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Abstract
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A technique is presented and confirmed for developing the computational efficiency in

\ simulating double output induction generators with two rotor circuits where stator transients are o :
be included. Iterative decomposition is used to separate the flux—Linkage equations into decoupled E
| fast and slow subsystems, after which the model order of the fast subsystems is reduced by
! neglecting the heavily damped fast transients caused by the second rotor circuit using integral :
! manifolds theory. The two decoupled subsystems along with the equation for the very slowly

changing slip constitute a three time-scale model for the machine which resulted in increasing .

! computational speed. Finally, the proposed method of reduced order in this paper is compared with
! the other conventional methods in both linear and nonlinear equations and it is shown that this E
! method is better than the other methods regarding simulation accuracy and speed. ;
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" Introduction

Wind energy conversion systems have in the past two decades been the object of strong
interest as a viable source of electrical energy. Various electromechanical schemes for
generating electricity from the wind have been suggested. Variable speed generation schemes
offer a number of advantages when compared with fixed speed induction generation. At a
given wind speed, higher energy capture is possible by maximizing turbine effciency through
adjustment of shaft speed. Reduction of the torque ripple in the drive train and torsional mode
resonance can also be achieved with adjustable speed operation. One such variable speed
scheme is the static Kramer drive, also referred to as the subsynchronous converter cascade,
which when mechanically driven above synchronous speed will operate as a generator ie.
double output induction generator(DOIG). The system in its conventional form is showen in
Fig. 1. It consist of a wound rotor induction machine connected through its slip rings to a
three phase diode bridge rectifier and a line commutated inverter connected to the ac supply
via a step up transformer[1-3].

Electromechanical transients of double output induction generators(DOIG) are usually
simulated digitally using state variables and a point by point time domain solution. The
underlying assumptions and the degree of detail of the machine model used for the simulation

" are dependent on the particular type of application . For instance , in transient stability studies

of power systems , high-frequency oscillatory transients of the active and reactive powers
caused by the machine stator winding are usually ignored.

However , there are several applications such as power system studies of short circuits ,
relay coordination , sub synchronous resonance , switching transients and shaft stresses ,
where machine stator (and network) transients should be included[4] .
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Such studies require considerable computational effort since the cpu time is related not
only to the square of the model order, but also to the integration time step which has to be
relatively small due to the fast oscillatory transients.

In this paper, a procedure is presented to reduce computational effort when stator transients
of DOIG’s are be included. The method is developed by judicious interpretation of the
physical phenomena involved, decomposition of the transients into fast and slow parts, and
model order reduction by neglecting heavily damped fast transients using integral manifolds.

Large DOIG’s are generally equipped with a two rotor circuits (double cage) or deep-bar
rotor. In the following, a double-cage DOIG will be considered.

The resulting model, however, can also be applied with some degree of approximation to
DOIG’s with deep-bar rotors since an equivalent double cage can always be found which
provides the machine with an admittance locus closely fitting that of a deep-bar induction
machine [5] .

In a first step, some of the methodologies currently available to reduce the order of power
systems models have been applied to the induction machine.

With the aim of gainig some insight regarding the behavior of each technique, a steady
state preliminary analysis has been carried out, using linearized models in order to take
advantage of its inherent simplicity[6].

Modal truncation is one first reduction schemes that has been applied to electric power
systems[7]. This technique is based on the pole location of the system. The state variables are
transformed in modal variables and the fast decay poles and/or those associated with high
frequencies are neglected, thus enabling a reduction in the order of the system .

Balanced reduction techniques take a slightly different approach, because they are based in
the input/output behavior of the system [8]. Actually, the original state-space system is
transformed into a new representation that has the property that each state-space variable is
" both controllable and observable. In order to achieve a reduced order model, states that are
strongly influenced by the inputs and storngly connected to the outputs are retained , whereas
states that are weakly controllable and observable are truncated.

Another method used in power systems order reduction is the so called optimal Hankel-
norm approximation [9]. This criterion tries achieve a compromise between a small worst
case error and a small energy error.

Another technique used in power system as singular perturbations decomposes the system
according to its fast and slow dynamics and then lowers the model order by first neglecting
the fast dynamics phenomena [10]. The effect of fast dynamics are then reintroduced as
" boundary layer correction calculated in separated time scales, which leads to correct static
gains.

The technique known in the literature is the concept of iterative seperation[11] and integral
manifolds, a nonlinear generalization of the notion of invariant subspace in linear
systems[12]. This paper employs the manifold concept as a tool for reduced order modeling
and decomposition of DOIG.

1- Doig Full Order Model ,
In this paragraph, the equations describing the subsystems of a variable speed wind

turbine with DOIG and converter (rectifier+inverter) will be developed. The equations for the

rotor, the generator and the converter will be given here. The equations have been developed

using the following assumptions:

-All rotating mass is represented by one element. The so-called ‘lumped-mass’

representation. Elastic shafts and resulting torsional forces are neglected.
-Magnetic saturation in the DOIG is neglected.
-Dynamic phenomena in the converter are neglected
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Figure (1) shematic representation of DOIG.

Using the subscripts 1,2 and 3 to refer to the stator winding, first and second circuits
respectively, the d,q equations in per-unit for the flux linkages of a DOIG with two rotor
circuit can be expressed in the synchronously revolving reference frame [13] as follows (see
appendix for notations and parameters not defined in the text):

P ==l /D) @y + e + (3l /Deyg +(nlly ID@sq +Vig )
¢’1'q =—wpy —(rly /D Piq +(nll, /I)¢2q +(rlyly /1)¢3q +Viq

03 = (s + Rl 1)+ Rl 11301y = [ + R)Uzz /1) = bl Re 1 1V0g
+ 509y, +[(ry + R, 1) + Rolyy 1 1oy + oy Q)
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73057 =[A+ R, /1)1, + R 151, [ rslpyy +[A+ R, [ r3)( )

= Roly 1131024 =[(A+ R, 1 13 )(I33) + R A3l 113103 + (sl 1 13) 03, ’ 3)
T3¢3q =[A+ R, /13)U3 )+ Relsly, 11 lpyg +IA+R, 1m0 )

= Ruly I13)00g = (5011 13)@3q ~[A+ R, 1 73)(U33) + Relsly 1731934

T, =3l 1N @1a02g = 01qP20) + ol 11X @1a93q = PrgP3a) €))
where
3 =1/n (%)

due to existance of the common end-ring in the double cage DOIG used in this study,
equations (1)-(3) contain terms which describe voltage drop on common resistance R, .

s" = (w/2HYT,.T)) ©)
1 = Ko} (7

where « corresponds to full load.

The slip equation is highly nonlinear. Linearization of this equation for the purpose of
mode decoupling would time consuming because the operating point of the flux linkages
would have to be continually re-evaluated during the simulation. However, due to the
ralatively large mechanical time constant, the nonlinear slip equation step even though fast
changing flux-linkages obtained from the flux —linkage equations are used. '
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The flux-linkage equations may be linearized at some slip value and therefore can be
treated as linear provide the slip is updated in a timely manner. Each of the flux linkages ¢, ,
,, and o, contains a predominant mode almost equal to its own natural mode. Fast parts in

transients generally arise from high-frequency, lightly damped modes such as the
predominant mode in ¢,, or form modes that are heavily damped, such as the predominant

mode in ¢,. The slow part of the flux-linkage transients in the case considered , assuming
sufficiently low slip, is the predominant mode in g, . Sufficiently low absolute slip values will
be implicitly assumed in the model development.

Thus ¢, and ¢,contain mainly fast transients whereas g, is predominantly slow. Since the
fast transient parts of ¢, are small compared with its slow part as well as with the fast transient
parts of ¢,and ¢,, equations (1), (2) and (3) are state separable, i.e.the fast and slow modes

can be separated by and iterative process. This will convert the sixth order flux-linkage
equations into a set of simultaneous fourth order equations for the fast trasnsients and a set of
simultaneous second order equations for the slow transients. These seperated stes of
equations, along with the equation for the very slowly changing slip, provide a simulation
model which will reduce the computational effort if the integration time steps for the three
subsystems are properly selected.

2-Iterative Separation of Slow and Fast Modes

Grouping the machine flux-linkages into the predominantly fast changing flux linkages of
- the stator winding and second rotor circuit

O = P14 Prge-P3a-P3q) , (®)
and the predominantly slowly varying flux-linkages of the first rotor circuit
@ =[P2a-24] )

" equations (1), (2) and (3) can be written in partitional from as

e 0

To better isolate the fast and slow modes from each other, it is necessary to reduce the
effect of the slowly varying part of ¢, on g, , and the effect of the fast varying part of ¢, on
o, . This is equivalent to reducing the coupling matrices 5
and ¢ in equation (10), which will be carried out iteratively.

First, defining ¢?. As the quasi-steady state valued for ¢, by settingg to zero in
- equation (10) gives

¢503 = "’A_IB(Dr - A_IVI (1 1)
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Thus, ¢ is the value of ¢, if ¢, were instantly damped. To remove the slowly varying
part of ¢, is introduced as the difference between ¢, and 92 from (11):

=0, + A B, + 47, (12)

Substituting ¢, from (12) in (10) and ignoring the s° terms in 4° ( since, as noted earlier, s
is very slowly varying ), yield

i ~A7, =4 + By, - AT BCA™Y, (13)

and

@7 =Cuy + Dy, +vy, ~CA™'y, (14)
with

A=A +47BC.....B = A"BD........ D =D-CA'B (15).

Introducing

m=sm— A | (16)

Or, considering (12),
771 = (oss + A—lB¢r X (17)

wheren, is as fast as x4, , equations (13) and (14) become

m o= A+ B, +v ' (18)
and
p; =Cm+ D, +v, (19).

Equations (18) and (19) are similar to (10) except thaty, has replaced ¢, and the effect of
@, on the equation is attenuated since it can be shown that the elements of B, are smaller than

those of B.
To Further reduce the effect of g, , the attenuation process is repeated by defining, as in (17),

M =m+ A4 B, (20)
And subsequent substitution of; from (20) into (18) and (19):

My = A, + Bp, + v 21)
@; =Cny + Dy, +v, (22)
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Where
A=A+ A BC.....By = A7 BD,...Dy = D ~CA B, (23)

Equations (21) and (22) have replaced (18) and (19) but now the effect of ¢, is more
attenuated because B, is smaller than B,.
In general, if the attenuation process is carried out » times, the resulting equations are

= AT, B, Yy (24)
and
@; =Cjy+ Dy, + vy (25)
Where
Ty =TTt + Ari1Boci s (26)
With
A, = Ay + A7 By Co By = AN By DyoDy = Dy = CAL B,y 27

The coupling of the fast variable, into the slow variable ¢, equation in (25) is stillc . To
~reduce this coupling by iterative separation, 7, is eliminated in equations (24) and (25):

01 ~ CA7'y = (Dy = CA;'B,)@, = CAZ v + v, » (28)

The right hand side of (28) contains less of the fast transients than the right hand side of
(25) since is 7, eliminated. Thus, the vaiable

o=, - CA;'n, (29)

Contains less fast transients than ¢,, substituting ¢, from (29) into (24) and (25), and
ignoring the s°* terms in 4° yield

Mn = Ap7ly + By + 0 (30)
And

© oy =Cn, + Doy - Fyvp + v, (31)
With

A, =A, +B,CAT"...C{ = DyCA ...
D,y =D, —CA;'B ...y = CA;"

Carrying out the iterative decoupling process of the fast transients from the slow variable
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equation m times results in

T = AppTly + BuO + (32)
and

T = Coply + D@y = FrVy + v, (33)
Where

O = et = Cont AT (34)
With

Ay = Ay + ByCrpt At 1.eCry = Dy Cop Ak .. 35)

It can be shown that at sufficiently low absolute slip values, the elements of B, and C,

approach zero as » and m go to infinity for typical machine parameters. Generally, the
convergence of this iteration process is quite fast. if B, and ¢, are sufficiently small,

equations (32) and (33) can be simulated in decoupled from as

77:1 = Amnnn + 4} (3 6)
And
O-);l = Dnmam - anvl +v, (3 7)

However, a small steady-state error is created by ignoring B, and C,. This can be
compensated by inserting the steady state variables 72 and &2 in (36) and (37) as follows:

1= Ayl + ByO + V) (38)
nm

U::: = Cmng +D Om anvl +Vv, (39)

" From which ny and ng can be found by settingn; = &;, =0 . The result can be written as

o = Aptln + GV (40)

And

O = DGy = H ¥y + V5 4 1}
| Where

G = By Dy Hopg + LeevH g = C 7S G + Fro (42)

From which G, and #,, can be solved.
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3-Neglecting Heavily Damped Fast Transients Using Integral Manifolds
3-1-Integral Manifolds Theory
A smooth s-dimensional surface S in the n-dimensional space z”is defined by m=n-s
_independent algebraic or transcendental scalar equations. In their simplest form, these
equations express certain m coordinates z as m explicit functions of the remaining s
coordinates x, that is they define S by its graph:

S:z=h(x),zeR" xR’ ; m+s=n (43)

It is assumed that, for all x in a domain of practical interest, v/ exists and has full rank

m. For approximated constructions of A(x) pursued in this paper it will also be assumed that

higher order derivatives of h(x) exist and are continuous. In a more general situation the
" surface S may vary with time ¢, then

Sez=h(x,y) ,zeR";xeR’; m+s=n 44

It will be assumed that G/& exists and is continuous over an interval of interest te(%o,2)),
preferably infinite:

L —>®

Let us now use the same coordinates z and x to describe a dynamic system D, in R™:

2° = g(x,z, )z € R 45

X = (%2, zeR . m+s=n (46)
Where appropriate differentiability assumptions are made about g and f. The surface S; ,and

- the system D, have thus been introduced as two entities unrelated to each other. In this paper

we explore a particulary useful relationship of s; and D,: when S; is an integral manifold of D,.
The term invariant manifold will be used when such an integral manifold is time-invariant,

that is when /& = 0 and S,=S as in (43).

Manifold Definition: Surface S, is an integral manifold of D, if every solution z(¥), x(1), of
(45) — (46) which is in S; at =1,.

- Z(t) = h(x(t0) , to) 47)
Remains in S; for all te (1, 1), that is
2(t) = h (x(1) , 1) , 1eto, 1) (48)

This definition furnishes a condition which can be used to verify whether A(x,7) in (44)
defines an integral manifold of(45)-(46).

- Manifold condition: If h (x,1) satisfies the partial differntial equation:

oh Ok F(x,h(x,0),8) = g(x,h(x,0)t) ' )
ot ox
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the surface S; given by (44) is an integral manifold of the dynamic system (45)-(46).
This condition is simply obtained by differentiting (48) with respect to #:

& =—a-h— + —a—h-x’
o  ox (50}

and then substituting x* and z°from (45) to (46). Once the existence of an integral
manifold S; of D, has been established and its defining function 4(x,?) has been found, then the
restriction of D, to the manifold S; is given by the s th-order system

X" = F(x, h(x,0),0), xeR’ 1)

which is obtained by the substation of z=h(x,?) into (46).

In addition to being a tool for reduced order modeling, the concept of an integral manifold
~is also a decomposition tool. A reduced order model (51) is a correct description of the
dynamic D, only when the intial state is in S;, as in (47). When the initial state of D, is not in
S,, the knowledge of the manifold function A(x,z) continues to be useful by allowing us to

replace the z-coordinates by the “off-manifold” coordinates 7.
n=z-h(x,1) neRk” (52)

In terms of the new coordinates 7 and x the original system (45) —(46) becomes:
. o o
7 =g(x,77+h(x,t),t)—~a—hf(x,77+h(x,t),t)———é (53)
x Ox

x° = f(x,h(x,1),t) ) (54)

An advantage of this full order description of D, over (45) —(46) is that now the manifold
condition is simply n=0. The decomposition is achieved in the sense that on the surface S; the

~subsystem (53) is at an equilibrium: 7(z9)=0 implies 7(2)=0 for all t&(t,1;)and all x, the “off-
manifold “ / * in-manifold” description (53)-(54) is particularly helpful when the in-manifold
behavior of D, is of primary interest and the off-manifold variable is evaluated separately as a
correction term. The analysis presented in the subsequent sections illustrates both conceptual
and computational advantages of this nonlinear decomposition approach .

4-2-Application to the Doig Model
The integral manifolds theory outlined in the previous section was applied to the case of

the DOIG detailed model .
Lets euation (40) for the fast transients be partitioned as

[77 xw:I - {K ......... Lj“:?]sw:l + *:R}VI (55)
gse | (P ] LT

Here the predominant fast transients inn,, caused by the natural mode associated with the
 stator winding flux-linkage ¢, , are lightly damped and highly oscillatory. The preominant fast

tranients in 7,,, caused by the natural mode associated with the second circuits rotor cage
flux-linkage, ¢, ,are heavily damped. In this section ,the state variable 7, related to second
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circuts rotor is eliminated using integral manifolds.
According to integral manifolds theory that is defined in section 4-1 variables x and z

C x =M T pyenees] (56)
== {77, ] (57)
and
e=vy=1/r;

 When r, is non zero but small, We let z; = and search for the unknown functions:

Nse = h(T150sT > SE) (58)
Using two power series in ¢ about =0, namely,

h=hy+eh + &0y +... (59)

To find the terms ky,4,... of the series, we use the fact the function » must satisfies(50). In
view of (58), these give,
& % .dm‘” +E H .do-”’ +£—5-éds (60)

—=( IpXPny,, +Qh+T
a’]sw dt U‘b—m dt & dt ( 1‘3)( s Q V])

Which are partial defferential equations that must be satisfied by the series(59) as identities
for all ¢ near zero. With using (6), (37)and (55) and subsituating into (60), we obtain
- expersions in terms of .86 .

Equating coefficients of ¢ gives the identities to be satisfied by each #,.Due to decompose
n,and o, the second term of left side (60) is zero. Also sis very slowly in compare with
other variables, so the third term of left side (60) is zero. For hywe equate all the terms not

containing ¢ giving,

hy =0 Png, ~Q"'Tw, : (61)
" Equating coefficients of &' gives |
By =—(r /J)Q“‘P[(k ~ L0 Py, + (R LQ™'TIv]

This process can be continued to obtain higher order terms if desired. Stopping with two
terms, the approximate manifold experssion is,

h=n,=h+éh (62)

therefore dynamic equations for the state variable related to second circuts rotor, 7;, are

converted to algebric equations and detailed model is reduced order to fifth order. Equations
(55) is rewrited as following:
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T’;w = Knnsw + R”Vl (63)

where

K'=K+LO'PU-K-LO"'P) (64)
and

R =-LQ7'T+LO7'P(R-LO™'T)+ R (65)

Thus, equations (6), (37)and (63)constitute a partially decomposed, reduced order model
(fifth order) for the DOIG.

5- Linearized New Model

Each of the two nonlinear models full order and fifth order can be linearized around an
operating point if it is assume that the variables have sufficiently small deviations from the
operating point. For example this assumption is made in dynamic stability studies of power
systems where it is customary to use a linearzied model so that linear system analysis
methods can be conveniently applied.

The linearization process could be directly applied to the fifth order DOIG model.
However, the coefficients of the resulting equations, particularly for the fifth-order model,
- would have rather complicated algebraic expressions. An equivalent approach is through
linearizing the complete seventh order model and then numerically deriving the linearized
fifth model by following process. Let the linearized and decomposed seventh-order equations
be partitioned as

’ Aﬂ; = Aoy, + GumoAVy (66)
AGCY, = DypioAT = Hop oV + AV, 67)
As* =f(A§Dld’A¢lq3A¢2d:A¢2q’A¢3d’A%qsm) (68)

Where A is small deviation in operating point. Linearized equations (55) rewriten as
An:'w = KOA?].\‘W + LOAﬂsc + ROAVI (69)
An:c = POAnsw + QOAUsc + TOAVI (70)

Thus, for the fifth-order model, Az, represents the second rotor circuit flux linkage. For a
linear time invariant system, the integral manifold is sought in the from[12]

Ansc =EA Msw + q(Avl) (7 1)
The substitution (71) in to (69) and (70) yeilds:

E[KOAUA'W + LO [EAnsw + q(Avl )] + ROAVI] = ' (72)
QO [EA Tow + (,](AVI )] + POA Msw + TOAVI

Collecting the An,, -dependent terms we require that the constant matrix £ be a solution

33 Amirkabir/ Vol.15/No.60-2/( Electrical Engineering) Fall-Winter 2004-2005(%
.



of

EKy - QpE + EL,E— P, =0 (73)
With such a £, the Av,-dependent terms require that

[0y — ELp)g(Av)) + [T - ERpJAV, =0 (74)
which provided (g, - £2,)™" exists, is satisfies by

g(Av)=(Qp - ELy) [Ty - ERy JAv, (75)

The description of the system (69) and (70) restricted to the manifold (71) is given by the
reduced order model:

A, =[Kp + ELp A, +[1o(Qp — ELp) ™ (Tp — ERy)) + Rolw (76)

If initial conditions for An,, and An,, satisfies in (71), thus, reduced order model is (76),
But if intial conditions don’t meet manifold conditins, we seek expression similar to nonlinear
model.

The accuracy of the linearized reduced-order moder can be verified by comparing the sets
of bode diagram with that of the linearized full-order model at the operating point since the
~set of bode diagram of a linear time-invariant system generally characterizes the system
transient behavior.

6-Simulation Algorithm
The decomposed, reduced order model consists of three sets of differential equations,
i.e., (63) for the fast state 7n,,, (37) for the slow sate o, and (6) for he very slow slip s.
These can be solved with different integration time steps, say Ar, M*Arand
N* At respectively. The integers M and N(N>M> 1, and (N/M) is a integer ) are selected in
" accordance with the response speeds of the associated states. '
At first the fast and slow variables are initialized as %, and o2, the matrices D,,,, H,,, R

and X' are formed using initial slip value. Then, n,, (t+As) is computed M times using time
step At. Next, o,,(t +Ar) is calculated using time step M*At. This set of variables is calculated
(M/N) times. Then the slip, s¢+N*Ar), is determined using time step ~a, along with
updating the matrices D,,, H,,, K and K with the new slip.

7-Model Validation
7-1-Simulation
To validate the procedure, the decomposed, reduced order new model response was
compared to that of the original full order, reduced order model using singular perturbation
theory and reduced order with quasi steady state .i.e. 3 =0. The model parameters listed in
appendix. The iterative separation procedure was carried out for only one full iteration, i.e.
n=m=1, The basic time step At for the fast variable and for the full order model was taken
equal to 0.0004 s. furthermore, M and N were seleced to be 5 and 50 respectively so that the
slow variable time step is 0.002 s and the time step for the slip is 0.02 s. Fourth order Runge
" kutta integration method was used.
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The relevant variables are generally the instantanous active and reactive power flows, at
the machine terminals, speed and electromagnetic torque obtained respectively from

P =Vighg + Vighy + Vaulhy + Vagly, 77
Q=Vighy = Vighg +Vagha = Vaalyg (78)
w, =1~ (79)

A start-up corresponding to mechanical torque increase 0 to %100 is simulated for the
different nonlinear models and the behaviors of active power, reactive power, speed and
electromagnetic torque are shown in fig. 2.

The second selected case study targets the simulation of a fault in the a.c. system which
causes the voltage dip in generator terminal at 50 msec and normal operation occurring 500
msec after which normal operation voltages was restored. Fig. 3. shows the active and
reactive power flows, speed and electromagnetic torque for the different normal models.

These simulations are confirmed, the defined method in this paper is more carefull than
other methods.

The another note is speed simulation. Due to fast and slow modes is decoupled, the
nessessry simulation time less than other methods .In table 1 simulation speed for all of
methods is compared.

7-2-Experiment

The dynamic behavior of a 11 kw two pole DOIG machine was invesigated in the
~ laboratory. The parameters of the machine are given in appendix. The DOIG machine was
attached to a dc machine via a torque transducer. The dc machine was fed by a four quadrant
thyristor converter and could, thus produce any desired shaft torque- variations. The DOIG
machine was connected to an autonomous grid, created by means of a forced commutated
IGBT converter. The converter kept the voltages constant regardless of the currents of the
DOIG machine, i.e., it componsated and the blanking time. Another feature of the IGBT
converter was that it could generate desired deviations in the frequency and magnitude of the
supply voltage. '

The rotor speed was measured by an analog tachometer attached to the dc machine, while
" the currents and voltages were measured transducer with a high bandwith. The active and
reactive powers, as well as the stator voltages and currents in field coordinates, were
determined on line. The shaft torque was measured by meane of the torque transducer, and the
dc machine torque was determined by measuring the armature current of the machine.

Small sinusodial perturbations in the frequency or magnitude of the voltage were
generated by controlling the IGBT converter, and torque perturbations were generated by
controlling the four quadrant thyristor converter. The gains and phase shifts of the different
transfer functions we determined based on measured signals. v

The electrodynamic torque could not be measured directly. Since the moments of inertia of
the two rotating machines and electrodynamic torque of the dc machine were known, it was
possible to determine the variations in the electrodynamic torque of the DOIG machine from
the measured shaft torque.

7-3-Comparsion of Simulation and Measurments

The rotor speed, electrodynamic torque, active power, reactive power and the stator current
response to shaft torque, voltage and frequency perturbations were measured and compared
- with theoretical results. A selection of measured and calculated responces is presented in Fig
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4-7.

Fig. 4 shows the rotor speed response (Aw, ) to supply frequency perturbations(Aw, ), Fig.
5 and 6 show the active power response( AP ) and the reactive power response (AQ) to voltage
magnitude perturbations (Av), and Fig. 7 shows the electrodynamic torque response (A7,) to

shaft torque perturbations( A7 ).

In these measurment, the flux linkage in the machine was reduced from the nominal one in
order to reduce the effects of magnetic saturation in the model comparsion. Terefore, the ac
voltage selected was 250 V and supply frequency was 44 Hz. The static shaft torque was 51

Nm in DOIG operation.

The new fifth order model was validated agaisnt the measured results.

Table (1)
model Simulation speed(%)
Full order 100
Quast steady state 125
Singular perturbation 140
New model 146
T T 8 T T T T T
- Rt 5 P
2 H z :
e e e a
H : : i 2 H
PO T} DAL 07 AN NP RS IR B P e 3 i
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Time(sac)

Figure (2 a) DOIG rotor speed response at start-
" up (1) detailed model, (2) quasi steady state
model, (3) sigular perturbation model,
(4) new model

Reactive power(PU)

Time(sec)

Figure (2¢) DOIG reactive power response at
start-up (1) detailed model, (2) quasi steady state
model, (3) sigular perturbation model,

(4) new model

Time(sec)

Figure (2b) DOIG active power response at

start-up (1) detailed model, (2) quasi steady state

model, (3) sigular perturbation model,
(4) new model

Spoed(radisec)

Time({sec)

Figure (2d) DOIG Electromagnetic Torque

response at start-up (1) detailed model, (2) quasi

steady state model, ( 3)sigular perturbation
model, (4) new model
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Figure (3 a) DOIG rotor speed response to
temporary three phase fault (1) detailed model,
(2) quasi steady state model, (3)sigular
perturbation model, (4) new model

Reactive power(pu)

Time(sec}

Figure (3¢) DOIG reactive power response to
temporary three phase fault (1) detailed model,
(2) quasi steady state model, (3) sigular
perturbation model, (4) new model.

Phase {deg): Magnitude (dB}

Frequancy {rad/sag)

Figure (4) Measured and calculated gains and
pase shifts of (Aw,/Aw,).

(1) detailed model, (2) measured model, (3)
sigular perturbation model, (4) new model.

Active power(pu)

Time(sec)

Figure (3b) DOIG active power response to
temaporary three phase fault (1) detailed model,
(2) quasi steady state model, ( 3)sigular
perturbation model, (4) new model

Elsctromagnetic torque(pu)

4 0.5 1 1.5 2 2.5 3 .
Tima(sec)

Figure (3d) DOIG Electromagnetic Torque
response to temporary three phase fault (1)
detailed model, (2) quasi steady state model, (3)
sigular perturbation model, (4) new model.

2

Magnitude {dB)

Phase (deg)

Frequancy {rad/sec)

Figure (5) Measured and calculated gains and
pase shifts of (AP/Av) (1) detailed model,

2) measured model, ( 3) sigular perturbation
model, (4) new model.
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Phese (deg), Magnitude (dB)

Phase (deg)

Frequaney (rad/ses)

Figure (6) Measured and calculated gains and
pase shifts of (AQ/Av) .(1) detailed model, Frequency (radisec)

(2) measured meodel, (3) sigular perturbation
medel, (4) new model
Figure (7) Measured and calculated gains and
pase shifts of (AT, /AT;). (1) detailed model,(2)

measured model, (3) sigular perturbation model,
(4) new model

8-Conclusion

The simulation results show that the decomposed, reduced order model of a DOIG using
- integral manifold adequately reproduces the original model responses to typical power system
voltage conditions. Implementing the separation procedure through one complete iteration
proved to be sufficient to produce results almost identical to those of the original model.

The program used for comparing the computer simulation showed a speed advantage of
better than other models for the modified model over the original model.

Furthermore, since the equations for the fast and slow variables are completely decoupled,
parallel processing may be used to advantage.

Because of improved computational efficiency, the modified model may be used in studies
~ where machine stator and network transients must be included but where long term behavior
is also of interest. ‘

Appendix
A- Nomenclature
1,.1- magnetizing inductance and dynamic inductance
r- resistance
v,i,p- instantaneous values of voltages, currents and flux linkages
», - angular velocitie of rotor(electrical)
# - 1inertia coefficient
7,.T, - mechanical torque and machine torque
5 Sllp
- stator angular frequency
1,2, 3- subscripts for stator winding ,rotor first and second winding
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B-Model Parameters (STATOR CIRCUIT)

TABLE.II Charactristics of DOIG used in calculations

DQIG Charactristic Value
Base voltage 400V
Basc MVA 11KW
Base Frequency 50 Hz
Stator resistance( ) 0.032 pu
Stator leakage inductance(/, ) 0.093 pu
First winding resistance(r ) 0.022 pu
First winding leakage 0.1 pu
inductance( s, )
Second winding resistance( s ) 22 pu
Second winding leakage 1.1 pu
inductance(4 )
Magnetizing inductance( L, ) 2.1 pu
Lumped inertia coefficient(J) 0.073 sec
Recovery transformer turns ratio 0.733

C-Auxliary Equations

The inductance matrix / in

=l

is writen as

So that
i= L"(p

with

where

h=biy+ L1, + L,
Ly =hly + 1, + bl
by =L, + 1, + 151,
=1y + L0, + 00+ 10l

=Ll

(c-2)

(c-3)

(c-4)

(c-3)
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