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1 Introduction

In this document we develop models useful for calculating the dynamic behavior of synchronous
machines. We start with a commonly accepted picture of the synchronous machine, assuming that
the rotor can be fairly represented by three equivalent windings: one being the field and the other
two, the d- and ¢- axis “damper” windings, representing the effects of rotor body, wedge chain,
amortisseur and other current carrying paths.

While a synchronous machine is assumed here, the results are fairly directly applicable to
induction machines. Also, extension to situations in which the rotor representation must have
more than one extra equivalent winding per axis should be straightforward.

2 Phase Variable Model

To begin, assume that the synchronous machine can be properly represented by six equivalent
windings. Four of these, the three armature phase windings and the field winding, really are
windings. The other two, representing the effects of distributed currents on the rotor, are referred
to as the “damper” windings. Fluxes are, in terms of currents:

2)-[ir £]l%

where phase and rotor fluxes (and, similarly, currents) are:

Aa
Aph = b (2)
AR = | Akd (3)

There are three inductance sub- matrices. The first of these describes armature winding induc-
tances:

La Lab Lac
L= La Ly L (4)
Lac Lbc Lc



where, for a machine that may have some saliency:

Ly, = Lg+ Lacos20 (5)
Ly = Lgo+ Lacos2(6 — 2%) (6)
L. = Lgy+ Lacos2(0 + 2%) (7)
Loy = Lapo + Lacos2(6 — g) 8)
Ly, = Lgyo + Locos26 9)
Loc = Labo + Lacos2(0 + %) (10)

Note that, in this last set of expressions, we have assumed a particular form for the mutual in-
ductances. This is seemingly restrictive, because it constrains the form of phase- to- phase mutual
inductance variations with rotor position. The coefficient Lo is actually the same in all six of these
last expressions. As it turns out, this assumption does not really restrict the accuracy of the model
very much. We will have more to say about this a bit later.

The rotor inductances are relatively simply stated:

Ly L O
éR = Lfkd Lkd 0 (11)
0 0 Liq

And the stator- to- rotor mutual inductances are:

M cos b Lgiqcosb —Lgpqsin 6
M = | Mcos(f — %’T) Lajq cos(f — %’r) —Lgjqsin(0 — %’r) (12)
Mcos(0 + 2F)  Lokacos(0 + 25)  —Laygsin(6 + 2F)

3 Park’s Equations

The first step in the development of a suitable model is to transform the armature winding variables
to a coordinate system in which the rotor is stationary. We identify equivalent armature windings
in the direct and quadrature axes. The direct axis armature winding is the equivalent of one of
the phase windings, but aligned directly with the field. The quadrature winding is situated so
that its axis leads the field winding by 90 electrical degrees. The transformation used to map
the armature currents, fluxes and so forth onto the direct and quadrature axes is the celebrated
Park’s Transformation, named after Robert H. Park, an early investigator into transient behavior
in synchronous machines. The mapping takes the form:

Ug Uq
Ug | =Ugq=TLupn =L | wp (13)
Uo Ue

Where the transformation and its inverse are:
cosf  cos(f — 2{) cos(f + 2%)
=3 —sinf —sin(f — %’r) —sin(6 + %’r) (14)
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cos(
cos(0 +

7! =

—sind 1
) —sin(0—38) 1 (15)
)y —sin(@+Z) 1

This transformation maps balanced sets of phase currents into constant currents in the d-q frame.
That is, if rotor angle is § = wt + 6y, and phase currents are:

I,
I

I

I coswt

2
I cos(wt — ?ﬂ)

2
I cos(wt + ?ﬂ)

Then the transformed set of currents is:

I
Iq

I cos B

—Isinfy

Now, we apply this transformation to (1) to express fluxes and currents in the armature in the d-q
reference frame. To do this, extract the top line in (1):

A

Aph = éphlph + Mg (16)
The transformed flux is obtained by premultiplying this whole expression by the transformation
matrix. Phase current may be obtained from d-q current by multiplying by the inverse of the

transformation matrix. Thus:

Mig=TL T ' 14 +TMIp (17)
The same process carried out for the lower line of (1) yields:
Ap=M"T""Iy,+ L,Ip (18)
Thus the fully transformed version of (1) is:
L L
Adq — 3: =C qu (19)
Ar oLe Ly Ir

If the conditions of (5) through (10) are satisfied, the inductance submatrices of (19) wind up being
of particularly simple form. (Please note that a substantial amount of algebra has been left out
here!)

Ly 0 0
L,=10 L 0 (20)
0 0 L
M L 0
Lo=[0 0  La (21)
0 0 0



Note that (19) through (21) express three separate sets of apparently independent flux/current
relationships. These may be re-cast into the following form:

)\d Ld Lakd M Id
M | = | 2Laka  Lika  Liyka Ikq (22)
As M Lpwa Ly Iy
Ag L, Lakqg I,
= 23
l )‘kq ] l %Lakq qu qu ( )
Ao = Lolo (24)

Where the component inductances are:

3
Li = La — Layo + §L2 (25)
3
Lq = LaO - Lab(] - §L2 (26)
Ly = Lo+ 2Ly (27)

Note that the apparently restrictive assumptions embedded in (5) through (10) have resulted in
the very simple form of (21) through (24). In particular, we have three mutually independent sets
of fluxes and currents. While we may be concerned about the restrictiveness of these expressions,
note that the orthogonality between the d- and - axes is not unreasonable. In fact, because these
axes are orthogonal in space, it seems reasonable that they should not have mutual flux linkages.
The principal consequence of these assumptions is the de-coupling of the zero-sequence component
of flux from the d- and g- axis components. We are not in a position at this time to determine
the reasonableness of this. However, it should be noted that departures from this form (that is,
coupling between the “direct” and “zero” axes) must be through higher harmonic fields that will
not couple well to the armature, so that any such coupling will be weak.

Next, armature voltage is, ignoring resistance, given by:

d d,
Kph = Eéph = E; 1Adq (28)

and that the transformed armature voltage must be:

Vig = LVn

d d, .
= %Adq_‘_(;%z 1)Adq (29)

A good deal of manupulation goes into reducing the second term of this, resulting in:

d m1
= Td_(z Adq)

0 -4 o
TiT—l— do odt 0 30
0 0 0



This expresses the speed voltage that arises from a coordinate transformation. The two voltage/flux
relationships that are affected are:

dXg
Vd = E — u))\q (31)
dX
Vo = d—tq +wAg (32)
where we have used
_ (33)
7
4 Power and Torque
Instantaneous power is given by:
P =V, + VoI + Ve, (34)
Using the transformations given above, this can be shown to be:
3 3
P = §VdId + §Vq—7q + 3Vl (35)
which, in turn, is:
3 3 d\g dX, dXo
P = wz()\dfq )\qu) + 2( It Iy + 7t Iq) +3 o7 Iy (36)

Then, noting that electrical speed w and shaft speed 2 are related by w = p{2 and that (36)
describes electrical terminal power as the sum of shaft power and rate of change of stored energy,
we may deduce that torque is given by:

3
T = §p()\dfq — )\qfd) (37)

5 Per-Unit Normalization

The next thing for us to do is to investigate the way in which electric machine system are nor-
malized, or put into what is called a per-unit system. The reason for this step is that, when the
voltage, current, power and impedance are referred to normal operating parameters, the behavior
characteristics of all types of machines become quite similar, giving us a better way of relating
how a particular machine works to some reasonable standard. There are also numerical reasons for
normalizing performance parameters to some standard.

The first step in normalization is to establish a set of base quantities. We will be normalizing
voltage, current, flux, power, impedance and torque, so we will need base quantities for each of
these. Note, however, that the base quantities are not independent. In fact, for the armature, we
need only specify three quantities: voltage (Vg), current (Ip) and frequency (wg). Note that we do
not normalize time nor frequency. Having done this for the armature circuits, we can derive each
of the other base quantities:



e Base Power 5
Pp = -Vplp
2
e Base Impedance
Vi
Zp = —
B i
e Base Flux
Vi
Ap = —
wo
e Base Torque
Tp = £PB
wo

Note that, for our purposes, base voltage and current are expressed as peak quantities. Base voltage
is taken on a phase basis (line to neutral for a “wye” connected machine), and base current is
similarly taken on a phase basis, (line current for a “wye” connected machine).

Normalized, or per-unit quantities are derived by dividing the ordinary variable (with units) by
the corresponding base. For example, per-unit flux is:

A wo)\

b= =T (38)

In this derivation, per- unit quantities will usually be designated by lower case letters. Two
notable exceptions are flux, where we use the letter ¢, and torque, where we will still use the upper
case T" and risk confusion.

Now, we note that there will be base quantities for voltage, current and frequency for each of
the different coils represented in our model. While it is reasonable to expect that the frequency
base will be the same for all coils in a problem, the voltage and current bases may be different. We
might write (22) as:

wolqp wolkp wolyrp
g Vap Lq Vap Laka Vab M iq
wolap 3 wol, wolsp .
Ura | = | L 5Laka “FEELra 7 LPLigka ikd (39)
wf wolgp 3 wolkp wolyrp if
Vip 2M Vi Lfkd Vip L

where i = I /Ip denotes per-unit, or normalized current.
Note that (39) may be written in simple form:

Y Td  Takd Tad id
Yia | = | Takd Thd  Tfkd ikd (40)
Py Tad Tfrd Tf if

It is important to note that (40) assumes reciprocity in the normalized system. To wit, the following
expressions are implied:

Tqg = WQ@LC[ (41)



T = wo—0L 42
kd 0, Lk (42)
I
Ty = WQﬁLf (43)
Vip
I
Takd = WO%Lakd
3 I
= 2wl 44
QwOVkB akd ( )
IfB
— wdE M
Lad WOVdB
3 Iip
— 2By 45
207, (45)
Tfkd = onk—BL kd
/ Vb
= WQ—L kd 46
Vi (46)
These in turn imply:
3
§VdBIdB = VfBIfB (47)
3
§VdBIdB = ViliB (48)
Viplfp = Viplip (49)

These expressions imply the same power base on all of the windings of the machine. This is
so because the armature base quantities Vg, and I, are stated as peak values, while the rotor base
quantities are stated as DC values. Thus power base for the three- phase armature is % times
the product of peak quantities, while the power base for the rotor is simply the product of those
quantities.

The quadrature axis, which may have fewer equivalent elements than the direct axis and which
may have different numerical values, still yields a similar structure. Without going through the
details, we can see that the per-unit flux/current relationship for the g- axis is:

Vg _ | ®a Takg 'Z'q (50)
wkq Lakq Lkq tkq
The voltage equations, including speed voltage terms, (31) and (32), may be augmented to
reflect armature resistance:

Va = % —wAg + R,y (51)
Vi = whg+ % + Ry, (52)

The per-unit equivalents of these are:
Vg = L e i% + Tald (53)

wo dt wo



w 1 dy,
Vg w0¢d+ oo dr Tl (54)
Where the per-unit armature resistance is just r, = %‘;

Note that none of the other circuits in this model have speed voltage terms, so their voltage
expressions are exactly what we might expect:

v = wio%wfif (55)
okt = wio%wkdikd (56)
Vg = wio%‘i‘rkqikq (57)
vy = wio%-i-?“aio (58)

It should be noted that the damper winding circuits represent closed conducting paths on the rotor,
so the two voltages viq and vy, are always zero.
Per-unit torque is simply:
Te = wdiq - wqid (59)

Often, we need to represent the dynamic behavior of the machine, including electromechanical
dynamics involving rotor inertia. If we note J as the rotational inertia constant of the machine
system, the rotor dynamics are described by the two ordinary differential equations:

1 dw

do

where T and T™ represent electrical and mechanical torques in “ordinary” variables. The angle §
represents rotor phase angle with respect to some synchronous reference.

It is customary to define an “inertia constant” which is not dimensionless but which nevertheless
fits into the per-unit system of analysis. This is:

Rotational kinetic energy at rated speed

H= Base Power (62)
Or: )
H— %J (%) _ Jwo (63)
Pg 2pTB
Then the per-unit equivalent to (60) is:
%Z—j =T, + T (64)

where now we use T, and T, to represent per-unit torques.



6 Equal Mutual’s Base

In normalizing the differential equations that make up our model, we have used a number of base
quantities. For example, in deriving (40), the per-unit flux- current relationship for the direct
axis, we used six base quantities: Vg, Ip, Vip, Itp, Vyp and Iyp. Imposing reciprocity on (40)
results in two constraints on these six variables, expressed in (47) through (49). Presumably the
two armature base quantities will be fixed by machine rating. That leaves two more “degrees of
freedom” in selection of base quantities. Note that the selection of base quantities will affect the
reactance matrix in (40).

While there are different schools of thought on just how to handle these degrees of freedom, a
commonly used convention is to employ what is called the equal mutuals base system. The two
degrees of freedom are used to set the field and damper base impedances so that all three mutual
inductances of (40) are equal:

Takd = Tfkd = Tad (65)

The direct- axis flux- current relationship becomes:

ha Td  Tad Tad iq
Yied | = | Tad Thd Tad ikd (66)
wf Tad Tad Tf if

7 Equivalent Circuit

4, Zql Tl ry U

Figure 1: D- Axis Equivalent Circuit

The flux- current relationship of (66) is represented by the equivalent circuit of Figure 1, if the
“leakage” inductances are defined to be:

Tg = Tq— Tad (67)
Thal = Tkd — Tad (68)
xfl = :Iff — Xad (69)



Many of the interesting features of the electrical dynamics of the synchronous machine may be
discerned from this circuit. While a complete explication of this thing is beyond the scope of this
note, it is possible to make a few observations.

The apparent inductance measured from the terminals of this equivalent circuit (ignoring resis-
tance r,) will, in the frequency domain, be of the form:

als) _ Pa(s)
ia(s) " Pu(s)

Both the numerator and denominator polynomials in s will be second order. (You may convince
yourself of this by writing an expression for terminal impedance). Since this is a “diffusion” type
circuit, having only resistances and inductances, all poles and zeros must be on the negative real
axis of the “s-plane”. The per-unit inductance is, then:

x(s) = (70)

(1+ Tés)(l + Té’s)
T
YT+ T)s)(1 + T 5)

The two time constants T); and 7] are the reciprocals of the zeros of the impedance, which are
the poles of the admittance. These are called the short circuit time constants.

The other two time constants 17, and T, are the reciprocals of the poles of the impedance, and
so are called the open circuit time constants.

We have cast this thing as if there are two sets of well- defined time constants. These are the
transient time constants T and T}, and the subtransient time constants 7 and 7). In many
cases, these are indeed well separated, meaning that:

z(s) = (71)

; > T (72)
T, > T (73)

If this is true, then the reactance is described by the pole-zero diagram shown in Figure 2.
Under this circumstance, the apparent terminal inductance has three distinct values, depending on
frequency. These are the synchronous inductance, the transient inductance, and the subtransient
inductance, given by:

T/

/ d
Ty = Ti—= (74)

7,

)

W g

vy

= gg-4 d 75
T, T, =

A Bode Plot of the terminal reactance is shown in Figure 3.
If the time constants are spread widely apart, they are given, approximately, by:

X
T = 76
do WOTf ( )
+ 41| 2aa
Ty = Ik T Z/1ad 7
do WOT kd ( )

10
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Figure 2: Pole-Zero Diagram For Terminal Inductance
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Figure 3: Frequency Response of Terminal Inductance

Finally, note that the three reactances are found simply from the model:

zq Tql + Zad (78)
Ty = Ta+ Tedllzp (79)
acg = Tq + xad| \xﬂ | \xkdl (80)

8 Statement of Simulation Model

Now we can write down the simulation model. Actually, we will derive more than one of these, since
the machine can be driven by either voltages or currents. Further, the expressions for permanent

magnet machines are a bit different.
constrained by wvoltage.

So the first model is one in which the terminals are all

The state variables are the two stator fluxes 14, 1, two “damper” fluxes 1iq, Vg, field flux 1,
and rotor speed w and torque angle . The most straightforward way of stating the model employs

currents as auxiliary variables, and these are:

1d Td
Ikd | = | Tad
iy Tad

-1

Tad Tad (0
Tkd Tad Yk (81)
Tad Tf Yy
x - P
ag q
]l o

11



Then the state equations are:

% = WoUq + Wiy — woryiq (83)
% = WUy — WPq — WoTalq (84)
% = —WoTkdlkd (85)
d?ﬁfq = —WOThglkg (86)
% = WoUf — woTfif (87)
LA N (88)

ill—i = w-—uwp (89)

and, of course,
Te = wdiq - wqid

8.1 Statement of Parameters:

Note that often data for a machine may be given in terms of the reactances x4, x;, %, T, and
T, rather than the elements of the equivalent circuit model. Note that there are four inductances
in the equivalent circuit so we have to assume one. There is no loss in generality in doing so.
Usually one assumes a value for the stator leakage inductance, and if this is done the translation is
straightforward:

Tad = Td— Tal
/
L zeq(Ty — 1)
rr = 7
Tad — Ty + Zql
1
Thal = T3 1 T
TG—Tal  Tad  Tfl
A Tl + Tad
! (JJ(]TCIlO
g+ Tadl|
de — —_—

"
wQTd o

8.2 Linearized Model

Often it becomes desirable to carry out a linearized analysis of machine operation to, for example,
examine the damping of the swing mode at a particular operating point. What is done, then,
is to assume a steady state operating point and examine the dynamics for deviations from that
operating point that are “small”. The definition of “small” is really “small enough” that everything
important appears in the first-order term of a Taylor series about the steady operating point.
Note that the expressions in the machine model are, for the most part, linear. There are,
however, a few cases in which products of state variables cause us to do the expansion of the

12



Taylor series. Assuming a steady state operating point [1)qo Yrdao ¥ o Vg0 Yreo wo 0o, the first-
order (small-signal) variations are described by the following set of equations. First, since the
flux-current relationship is linear:

-1

id1 Td  Tad Tad Ya1
ikdl | = | Tad Thd Tad (I (90)
? fi1 Lad Lad Tf ¢f 1
_ 1
lal | _ | Ta  Taq Y1 (91)
Tkql Laqg Tkq wkql

Terminal voltage will be, for operation against a voltage source:
Va=Vsind V,=Vcosd

Then the differential equations governing the first-order variations are:

le}Zl = woV cos 901 +wotg1 + wWitg0 — WoTaldl (92)
dz!l)zl = —woVsindpdr — wotar — w1¥do — WoTalql (93)
dqfl];dl = —WoTkdlkdl (94)
diiql = TW0Tkqlkql (95)
dlfz}g = worsin (96)
% = ;—10{ (Ter + Toma) (97)

@ (98)

Te = Yaoiqr + Vaiiqo — Vgoldl — Vg1ido

8.3 Reduced Order Model for Electromechanical Transients

In many situations the two armature variables contribute little to the dynamic response of the
machine. Typically the armature resistance is small enough that there is very little voltage drop
across it and transients in the difference between armature flux and the flux that would exist in
the “steady state” decay rapidly (or are not even excited). Further, the relatively short armature
time constant makes for very short time steps. For this reason it is often convenient, particularly
when studying the relatively slow electromechanical transients, to omit the first two differential
equations and set:

g = vg=Vcosd (99)
Yy = —vg=—Vsind (100)

The set of differential equations changes only a little when this approximation is made. Note,
however, that it can be simulated with far fewer “cycles” if the armature time constant is short.

13



9 Current Driven Model: Connection to a System

The simulation expressions developed so far are useful in a variety of circumstances. They are,
however, difficult to tie to network simulation programs because they use terminal voltage as an
input. Generally, it is more convenient to use current as the input to the machine simulation and
accept voltage as the output. Further, it is difficult to handle unbalanced situations with this set
of equations.

An alternative to this set would be to employ the phase currents as state variables. Effectively,
this replaces ¥4, 14 and ¥ with 44, 73, and i.. The resulting model will, as we will show, interface
nicely with network simulations.

To start, note that we could write an expression for terminal flux, on the d- axis:

Zad||Trar Tadllzf1

Vg = xgiq+ U kd 101
d ! Tadl[Tra + T Tadllzf1 + Trar (101)
and here, of course,
Ty =Tq + Tad||Tral] |2 1
This leads us to define a “flux behind subtransient reactance”:
T 0dd Tqdd
= Tad ks + Tad f1¥kd (102)

TadTkdl + TadZ f1 + TkdlT 1
So that
Ya = Py + Tgid
On the quadrature axis the situation is essentially the same, but one step easier if there is only
one quadrature axis rotor winding;:

", Lag
_ 103
Va = Tqlq + Vg Taq + Tkql (103)

where
"
Ty = Tql + xaqukql

Very often these fluxes are referred to as “voltage behind subtransient reactance, with ¢/} = eg
and ¢y = —ej. Then:

Ya = iq+e (104)
Yy = x;’iq—eg (105)

Now, if i4 and ¢, are determined, it is a bit easier to find the other currents required in the
simulation. Note we can write:

Vkd | _ | Thd Tad kd
Uy Tad Tf if

. -1
YNGR EAREID

14

Tad ] i (106)

and this inverts easily:



The quadrature axis rotor current is simply:

. 1 Tag .
kg = E%q - x—quq (108)
q q

The torque equation is the same, but since it is usually convenient to assemble the fluxes behind
subtransient reactance, it is possible to use:

T. = eyiq + eqiq + (xg — ) )idiq (109)

Now it is necessary to consider terminal voltage. This is most conveniently cast in matrix
notation. The vector of phase voltages is:

Uph = | Vb (110)
Then, with similar notation for phase flux, terminal voltage is, ignoring armature resistance:

1 dﬁph

wo dt
_ 1d {T*lgdq} (111)

wo dt (=

Qph

Note that we may define the transformed vector of fluxes to be:

by, =2l + ¢ (112)

where the matrix of reactances shows orthogonality:

zh 0 0
2"=10 a7 0 (113)
0 0 i)
and the vector of internal fluxes is:
6//
q
e = —¢] (114)
0

Now, of course, iz, = Li,,, so that we may re-cast (111) as:

1 d
Uph, = w_oa {2_1£”Qph +£—1§//} (115)

Now it is necessary to make one assumption and one definition. The assumption, which is
only moderately restrictive, is that subtransient saliency may be ignored. That is, we assume
that z/) = x//. The definition separates the “zero sequence” impedance into phase and neutral

q
components:

15



To = z) + 31y (116)

Note that according to this definition the reactance x, accounts for any impedance in the neutral
of the synchronous machine as well as mutual coupling between phases.
Then, the impedance matrix becomes:

z; 0 0 0 00
Z"=10 25 0 |[+]0 00 (117)
0 0 2 0 0 3z
In compact notation, this is:
2’ =xql+z, (118)
where [ is the identity matrix.
Now the vector of phase voltages is:
1 d " -1 . —1_n
Uph = wo dt {xdlph +IL 2 Tiy, + 1€ } (119)

Note that in (119), we have already factored out the multiplication by the identity matrix. The
next step is to carry out the matrix multiplication in the third term of (119). This operation turns
out to produce a remarkably simple result:

—_ = =

111
T2 T=ux,]|1 1 (120)
111

_g_
The impact of this is that each of the three phase voltages has the same term, and that is
related to the time derivative of the sum of the three currents, multiplied by .

The third and final term in (119) describes voltages induced by rotor fluxes. It can be written
as:

1d 1 d 1 de”
el T—l nmy - = T—l " _T—l; 121
wo dt {: € } wo dt {: }Q +w0: dt ( )
Now, the time derivative of the inverse transform is:
— sin(#) —cos(6) 0
1 d sin(
— 71 = dl —sin(@ — 2F) —cos(@—2F) 0 (122)
wo dt= wo - S pry
—sin(f0 + %) —cos(0+ ) 0

Now the three phase voltages can be extracted from all of this matrix algebra:

Vi -
:L‘_dd’La Tg d

o= et (ia +ip +ic) + €l (123)
/BN s
rgdiy xgd . . ”
— 4% 4 797 124
Up o dt +w0dt(za+zb+zc)+eb (124)
i dic  xyd,
ve = w—zd—;+w—fé£(za+zb+zc)+e’c’ (125)

16



Where the internal voltages are:

el = —wio(eg sin(0) — el cos(#))
+w—0 cos(G)% + WLOSIH(G)%

e = _w_o(eg sin(f — _7r) — eljcos(f — 2%))
-|-in cos(f — ?)ddif + wio in(6 — %)dditg

¢ = _wio(eg sin(6 + 2%) — eljcos(6 + 2%))
-|-in cos(0 + ?)ddif + wiosin(ﬁ + %)dditg

This set of expressions describes the equivalent circuit shown in Figure 4.

"
iq ) €q
Va
"
/l/b w// eb xg
—
Ub _m:_

Figure 4: Equivalent Network Model

10 Restatement Of The Model

(126)

(127)

(128)

The synchronous machine model which uses the three phase currents as state variables may now

be stated in the form of a set of differential and algebraic equations:

ke _
dt = 0"kdkd
dwkq _ .
dt = WoTkqlkq
dﬂ f— _w ”" ;
s
E = W —Wwo

17
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(130)
(131)

(132)



% = o3g (T + eqiq + edzd> (133)
where: .
ikd | _ | Thd Tad Vkd Tad | ;-
if Tad Tf ¢f Lad
and )
Tagq
i — g — —1
kq Thg Vg Thg q

(It is assumed here that the difference between subtransient reactances is small enough to be
neglected.)
The network interface equations are, from the network to the machine:

2 2
ig = iq cos(f) + iy cos(0 — g) + . cos(0 + ?ﬂ) (134)
2 2
g = —iqsin(f) — i sin(6 — g) — i.sin(0 + ?:T) (135)
and, in the reverse direction, from the machine to the network:
¢ = —2 (e sin(0) — € cos(0))
a wo q
1 dey 1 de/)
— cos(0) —L + — sin(0)—2 136
+wo cos(6) 7 + o sin(6) p (136)
w . 2
ey = —w—o(eg sin(f — ?) — €y cos( — ?))
1 2m deg 1 2m  dely
—cos(f — “Z) =L 4 —gin(h — )= 137
+w0 cos( 3 ) L 7 4 o sin( 3 ) 7 (137)
w . 27 27
el = —w—o(eg sin(f + ?) — ey cos(0 + ?))
1 2m dey 1 27 de)j
— 0+ —)— + —sin(f + —)—2 138
—i—wocos(—l—?))d—i- 1(+3)dt (138)
And, of course,
0 = wot+o (139)
o= (140
e = —y (141)
W = TadTkdlVf + Tad® f1Vkd (142)
!Eadwkdl + TadZ {1 + Trai T 1
g = —— i (143)

Lag + Tql
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11 Network Constraints

This model may be embedded in a number of networks. Different configurations will result in
different constraints on currents. Consider, for example, the situation in which all of the terminal
voltages are constrained, but perhaps by unbalanced (not entirely positive sequence) sources. In
that case, the differential equations for the three phase currents would be:

2 di 2+ 2 v

W_Zd_ta - (U@ B eZ)W - [(vb - eg) + (Uc - eg)] xg +93x (144)
g g

x' diy, x4 2 z

w_COlE = (vp— eg)4x§ n 3mg - [(Ua - eg) + (ve — elc/)] ﬁ (145)
g g

"o 1"

xy dic mZq + 27 " " Ly

Zd e _ e 9 — — T 14

w0 dt (’Uc ec)$g + 3xg [(vb eb) + (Ua ea)] xg +3xg ( 6)

12 Example: Line-Line Fault

We are not, however, constrained to situations defined in this way. This model is suitable for
embedding into network analysis routines. It is also possible to handle many different situations
directly. Consider, for example, the unbalanced fault represented by the network shown in Figure
5. This shows a line-line fault situation, with one phase still connected to the network.

Figure 5: Line-Line Fault Network Model

In this situation, we have only two currents to worry about, and their differential equations
would be:

di W )
d—f = go//(e/c’ —e) — 2r,4ip) (147)
d
di w )
d—: = ﬁ(va — eg — 'I"ala) (148)
g

and, of course, i, = —1ip.
Note that here we have included the effects of armature resistance, ignored in the previous
section but obviously important if the results are to be believed.
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13 Permanent Magnet Machines

Permanent Magnet machines are one state variable simpler than their wound-field counterparts.
They may be accurately viewed as having constant field current. Assuming that we can define the

internal (field) flux as:
Yo = Tadl fo

13.1 Model: Voltage Driven Machine

(149)

We have a reasonably simple expression for the rotor currents, in the case of a voltage driven

machine:
iq _ | %d  Zad ! Ya — Yo
ikd Tad Tkd Yrd — o

iq _ Tqg  Tagq - Yq
Z‘kq xaq xkq wkq

The simulation model then has six states:

diba
dt
di,
dt
B
dt = 0T kdkd
d¢kq
dt
dw
dt
dd
dt

= Wovg + WPy — Woraid

= Wolg — WPq — wWoTalq

= _wOrk’qikzq
wo . .
= ﬁ (¢qu - wad + Tm)

= W —Wwyp

13.2 Curent-Driven Machine Model

In the case of a current-driven machine, rotor currents required in the simulation are:

) 1 )

ika = — (Yra — Tadla — o)
Thd

) 1 )

kg = —— (Yrg — Taglq)
Thy

Here, the “flux behind subtransient reactance” is, on the direct axis:

v TrdiYo + TadVrd
g =
Tad + Tkal

and the subtransient reactance is:
1
Ty = Zal + Tad||Tka
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On the quadrature axis,
TadVkq
Y = ——adthe 162
T 2aa + Trg (162)
and
Ty = Tal + Tag|[Trq (163)

In this case there are only four state equations:

% = —WoTkdlkd (164)
Wt — —origitg (165)
Cfl—j - ;’;I (eiq + €fia + Tm) (166)
o= v (167)

The interconnections to and from the network are the same as in the case of a wound-field
machine: in the “forward” direction, from network to machine:

iq = 1qcos(0) + i cos(6 — 2%) + i.cos(6 + 2%) (168)
g = —iqsin(f) — iy sin(6 — 2;) — i.sin(f + 2%) (169)
and, in the reverse direction, from the machine to the network:

er = —wio(eg sin(#) — el cos(#))

+wio cos(@)% + wios (0)% (170)
ey = —wio(eg sin(f — 2%) — €y cos(f — 2%))

+wiocos(0—2§)ddij+wio sin(6 — 2%)% (171)
el = —wio(eg sin(6 + 2%) — ey cos(f + 2?))

+wi0 cos(f + 2%)61(1—; + wiosm(H + 2;)% (172)

13.3 PM Machines with no damper

PM machines without much rotor conductivity may often behave as if they have no damper winding
at all. In this case the model simplifies even further. Armature currents are:

iqg = xid (Yg — o) (173)
1
ig = x_qwq (174)



The state equations are:

diba

G = wovd + wipy — woralq (175)
d
% = wWoUy — wWPhg — Woralq (176)
dw wo . .
- - L — T 1
dt 20 (wdlq qud + m) ( 77)
dd

13.4 Current Driven PM Machines with no damper

In the case of no damper the machine becomes quite simple. There is no “internal flux” on the
quadrature axis. Further, there are no time derivatives of the internal flux on the d- axis. The only
machine state equations are mechanical:

dw

= = ;—ﬁl (Yoiq + Tin) (179)
X = uw (180)
The “forward” network interface is as before:
iqg = iqcos(8) + i cos(d — 2%) + i cos(0 + 2%) (181)
g = —igsin(f) — i sin(6 — 2%) — i.sin(f + 2?77) (182)

and, in the reverse direction, from the machine to the network, things are a bit simpler than before:

er = —iwosin(é?) (183)
wo
w . 27
ey = —w—owosm(e—?) (184)
2
¢ = —wiod)osin(H—l—?ﬁ) (185)
(186)
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