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« The State Space (SS) model of the synchronous generator can
be expressed using compact matrix notation as follows:

V =RI+ %{A} : where A= LI thus resulting in:

d
K=ﬂ+a{ﬂ}

Accordingly, the synchronous generator with three armature phases
a, b, c, the field winding f, and rotor equivalent damping circuits kd
and kq can be represented by a 6th order SS model as follows:

by 5 00 0 0 07 fia

ol 1o 0 0 0 oflg

vel [0 0O s O O 0 I

v |=lo 0 0 7 0 0]

Vkd 0O 0 0 O T'kd 0 ikd

Vkal 1o 0 0 0 0 ryg) lig
{_ Laa Lap Lgc Laf Laka Lakq ]
|Lba Lyp  Lpc Lpf  Lpka  Lpkg

n i{ Lca ch Lcc ch Lckd Lckq

dt Lfa Lfb Lfc Lff Lfkd Lfkq
|Lkda Lyap Lkac Lkaf Lkaka Lkdkg
Ulkqa Lxgp Lkge Lkqr Lkgka Lkqkq!



Typically, most of the corresponding machine inductances have the

following relationships:
L =L _+L_cos(26)

4
Ly, =L +L_ cos(26— ;]
I =L_+L_cos(26— ';r]
2
L,=L, =-L,  +L, cos(28- 3 )
L,=L,_=-L +L cos(26)
4;
I =I1_=-L_+L_cos(26— ;j
L,=L,=L_ cos(26)
2r
Ly, =Ly =L, cos(26 - 3 )
47
qur - L.J'l'* = L{LﬁHCGS(EH_ 3 ]
Note

These expressions have 6 = wt
which is a function of time .
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Advanced Topics

Synchronous Generator Park’s
Transformation

Park’s Transformation is basically a
transformation of machine quantities
from a stationary (a,b,c) reference
frame to a rotating (d,q,0) reference
frame.
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Schematic of the Generator Windings
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Alignment of the a-phase vector to the d-axis
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Electromagnetic (Tm) Torque Expression in the dg0 Frame of Reference

Tem= E [{Lafm I¢ Iq} + {(Ld - Lq) g Iq} + {(Lakdm lkd Iq - I'akqm lkd Iq - I'akqm qu Id)}]
{Field {Reluctance Torque} {Damping Induction Torque}
Synchronous
Torque}

EMF Components: e, and e, Expressions in the dq0 Frame of Reference

e,= OfLy iy + Lygn it + Logam kgl
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Case Study Details

Consider a 3-phase, field
wound, 2-pole ac synchronous
generator, rated at 30 kVA,
208 V, and 400 Hz, whose
cross-section is shown.

For full details on the
application of state space
model in the dg0 frame of
reference, see the following
paper:

Arkadan, A.A., Hijazi, T.M., Demerdash,
N.A., Vaidya, J.G., and Maddali, V.K.,
“Theoretical Development and
Experimental Verification of a DC-AC
Electronically Rectified Load-Generator
System Model Compatible with
Common Network Analysis Software
Packages,” IEEE Trans. on Energy
Conversion, Vol. EC-3, No. 1, pp. 123-
131, Mar. 1988.

FULL WAVE
'&'?f:e';:"ni RECTIFIER FILTER

MODEL - —
i
ol [
:1" LOAD

)

WL
EEE— w1

3-PHASE
R—L LOAD

>v

Fig.(1): Stand-Alone Generator — DC Load
System




In the generator system of Figure (1),
the machine consists of a three phase (stator)
armature winding connected to a fullwave rectifier
bridge, while its rotating member consists of a
salient-pole rotor structure on which the field
winding and appropriate damper windings are mounted.
Figure (2) depicts a schematic of the three armature
phase windings, represented by the stationary coils
(a), (b) and (c), and the field as well as damper
windings represented by the rotating coils (f), (kd)
and (kq), respectively. Here, kd and kg represent
damping effects along the direct and quadrature axes
of the machine, and are both shorted coils. Notice,
throughout the paper, the current is taken positive
flowing into the (+) designated terminal of any
winding according to standard consumer (or load)
notation.

29



Fig. 2: Schematic of the Generator Windings
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Accordingly, in compact matrix notation the state
equations governing the dynamics of the generator can
be written in the abc frame of reference as follows
(all voltages and currents are instantaneous
quantities):

I
Yabe Rss 9 Labe d | Lo Ler||=abe 1
= + ——
dt [
I
Vevakg | |2 Ber || Texdkg Lye Zrr||tfrdxal]

(1)
Here, V pc is the vector of the three phase line teo
neutral terminal voltages, v, v} and vg,
Ejkdkg is the vector of the field and equivalent
amper winding voltages, vg, vig =0, and
qu= ﬂ,
I,pe is the vector of the three phase currents,
ig, ip and ig,
lfkdk is the vector of the field, direct axis
gamping, and quadrature axis damping
currents, if, ipq and igq, respectively,
Rgg is a diagonal (3 x3) matrix representing the
a, b and ¢ phase winding resistances,

ra=rh=rc=rs,

In this development, the axis of phase (a). namely
the a-axis, is chosen as the reference throughout.
Also, the angular position of the rotor, o, is defined
as the angle between the d-axis and the a-axis at any
instant in time. Throughout, positive rotor rotation
is taken counter-clockwise, and again the standard
consumer "load" notation is used in conjunction with
any current-voltage relationships.
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|| L
iahc Esa;. 9 labc d —sg -8t
— +__

dt
L
Efl»utlluuq 9 E1'1- lfl—u:llu;q —rs —rTr

Ryp is a diagonal (3 x3) matrix representing the
field, direct axis damper, and quadrature
axis damper winding resistances, rf, Tkd,
and Tkq» respectively,

Lgg is @ (3x3) matrix representing the armature
phase windings' self and mutual inductances
between the phases, Lgg, Lphs Lecs Lab = Lbas
Lpe = Leps and Leg = Lge, all of which are
well known functions of the rotor position
angle, o, see reference [8] for details,

Lgy =LEg, is a (3x3) matrix representing the
mutual inductances between the armature
(stator) phase windings and the rotor
windings, all of which are well known
functions of the rotor position angle, o.

L.r is a (3 x3) matrix representing the rotor
windings' self and mutual inductances, in
which the mutuals between any windings
along the d-axis and any windings along the
q-axis are zero, and all other nonzero

inductance terms are independent of the
rotor position angle, o.



In order to get rid of the dependence of the
various inductance terms in the second right hand side
term of equation (1) on the rotor position angle, o,
the practice of transformation to a dqo frame of
reference is widely accepted by wvarious machine
analysts and designers. This transformation approach
has been adopted here using a power invariant form of
Park's dqo transformation, see reference [9], such that

L |
Edqu T ¥ober 39 Yope =1 Eﬂqu (2)
— o -1l
Also, l-dqu I Labes and Lave 2 'ldqﬂ (3)
where
| cos(o) cos(g=-2m/3) cos(o=-4m/3)
2
T = Jﬁi -sin(o) -sin(g=-2w/3) -~gin(g=-4n/3)| (4)
1 1 1
V2 V2 )

Here i = (i i
» the instantaneous power, p = (ijvy+ipvp+iove) =

equation (

v

?;-invﬂ}.

Applying this transformation to

yields the following state equations

which govern the dynamics of the generator in the dgo
frame of reference:
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v 1 [+ = - i

\rd rs qu 0 | 0 0 MKLakqm d

I

vq de r5 0 I mKLafm mKLakdm 0 1“:1
v 0 0 r | 0 0 ] i

o 8 0

- — - s e T -]t
vf 0 ] 0 | rf 0 ) if
| \

0 0 ] 0 | 0 rd 0 lkd
_D._. “ﬂ 0 0 | 0 0 rkq | _1}“1_
p | T k)

d 0 0 | IL“"afm 1':La]«:::lm 0 td

0 L o 1 0 0 i

q i akqm q
_E,____D,_iiﬂ,_'_ﬂ__, 0 0 “EL]_
KL 0 o ' -L____l:}__ dt:_
afm I ff fkd f (5)
KL kdm 0 O 1 Lga Lydrg 0 ld
|

(] L i

akqm I 0 0 qukq lkq




Here,

Vds Vq and v, are the direct, quadrature and
zero sequence components of the armature
voltage,

ig, iq and i, are the direct, quadrature and
zero sequence components of the armature current,
Lq and Lq are the well known direct and
quadrature axes armature inductances,
respectively, and L, is the zero sequence
armature inductance,

Lffy Lypdkds Li kqs and Lfpgq are the well known
self and mutua% inductances of the equivalent
rotor windings,

* Lafms Lakdp and Lakqm are the maximum mutual

inductances between an armature phase winding
and the field, direct axis damper, and
quadrature axis damper windings, respectively,

* K is a constant resulting from the transformation

where K = v3/2,

and * w is the angular frequencv in electrical radians

per second, that is w=4¢&, thus throughout this
analysis, o=uwt, with w = constant in this
simulation and analysis of the dynamic steady
state performance of the generator system
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The state equation given above can be represented by

an equivalent circuit model as shown-

"d1 Yd2
rf MT g
L AR -+ —_— AP —
..l“'__-"*.. ™
+
-—
Ltf L i

v i d d ¥

= rkd

L
I

M1=KLafm
wd1=iﬁJKLakqm]ikq Ya1={ WKL,y dm) ikd
M2=L¢kd Vd2={Wig) iqg
M3=KLakdm
M4=KLakqm

vg3=l WLy iy

Generator Equivalent Circuit in the dqo Frame of Reference
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The state equation given above can be represented
by an equivalent circuit model in which the
following types of circuit elements are present:
resistances, self and mutual 1nauctances,

independent voltage sources, and current
controlled voltage sources. The resistances, self and

mutual inductances, and the single independent voltage
source in the network topology are self explanatory.
The current controlled voltage sources

are the diamond shaped elements and are expressed as
follows:

v

)i

= (WKL’ Tkq? Va2

= (pL Ji
dl q° ' q

and

Va1 ™ KL iam ika Vg2 TCOKL )i Va3~ (olydiy

From the equivalent network of Figure (3), one
can write the following loop equations:

‘ . dig dif dikd
vd rsld * d dt + KLafm dt + KLakdm dt
Va1 T Va2
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di dik
- —4 —, +v v
vq rslq L dt Lakqm dt Vql q2 q3
di
v0= r 1|:'I + L _dE
dig dig dipg
= r 1 — S 4+ L
ve= vl + Lee KL en e fkd dt
diyg dig dig
Vig= 0= Tatia T Yka @t Vekadar T FMakdm Tdt
and
di di
- = g _ﬂk + —19
vqu 0 rkqlkq * qu dt KLakqm dt

Upon substituting for vg1, v42» Vqls Vq2: and vq3,
one would obtain a set of equations
which is identical to the state model of equation.

Hence, the network is a full representation of the
machine's state model in the dgqo frame

The dynamics of this network are identical to

the dynamics of the generator, subject to the external
constraints, and initial conditions.

Reference: Arkadan, A.A., Hijazi, T.M., Demerdash, N.A., Vaidya, J.G., and Maddali,
V.K., “Theoretical Development and Experimental Verification of a DC-AC Electronically
Rectified Load-Generator System Model Compatible with Common Network Analysis

Software Packages,” IEEE Trans. on Energy Conversion, Vol. EC-3, No. 1, pp. 123-131,
Mar. 1988.
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