Synchronous Machine Model



Voltage, current, and instantaneous
power in abc, a0 and dg0 coordinates

MMFabc(ﬁ)
=i,cosY + ipcos(¥+2m/3)+i.cos(¥—2m/3)

MMF,3(9) = iy cos¥ + igcos(¥ + m/2)

MMPF,g(9) = MMFpc(9) -
ig cosV + igcos(d +m/2) = igcos + ipcos(¥+2m/3) +i.cos(d —2m/3)

cos(9 + m/2) = —sind

igcosy — igsind = izcosd + ip| —5cos9 ——sind | + i, | —5cosd +—-sind
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Voltage, current, and instantaneous
power in abc, a0 and dgq0 coordinates

Example: 1.
ig = iy, COSwt - & P axis d axis
ip = iy cos(wt — 2m/3) c:%\ / 9=o0t+9

i, = iy cos(wt + 2m/3)

At location 3 =0 and timet=0:

. ooy T 3.
g =1g+ 1 3 + i 3 =§lm

At location 3 = /2 and time ot = /2 :

V3 V3 V3V V3V 3
=yt ey =Ty Ty T g

A axis =/ o axis

. . .3
Amplitude of i :=i
e . 2 (1 YIRS V3
—Nacosﬁ—LBsmﬁ:g igcosV + i —Ecosﬁ—Tsmﬁ + i —§c0519+7sm19
. A
Amplitude of i : S im

Amplitudes of both i ;i

o’ IB = im



If the star point is grounded:

Voltage, current, and instantaneous
power in abc and a0 coordinates

, . A axis =[ o axis
igcos? — igsind

=§ <iac0519+ ip (—%cosﬁ—?sinﬁ)+ic<—%cosﬁ+§sim9
. 2( 1. 1.
g = §<la—§lb—§lc>
. 2(V3 3
‘3‘5(7_7‘C> 1 1

. 1 . .
10=§(la+lb+lc)




Space phasor

1 1 2(V3 V3
lg = la—zlb—ilc lﬁzg 7——lc
2 1 43 1 43 2
Space phasor I3 = i+ jig =§<ia+ iy <—§+j7>+ ic<—§—j7>> =§(ia+ ipa+ ica?)

Time phasor u(t) = V2Ucos(wt + @) = Re{\2Ucos(wt + ) + jV2Usin(wt + ¢,)}
= Re{\2U.e/Puei®t}
Time phasor U = U ejgou

2
Space phasor QAO — § (ua + Up a +u 22 )



Diference between time & space phasor

Time phasor is function of time

u(t)
121 I A
I
(m/2) “ | -
% ] . | |
! ! | T y 0/ u(t) =v2 Re{g e’ “)t}
w, | im | re / |
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Space phasor w.r.t stationary referecne frame

2
Space phasor Lﬁg =g +jig = 3 (ig+ ipa+ ica®)
Example
iqg = 5coswt i = 5cos(wt —2m/3) i = 5cos(wt + 2m/3)
lg 2 -1 -1 5cos wt )
ig | = é (0 V3 _\/§> 5 cos(wt — 2m/3)
io 1 1 1 5 cos(wt + 21/3)
1 0 1
lg _l E 1 ba
(ib> =l 2 2 ig
c 1 V3 ) io
2 2
wt 0 /4 /2 3n/4 | Sn/4
lg 5 3.54 0 -3.54 -5 -3.54
ig 0 3.54 5 3.54 0 -3.54

1;3 5200 5 /450 5 £90° 5./1350 5 /180 5 £2250
f L I L I I

— Rotates in space with respect to a stationary reference frame



Voltage, current, and instantaneous
power in a dq0 coordinates

1\ i d-axis
v, ag B axis ‘\)gd axis ‘ é
\&\ Ud l d

/. S=0t+9

af - stationary dq - rotating 0}

2o 1 N3y, (1 3 2. .
Space phaser L = ta 4 sy =§<l“+ o(~3+i7) lc(‘z—f7>>=§(la+ baticat)
—i : .2, . . _ig _2(. . —jle-2E . —j(e+EE
159 = Iz e 77 = ig +jig =§(la+ ipa+ ica®).e? =§(la+ ipe i(0-5) 4 ice ]('9+3))

=2 (i 9+ 9 en +i 19+2n
lg = | lacos i} COS 3 i cos 3
Y o 2w\ 2
lq=§ —ig sinv — ip sin 19—? — i, sin 19+?



Voltage, current, and instantaneous

power in abc, a0 and dg0 coordinates

A axis =/ o axis

2
ig = 3 (ig cosV +ip cos(¥ — 2m/3) + i cos(¥ + 2m/3))
g =3 (—igzsinV — i sin(¥ — 2m/3) — i, sin(¥ + 21 /3))

1 .
lp = §(ia+ ip + ic)

f

lg
lq
lo

K

cos 9

—sin9 —sin(¥ —2n/3) —sin(I + 21/3)

1

2

cos( — 2m/3)

1

2

cos( + 2m/3)
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Space phasor w.r.t rotating reference frame

7@ _ - ..
Space phasor lag =latJiq "\&\
q axis
Example
iqg = 5coswt i = 5cos(wt —2m/3) i = 5cos(wt + 2m/3)

. cos9 cos(®¥—2m/3) cos(+ 2m/3)
(f‘i) 2 —sin® —sin(¥ —21/3) —sin(® + 27/3) (5 Cosfaffs_‘”;n /3)>

23 1 1 1
Z Z Z 5 t+2m/3
io . 5 > cos(w m/3)
Y = wt
wt 0 /4 /2 371t/4 T St1t/4 Y = wt— 9, = 0 — d axis on A axis
lg 5 5 5 5 5 5
lq 0 0 0 0 0 0

5P 5 /00 5 /00 5 200 5 200 5 /00 5 /00

I

— Stationary in space with respect to a rotating reference frame



abc —» a0 and abc — dq0

abc — a0 abc — dq0
Ja 2 -1 -1 Ja cos9 cos(® —2m/3) cos(¥ + 2m/3)
9p | = < 0 V3 —3 Ib ‘gd _ 2 —sin9 —sin(® —2n/3) -—sin(¥ + 2n/3) ga
9%/ *\1 1 1/ \g 5 3\ 1 ! ! 3
¢ 2 2 2
9= wt+ 190
3, . . . 3, . . .
p= E(uocloc Tuplg + 2uol0) p = > (udld + Uglg + Zuolo)

g stands for current, voltage, flux (i, u, )




Examples

cos® cos(¥—2m/3) cos(¥ + 2m/3)
Ya 1 2 -1 -1 Ya (‘ZZ) _ z —sind —sin(¥ —2n/3) —sin(Y + 2m/3) (g;)
9 |=310 V3 =3 || 9p )73l 1 1 1 p”

9o 1 1 1 9e 2 2 2
iq = 5coswt i, = 5cos(wt —2m/3) i, = 5cos(wt + 2m/3) 9=9) + wt
l.a (2 -1 -1 lg 5 cos wt
g | = 3 0 V3 —=/3]!|ip|=|-5sinwt
Iy 1 1 1 Ic 0

—3|1 1 1 1

i cos9 cos(¥ —2m/3) cos(V + 2m/3) ;
< d> 2 —sin9 —sin(® —2m/3) -—sin(® + 2m/3) iZ)
l’C

Il
-~
O O Ul
~

2 2 2



System of equations in per unit

d —-»

d-axis

Voltage equations

Stator: Stator

ug = rig+L—wp, () Y= Laig+Liplr+ip)  ©

Ug = Tgig + dd—wtq + wy (2 Yq = Lgig+ Lagig ©)

Rotor Rotor

Up = Tpip + % @)  Yr = Lpip + Lap(ig + ip) (8)

0= rpip + (jl;p_tD 4) Yp = Lpip+ Lap(ig + ip) ©)

0 = rpig+ (Zp—tQ 5) Yo = Loig + Lagiyg (10)

" The stator base quantities are based on the machine rating
. The rotor base quantities are chosen so that:
- the mutual inductances between different circuits are reciprocal
(e.g. Lggq = Lge) and that the mutual inductances between the
rotor and stator circuits in each axis are equal (e.g., Lgg = Lpy)

— The p.u. system is referred to as the "Lﬂ base reciprocal

p.u. system"



Synchronous machine sub-transient inductance - Ld”

d three phase voltage applied such that:

ug(t) cos(wt)
up(t) | = V2 U| cos(wt + 2m/3) | c(t)
u.(t) cos(wt — 2m/3)
c(t)=0fort<0andc(t)=1fort >0.

iy _ 71d-axis . o ,
1 Assume all rotor windings are short circuited and symmetrical

Uo\ 1/2 1/2 1/2 Uy (t)
(%l) =3\ © s(wt) cos(wt— 2m/3) cos(wt+ 2m/3) up(t)

Ug —sin(wt) —sin(wt— 2n/3) —sin(wt+ 21/3)/ \u.(t)
0
=2U (c(t)) — DC voltage applied across coil d.
. 0
Eq. (8) & (9): 2
. . . LpL,p — L
0= Lpip + Lyp(ig +ip) in =— Feab ADZ ig
_ o —— LeLp — Lap
O = LD"D + LAD(ld + lF) )
. LpLap —Lap~ .
lp = — la

LeLp — Lyp®

Substituted in (6): 5 , 3
]pd = Ldid + LAD(iF + lD) — (Ld - “D Zap *LF LAD Z—ZLAD ) id
LrLp—Lap

Vg =Ly .ig L, : the d-axis sub-transient inductance




Synchronous machine transient inductance - Ld’

If there is no damper winding in the d-axis, or if the current in the damper winding has decayed to zero, i.e. iy = 0:

0 ES LFiF + LADid —> iF = _LADid /LF

. . . LADZ .
Yq = Lgig + Lap(ip +ip) = (Ld — )-ld

, Lap®
Ld = <Ld - LF >

the d-axis transient inductance




Synchronous machine transient inductance - Lqg’

iy, _, 1d-axis
Ug l g Assume all rotor windings are short circuited and
S symmetrical three phase voltage applied such that:

Uy (t) sin(wt)
up(t) | =V2 U | sin(wt + 2m/3) | c(t)
u.(t) sin(wt — 2m/3)
c(t)=0fort<0andc(t)=1fort >0.

Uo\ 1/2 1/2 1/2 Uy (t)
(%l) =3\ © s(wt) cos(wt— 2m/3) cos(wt+ 2m/3) up(t)

Uq —sin(wt) —sin(wt— 2n/3) —sin(wt+ 21/3)/ \u.(t)
= \/EU( 8 ) — DC voltage applied across q coil.
c(t)
Eq. (10) :
0= Lotg +Lagly ey iQ=—LLi;iq

Substituted in (7):
Lio”
g = Loiq + Lag ig = (Lq — A0 ).id

g =1Ly .i;  Lg:the g-axis sub-transient inductance




Synchronous machine inductances

* There is no field winding in the g-axis.

— For a salient-pole machine with damper winding in the g-axis, the
effective inductance after the current in the damper winding has
decayed is practically equal to the synchronous inductance

\/L'q = Lq (The transient and synchronous inductances in the
g-axis are equal)
= General relationship:
L; < L; <Lg
n , _



Synchronous machine open-circuit time
constants (Tdo’, Tdo”, Tqo’)

Assume:

all three stator windings are open-circuited and a step voltage
is applied on the field winding, i.e. att=0, u.= U; c(t)

The result:

. d
Up = Trlp +% — UF C(t)

— i 4 %D
0= plp + at
Since iy = 0 (open-circuit):
Yp = Lplp + Lap(ig + ip) = Lpip + Lapip

Yp = Lpip + Lyp(ig +ir) = Lpip + Lypir



Synchronous machine open-circuit time
constants (Tdo’, Tdo”, Tqo’)

* Full model (3) — (5) plus the mechanical equations (swing equation):

: dyr
Up = Trlp + W (3)
. dyp
= 'r' —_—
0= rpip+—- @)
. dg
()—-7@1Q-F—E;- (5)

« 4% Order model (3), (5) plus the mechanical equations
 Eliminate all parameters from the differential equations except 7,

, 1 n n ,
Tao, Tqo, Xq: Xa> Xq



Synchronous machine open-circuit time
constants (Tdo’, Tdo”, Tqo’)

After the transients in the damper winding D have died down, i.e. iy =
0, the flux linkage is solely determined by the field current. Thus,

Lp
T), =—
do -
For a synchronous machine with a damper winding in the g-axis:
L
n Q

T



4™ Order model of the synchronous machine

g-aXIS II)q = Lqiq + LAQ lQ (7)
Lo Lani . _ Yo~—Lagiq _ 1 L L L, Ye~laolq
Yo = Lolq tLaglq = o= =7 = > W= LolgtLlagle = ¥g = Lolg+Lag—=7 7~ =

Lo
L e(’i n n
. I AQ —d_ j — ! .
deg Lag dg . do
—_— = — assuming— =0
dt Lo dt ( 9% =0

ey— (xq —x;) iq
wLag

Re-writing (7): Xqlqg + W Lygig — ec'l = g x:, —> =

. dy
I 0 = roig + G

¢Q _ eq—(xq—%q) ig Lo dej _ - de! .
To lQ =0- To wLag + wLg at 0 T o- dtd + e, - (xq —xq) g = 0
de, T _Le
d / "N\ . 0
qu dt t+ey—(xg—x,)ip =0 q ro




d-axis Ya = Laig + Lap(ip + ip)
Yrp = Lpip + Lap(ig + ip)
. . . —Lapi
Yr= Lpip + Lypiq > iy = YElapd LADld
F
(ip= 0 in transient phase)
. . Yr — Lapla
Ya = Lglg + Lapip = Lap i
F
_M_( _LZA;D)-_f- - ,_( _Li;p)
l/)d Lr = Ld Ly lg = Ld lqd With Ld = Ld Lp
. L L .
Define: ¢, =—w% Yr - z/)d—ALD—W=L’d iqg —
F F
!
eq . / / . /
"’“Ez lglLy > 0Yg= —eq+igx,

» = . . . L] _e,_ X _x’ i
Substitute in (6):  x;iy; + wLypip *eg = iy X4 ip=—2 ((»:AD ) ta
de/ Lap d . dw
a4 = _piap F (assuming 22 = 0) /
dt Lp dt dt

. d
Up = Trlp + _;ptF
e('1+(xd—x&) ld Lr deC'I w Lapur I} / !
Up = —TF — - —=_eq_(xd xg) ig — Tgq
w Lap wLap dt TF
! Lp
Tdo = TE
. w Lapu G
With  ep = % Tao 5, +eq+ (xa—xg) ia = —ep

(6)
(8)



Synchronous machine
capability curve



Operational limits of synchronous generator

* The loading limits of a synchronous
generator are determined by its size and
construction, I. e, by:

— Cooling of the rotor and stator windings,

— lron saturation limit,

— The capacity of the excitation system, etc.
= These technical limits must be observed

during operation at all times.

= The operational chart of the synchronous
machine shows these boundaries



Operational chart ot a synchronous
machine

1. Limit: Maximum armature current

* The maximum apparent power S is the limit with regard
to stator heating

— This limit 1s given by the equation:

§% = P? +Q* = konst.



Minimum/maximum active power
limat
2. Limit: minimum and maximum active power
loading

* For thermal power plants, these limits (Pmin, Pmax) are
determined by the minimum and maximum steam flow
through the turbine

» For hydropower generators: Pmin = 0, and Pmax
determined by the maximum flow rate of the water.

= The minimum and maximum deliverable active
power, Pmin and Pmax, are shown as horizontal
lines in the operational chart




Active power / armature heating
limits




Under excitation limit

3.Limit: Steady state under-excitation limit

U,-U U, Z6-U U, 26-7/2+jU Up: excitation voltage
X, X, X, U: terminal voltage
) Up4—5+(7z/2)—jU 3-U-U, -siné6 3-U-U .cosd—U"
S =3.U-1"=3.U- _ ny p
: X, X, X,

3-U-U_-sinod T 2
P— p o M Q:3U U, -coso-U
X4 Xy

» The theoretical stability limit is & = 90°.
— To allow a saftey margin, however, a maximum power
angle is limited to d,,,,, = 70° (for example).



Stability limit

tan o =

2
SIno = P- X, cos5:Q Xy +U
- 3-U-U
3-U-U, p
2
P- X, - —>P:Q-tan§+u—-tan5
X, +U X,

The stability limit in a Q — P plane (assuming d,,,, = 70°) is:

a straight line with the slope: tan 70°=2.75

u - . 2
X-intercept: on_)Qz_tJ(_
d




Minimum/maximum excitation

4.

SINO =

Limit: Maximum allowable rotor heating (U P,max)

Most generators are equipped with AVR
By changing the excitation current, the excitation voltage and thus
also the terminal voltage of the generator can be controlled.
The voltage regulation specifies a minimum excitation voltage
U ,min-
Trp1e maximum excitation voltage U, ..., is predetermined by the
maximum permissible heating of the rotor winding.
— These two limits can be represented in the operating diagram
by two circles.

P.X . 2
d cos5=Q Xy +U
3-U-UIO 3-U-U,

3.U-U. Y 2\’
Pl =P+ Q+U—
><d ><d




Maximum/maximum excitation

3.U-U_Y 2\?
Locus: { p] = P? +[Q+l;<—j
d

P

Equation of a circle L—U—z,O) and radius: 3°Y Y
with origin: X,

Minimum excitation 3 -U-u p,MIN

Maximum excitation: 3-U-U p,MAX

X, X4




Operational diagram

enforced by »
operator control of P \
as a function of

excitation T

»

8!?1 ax

Pm( (hy

Minimum excitation limit

S Armature heating limit

enforced by generat
under-excitation limitgr

(UEL)

enforced by

operator control of P and
excitation

I
Smiu : Q
|
|
! Field heating limit/
maximum excitation limit

enforced by generator
over-excitation limiter
(OXL)



Effect of generator reactive power
limit
* \oltage instability is typically preceded by
generators hitting their upper reactive limit
(OXL)

— Accurate modeling of Q. is very important for the
analysis of voltage instability

= Most power flow programs represent generator

Q.. as fixed.

— However, this is an approximation. In reality, Q,,,, is not
fixed. The generator capability diagram shows quite
clearly that Q,,,,, is a function of P and becomes more
restrictive as P increases.

— Afirst-order approximation(instead of using fixed Q,.,) iS

to model Q,,, as a function of P. s



ETTeCt o1 generator reacuve
power limit

= Q. is limited by the Over-eXcitation Limiter (OXL). The field
circuit has a rated steady-state field current I, set by field
circuit heating limitations. Since heating is proportional to:

J1 7t

overload
time

= Small overloads can be tolerated for longer times. Therefore,
most modern OXLs are set with a time-inverse characteristic:

T 20

OXL characteristic
l¢
| ~

|
1.0
10 Overload time (s) =2

= As soon as the OXL acts to limit I, then no further increase in
reactive power is possible.

= When drawing PV or QV curves, the action of a generator hitting
Q,,.x, Will manifest itself as a sharp discontinuity in the curve.

120




Basic countermeasures

= Basic strategy:

— Apply shunt capacitor banks, mainly in distribution and load
area transmission substations to minimize reactive power

transmission, allowing automatically controlled reactive power
reserve at generators

— Design and operate transmission network for high, flat voltage
profile to minimize 12X losses

= Switched shunt capacitor banks:
— Local or wide-area control

= Series capacitor banks

» Static var compensators or STATCOMs for short-term
voltage stability:

* |Load shedding:

— Local undervoltage or wide-area load shedding



Torque

~ J— - o - ! = ] = . = / o " - _ | = - / o n

X

q — Xq

_ ( 0,) N (Tc’l _xq) | (l:d) (udN) o ( O) N Ta —(xq + x¢) (id)
eq X; T lq Ugn) —  \eg Xy + %, 1, "\lg



Incorporating the network

~ J— - o - ! = ] = . = / " — | = - / o n

X

q — Xq

Gen Xe External network

(udN) _ ( 0) T —(xq + x¢) (id)
Ugn) —  \eg X+ x, T, "\ig



Fourth Order Model

. de’

qu.d—td+eél (xg —xq) iy =

. de,

T 40 d—tq+eil+(xd—xd) ig = —ef
do

E=a)_a)0

do wf
E—F(pm_l)w_pe)

~ J— ' . _— ! - ! - " = / "
te = P = Uglg + Uglg = -4l - eqly + lqld(xd — xq)



