched
by 2/3 and fed by DC current.
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4. Excitation of synchronous machines
Brushless excitation armature and diode wheel

Rotierender Teil

\Stﬁnderwickluna Erregerwicklung e stehende
Y

Synchronmaschine Erregergenerator

Source:

Siemens AG, Mulheim/Ruhr, Germany
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4. Excitation of synchronous machines

A\
A\\!

0

v

-

Static excitation collector via two
slip rings and carbon brushes

Source:

Siemens AG,
Milheim/Ruhr,
Germany
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Large Generators and High Power Drives

Summary:

No-load und short-circuit characteristic
- No-load characteristic: Back EMF over excitation current at open-circuit
- Non-linear voltage curve due to iron saturation

- Short-circuit characteristic: Stator current over excitation current at short-circuit
- Small resulting air gap flux linkage - No saturation

- Back EMF U, may be described by equivalent stator current: I; = ui |
If
- Rotor excitation methods:
- External with slip rings and brushes
- Brushless with rotation diode bridge
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4. Excitation of synchronous machines

4.2 Determination of necessary field ampere-turns

Calculation of magnetizing current, considering main flux saturation:

U< i U
iXpls T, ® s0
~ Sls \\\ \\\ 2 i
\\\\ STRNE Y N \.]XPLS :
S i
’ Us " Rsls i
e U | .
N =h ! Magnetizing
| current
0 & -
O Irn I,f
Magnetic point of operation E of main air gap flux linkage ¥, is determined by internal voltage:
Up = Jo,
This is given for any arbitrary load (Uy, I, ¢) and determines magnetizing current:U,, = JX I,

uuw‘
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4. Excitation of synchronous machines

Determination of field current I from phasor diagram

urf*lm

- In order to get field current | from | ,, we need to know addition of stator and rotor
current.

- From phasor diagram we get |';. With knowledge of U, we calculate I..

UNIVERSITAT 4/15 Energiewandlung * FB 18

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
=% DARMSTADT ~aft>

s



4. Excitation of synchronous machines

Calculation of necessary field current for load point (Ug, I, ¢)

iXply Uso A Isk Uso (It)

A)

O L) Y ]
K [s-urps ¢ 't

A) In order to get field current I from |, we need to know addition of stator and rotor current.

From phasor diagram we get I';. With knowledge of U, we calculate I..

B) If machine is already built and measured, we can take U, from short-circuit characteristic.

It is the distance between Fand C’, if the curve is given in dependence of |..

‘s
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4. Excitation of synchronous machines

Calculation of field current for load point (U

S? IS’

Uso =Up

I Output:
Tlf

u: under-excited, U: over-excited |f
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-» TECHNISCHE

Large Generators and High Power Drives

Summary:

Determination of necessary field ampere-turns
- Magnetic point of operation is determined by internal voltage U,
- Magnetizing current is read from the no-load characteristic U, (1 )2U,(1,)
- Equivalent current I'; from phasor diagram
- Transfer ratio needed for determination of the excitation current
- May be taken from the no-load/short-circuit characteristic

- Usually calculation is done in ONE diagram
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4. Excitation of synchronous machines

4.3 Phasor diagram of saturated synchronous machines

%
a
®/ IUsO
i 7] |
U
T
s |
© O,
0 Im I,f I,f

Magnetic characteristic is linearized in magnetic operation point E to determine (fictive)
back EMF for saturated load operation point.

s
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Large Generators and High Power Drives

Summary:

Phasor diagram of saturated synchronous machines

- Linearization of the magnetic characteristic

- Fictive back EMF in saturated load operation

- In case of load shedding: Terminal voltage is real no-load voltage, not fictive
back EMF

‘s
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4. Excitation of synchronous machines
4.4 POTIER reactance

d q d q d q

e |~ e N\
% L ® ®5o k<I>qh
’//JI"////// ’//////L'// /l"//////*’//////l/////
HOKCIf: &
‘a / é
b 1 (|
A f
7 /
g ar @ o7 a5 a7 50 457 17 A T77 ypr

N\ o I\ \e. . s

In d-axis rotor stray flux @~ I;is ADDING to main flux @&, so it will increase pole shaft
iron saturation.

Especially at over-excitation (big &;_~ I;) this saturation may become very high.

‘s
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4. Excitation of synchronous machines

Worst-case over-excitation (maximum @&;_~ |;) at pure inductive
load of synchronous generator

q
A Phasor diagram for pure inductive load of
generator at rated voltage and current:
U, = U, Is = I, cose = 0 over-excited
Up |
iXnalsn Due to this big rotor stray flux the rotor iron

saturates strongly, yielding an increased

, , demand of excitation ampere-turns Al..
Aly 1 Xsolsn— 1Xplsn f

Uh UsN §H’d522Nf,pole'|f_>2Nf,pole'(|f+A|f)
C
lsN lm
— E—>d

L
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4. Excitation of synchronous machines

Increased demand of field current is considered in phasor diagram
by POTIER reactance X; instead of stator leakage reactance X,

q

A d q d
%E/L/ q)sa NISN
4 e
UptAaUp, N—<7 1 by ~1
JXnalsn Y < |
; (g T
/\ ?
Y | B
A XJXPLSN > JXsglsN |
Un*aln UsN %7, BN -I\. 5 Pole shaft saturation
27 X?fpor X4 N
IsN I Al
- S m Em - \K //
Ie+AL N S : . .
Up~I¢ ! fPol *f IS maximum at pure rated inductive load

‘s
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4. Excitation of synchronous machines

POTIER reactance X,

- Increased iron saturation will lead to decrease in main reactance.

- Usually this influence is not considered by reducing main reactance, but by
Introducing POTIER reactance !

- Increased field current gives (at fictively constant main reactance X,,) a fictively
increased back EMF U,. This has to be compensated by a fictively increased

leakage reactance X_., which is called POTIER-reactance X;:

Up=Xpglt B AU, =Xpual} ) AU, = Xyl

>(P > XSG

-» TECHNISCHE
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4. Excitation of synchronous machines

Measuring POTIER reactance with method of FISCHER-HINNEN

UsO A Isk
Isk
Uso =Un
Ion /‘/m
UsN . . > IRP
If
| 4
0 |
0 ' ijk t

- No-load & short-circuit characteristic are measured and field current for pure inductive rated load (IRP)

- Magnetic point of operation E of internal voltage U,, includes terminal voltage U, and voltage
drop Xplgy

- Substracting from field current I, the stator current I U, yields magnetizing current | -0, SO we get
U, (1) = Ug(l,,,) from no-load characteristic.

- I,\Uys IS Visible in short-circuit characteristic. There iron is unsaturated, so Xply = X |-

- Paralleling unsaturated no-load characteristic and ampere-turns of short-circuit conditions is also
possible to determine U,, instead of taking I, U (which needs knowledge of Uy)

s

UNIVERSITAT 4/27 Energiewandlung * FB 18

, TECHNISCHE  prof A Binder : Large Generators & High Power Drives Institut fur Elektrische %
“* DARMSTADT AN



-» TECHNISCHE

Large Generators and High Power Drives

Summary:

POITIER reactance

- Rotor stray flux is adding to main flux in d-axis

- Increased iron saturation of the pole shafts

- Increased demand of excitation ampere turns

- Worst case: Over-Excited pure inductive load

- The influence is considered by introducing POTIER reactance X, > X__

- Measurement via the method of FISCHER-HINNEN for pure inductive rated
load (IRP)

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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4. Excitation of synchronous machines

4.5 Stator current root locus

Cylindrical rotor synchronous machine: P - R
(Rs= 0, Us = const., U, = const.) 7/ ARe E N
/ R \
. B> :
U U - motor I\ e \
Tt R T P / U p
Is(H)=-] + ] e’ 9<0 - s Sk g T |
X X Qp © 2 \
d d - 3 .
T / \% J4d “ \
- — L |
jim ‘\ 0 Us /M ,‘
_ iXa /.
\ =T
15’>0t \ /
generator ' U /
N radiusé‘YE =const.~ I; =const.
N d /
\ B — '
' stable unstable _--
o~ 1<
D EE————— e E circle
ws<0 ps>0
overexcited underexcited

» TECHNISCHE
UNIVERSITAT
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4. Excitation of synchronous machines

stable unstable

Stator current root locus of R"'T
-

cylindrical rotor synchronous

I 7/ U
machine xa- L2

motor

generator

overexited underexcited

- neglected stator winding resistance R, = 0, \
- stator grid voltage is constant U, = const.,
- different excitation levels It~ U

P

=

V]

s
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4. Excitation of synchronous machines

real current and real power  Qperational limits of the cylindrical

at Ug= const.

rotor synchronous machine

S, W,mnax 1) Max. exciter current
2) Max. stator current
MOTOR 3) Max. load angle (< 90°)

4) Minimum exciter current

Max. real power
reactive current and 5) ax. real powe

-
\\;l reactive power at Ug=const.

I fmin

GENERATOR Source: Kleinrath, H.;

Grundlagen el. Maschinen,
Akad. Verlagsgesellschaft

Y,
‘s
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4. Excitation of synchronous machines

Real and reactive power limits of the cylindrical rotor
synchronous machine

[
D B SN Source: SiemensAG P = mSU sN IS COS@p; = mSU sN Re{ls } ~ Re{ls}
\ \ 1.2 Q=mUg lssings =mUgy Im{ls}~ Im{ls}
\ _1.0_ Sn =MUgn Iy
A
h /k/ 08\ c P/Sy =Rellg/Ignf| | Q/Sy =Im{l/Igy
/ | \\// The power limit is directly proportional to the
/ 0.6 \ stator current limit !
Gver-acied = T ** Under-axcited = Example: 2-pole turbine generator
capacitive 0.o_nductive A: Thermal limit of exciter winding (I ;)
0 _ B Thermal limit of stator winding (lg ;)

-0.8 0.6 -0.4 -02 0 02 04 06 08 Q (. Distance to stability limit

Consumer reference = negative real power in SN D: Rated _ ~ .09 ted
generator mode . Rated power: cosg, = -0.9 overexcite

‘Ut
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4. Excitation of synchronous machines

Regulation curves
and V-curves of a
cylindrical rotor
synchronous
generator

Curves can be directly taken
from the stator current root
locus diagram:

Regulation curves:
I.(I;) for cos¢g, = const.

V-curves:
I.(I) for Re{l.} = const.

U
0 — | - &5~ Rellg}=1,cosp,
It/Igg=1

, TECHNISCHE  prof A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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4. Excitation of synchronous machines

I underexcited ,” overexcited ~ Regulation curves and V-
curves of a synchronous
motor

Regulation curves: V-curves:
I, (I;) for cosg, = const. I.(I)) for Re{l.} = const.

P =myUq, Re{l }=const

0.5 ' Operation of the motor at the rigid grid: U, = const.

Data.
Xq= XqZy=1.33, k= 1/x,= 0.75,
No-load exciter current: |

I f Source: AEG

s
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4. Excitation of synchronous machines

Construction of the stator current root locus of a salient pole
synchronous machine, R, =0 (1)

4/36

Energiew

andlung * FB 18

A :
I i Up=Up el
m Xqlsq 9, -9
\\ [—Jp /(Re j@ eJ +€ J IE,
\\ JXalsq // Lisq :US 'C0S-€ :US . 2 ©
~
L o . eld _o-id .
AN Usd . L_Jsd:Us'Sln‘g'(_J)’eJ :Us' 2j '(_J)'eJ
| i
< fUsq 7 U —U. 4 iX.|
hpy - _sq__p+J dZsd
AN
Ted "~ | ' ]
7?:2 h > d | L_qu _L_Jp Jejlg U U ng +€ 19
e Xg LR T2
JAqg d
Isq Ug jel? 19 _ o717
i Y JE e €
. U qulsq = lsq_jX xS 2
q q
9
= log+] o)+ e ()
LES sd T lsq =) J . * i . .
X4 2 Xg X 2 Xq Xd
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4. Excitation of synchronous machines

Construction of the stator current root locus of a salient pole
synchronous machine, R, =0 (2)

‘Re 0 i
e -
I.=] p _J-Us.(1+l)+j$_e12,9.(i_i)
: X 2 Xg Xq 2 Xq Xg
A
)eiz'ﬂ
b
reluctance circle
Is(I$=0)
jim . o ( 1 )
\\locus of Is(It NUpzconSt.) 2 \Xqg Xq

(no circle, but PASCAL helix curve)
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4. Excitation of synchronous machines

Stator current root locus of salient ReT Up

pole synchronous machine |

i
I
[_IS is,p0
¥<0 stable! unstable
T Isw U - \
- neglected stator winding motor jP.ei®
resistance R, ~ 0, “s | Xd |
I I
: : f f
- stator grid voltage is Is / S [ - I—fO—O.S T =15
constant U, = const., — AV |
Im

- different excitation
levels I~ U,

¥>0

generator

overexcited \ underexcited

i
stable | unstable

s
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4. Excitation of synchronous machines

Stator current root locus of salient pole synchronous machine

motor motor
overexcited underexcited
Is—locus at zero field
excitation (,reluctance I,~locus at I, =const.
I b -

Source: Kleinrath, H.;
Grundlagen el. Maschinen,
Akad. Verlagsgesellschaft

lp = Im{ls}

generator
overexcited

generator
underexcited

‘s
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Large Generators and High Power Drives

Summary:

Stator current root locus
- Cylindrical rotor machine: circle with radius proportional to I; (for R, = 0)
- Operational limits:

min./max. exciter current, max. stator current, max. load angle,

max. real power, stability limit

- Salient pole machine: Pascal limacons
- For zero excitation: Reluctance circle

- Regulation curves: I(l;) for cosg, = const.
- V-Curves: I(l) for Re{l } = const.
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