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Abstract

Mathematical models for the motor state of
AC-AC variable speed constant frequency (VSCF)
power system are established in this paper. Two
computing methods, a method finding the analytic
solution of the state transition matrix e with
computer and & combining method of 0,618 optimi-
zation method and Runge~Kuita method, are pro-
posed. These methods reduce computation time
more effectively,

I, Introduction

Modern aircraft electrical power systems are
under Voltage direct current power system (UVDC),
constant speed constant frequency alternmating
current power system (CSCF) and variable speed
constant frequency power system (VSCF)., High
voltage direct current power system (HVDC) will
be used in future advanced aircraft,

The UVDC system is used only in some middle
or small aircrafts with low performances, CSCF
power system is used widely at present and its
performances are being improved further, but the
constant speed driver (CSD) of the system is not
easy to maintain and the electrical power quali-
ty of CSCF system is not available for future
advanced aircraft,

The development in rere earih permanent mag-
netic material, power seniconductor devices and
nmicroprocessor provides possibility for develop-
ment VSCF power system, At present, VSCF system
is used for generating clectrical power only,
But this system can soon operate both in gene-
rator state and motor state for starting airc-
raft engine,

If HVDC system is to be zdopted, the electri-

cal distribution system and some elecirical
equipments of aircraft must be reformed, The
system can't be applied rapidly. But VSCF power
can replace directly CSCF power system,., In this
sense, 1o research VSCF system, especially to
research thoroughly motor state of the systen,
is very necessary,

At present there are two fundamental types
of VSCF system,AC-AC system and DC-link system,
DC~1link system has itwo kinds: the one is compo-
sed of 2 electromagnetic brushless alternator,

a rectifier and an inverter; the other is com-
posed of a permanent magnetic alternator, a
controlled rectifier and an inverter, Both of
them are used for generating electrical power
now. AC-AC system is composed of & generator

and a cycloconverter, Because the reversibility
of the permanent magnetic electrical machine and
cycloconverter is better than the DC-link system,
this kind VSCF system can operate both in gene-
rator state and in motor state.

When AC-AC system operates in generator sta-
te, the alternator converts wechanical energy
into varizble freguency ( >>»1200 Hz) z.c. ele~
ctrical energy. Then the a.c. power is transfor-
med into constant frequency (40CHz) a.c. power
by cycloconverter. In starting state the alter-
nator operates as a wmotor and is fed by zirfield
constant frequency electrical power source or
aircraft a.c., power source, The converter trans-
forms this power into variable frequency (0=
1000Hz) a.c. power which provides electrical
mechine to stert aircraft engine, The power
circuit of this system operating in motor state
is as same as one operating in generator state,
But the direction of power flow is opposite.

Three phase machine VSCF system operating
in motor state is composed of two reactors, a
converter, 2 synchronous machine and a position
sensor of the machine rotor as shown in Fig.1.
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machine system,
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Fig.1

There are two commutation cases of the
thyristor in the system, the one corresponds
to the machine operating in high speed and the
other in low speed.

When the machine operates in high speed
the couverter is commutated by the induced emf
of the synchronous machine and call this mode
load commutation, If the motor operates at low
speed the thyristor is commutaied by the source
voltage and it is called source commutation,
When the motor speed is very low and the load
of the motor is light the fireing angle of
thyristor group is near 90 electrical degrees
and the current in armature of the motor is
discontinuous,

So the analysis for motor siate is composed
of an analysis for high speed operation, an
analysis of low speed operation at current
continuous state and an analysis of very low
speed operation at discontinuous current sitaie.
In the paper only the former two parts are
discussed.
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I1I, Mathematical Model for the System
at High Speed

Equivalent Circuit

If only two groups ef thyristors are cen=-
ducting (assume T, and Ts ), the system power
circuit can be redrawn as shown in Fig. 2
Evidently this is a three phase rectifier cir-
cuite. If the leakage inductance ef the power
source is neglected and the current of the ma-
chine is continuous, the rectifier output veol-
tage is obtained.

Ey=2.34 Vpcesd )

where V, phase voltage of the power source
in volt (rms);

ol fireing angle of the rectifier circuit
in degree,

Tir n;t Tr| A
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Fig. 2. Three phase rectifier circuit, thy-
ristor groups T, and Ts are conducting

Eo is applied to the phase winding A and B
of the machine. If Ty turns off and T; turns on,
but the angle & does net change, same voltage Eo
is applied to windings A and C of the motor.

If ripple components of the rectifier out-
put voltage Eo and the effect of power source
voltage to commutation of the thyristor are
neglected, the circuit of Fig.1 may be equi-
valent to that as shown in Fige. 3.

N\

N W
\ .
\

. ’Vf
;[ ;L ;L ‘pd {rv\
I O
Bl
Bl Bl % Z
S AAL. %

Fige 3. The equivalent power circuit of the
system

Modes of the System

When thyristor group T4 turns on, Ts doesn't
turn off immediately, because there is inductance
in the system, the main of which is the leakage
inductance of the motor windings. In this case
current flows through three armature windings
of the machine. This operating mode is called

commutation mode.

By the effect of the emf of the synchronous
moter the current in winding B decreases to zereo
and current in winding C increases to a value
which is equal to the current of winding B
before commutation. After current in winding B
reduces to zeroc, thyristor group Ts turns off
and current flows only through two armature
windings A and C of the motor. This eperating
mode is called single mode, The equivalent cir~
cuits of the system in commutation mode and in
single mode are shown in Fig, 4(a) and 4(b)
respectively.

b. Single mode

Fig. 4. Two modes of the system in high
speed

When the system is operating, the two modes,
commutation mode and single mode, change over
alternately. The sum of duration of the commuta-
tion mode t; and the single mode t; is constant
if the system operates in steady state, that is

T=t,; (2)

+ t2 = const

where T is known as computation perioed.

Equation of the System

In order to turn off the thyrister and per-
form load commutation, the instant to start
commutation mast be in advance of the natural
commutation point. The advanced angle of the
inverter fireing signal is denoted by p . This
fireing signal is called ) signal.

For simplifing the analysis, the SE?P by
step J-f coordinate system may be used .
This coordinate system is stationary to the
armature windings except for the instant of
commutation start. If the rotor has revolved 60
electrical degrees and new commutation starts,
the coordinate system is rotated 60 electrical
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degrees along the rotating direction of the
machine immediately, Using the A-f coordinate
system, the system states in the present com-
putation period are equal to the states in the
next computation period, i.e. the system states
in present 60 electrical degrees of the machine
rotor is as same as that in the next 60 electri-
cal degrees if the machine is operating in
steady state. The characteristic of the system
is called symmetry on 60 electrical degrees of
the machine.

From Fige 4 the KVL of the circuit is
Eo=(Ro+LoP)Io+Vo (3

Where Ro, Lo the resistance (1) and inductan~

ce (H) of the reactor in the
circuit respectively;

Io current flowing through the
reactor (A);
Vo voltage applied to the machine

armature (V),

From Fig. 4(a) We get some equations in
commutation mode.

Vo=Va~Ve=Va~Vp ; (4)
Vp=V¢ 3 (5)
Io=ig==(ip+ic) (6)

Transform these equation which are in ABC coor-
dinate system into A=~ coordinate system,
obtain

Vit —‘—'EEo’J:g‘(Ro‘f LoP) 1 (7
\ﬁﬂ=:0 (8)

Assume field current I, of the machine is
constant, the following expressions are valid.

ipg= 15 0058 (9
izﬁ';lf.fm g
the matrix form of equations (9) is as follows
o] [P 687 ix)
= (10)

0 -6 P | 12
Because the damper windings of the machine
are shortted, we get
., ] 3 T,
Vis 0 0-1 L3a
= (11)

_%Q Lo 0 -Lim R

Equations (7),(6),(10) and (11) may be wri-
tten in matrix form

V = RI + LpI (12)

where

V=601[Vm Ve Vig Vip Vs Vg Eo]

I=col [f,d 1 fog 138 13y is8 Ea]

-3R 0 0 0 0 0 [F
st

0 0 o0 o0 0 0

O

L. wd

From appendix I the impedance matrix 2 of
synchronous machine can be divided into two
parts.

2 =35 +Zp 13)

If add a state variable Eo into vectors I
and V then rewritten the matrices Z, and 2; ,
the equation of the machine is as follows.

Vz=2Z2,1T+ Z2,;pI (14)
Combining equation (12) with (14) we get the
equation of VSCF system operating in commutation
mode. That is

PI=(Z, -L)  (R=2,)T=A,I (15)

coefficient matrix

where A =(Z-L)" (R-2;)

of the system.

From Fig. 4(b), the equations of the system
operating at single mode are as follows.

vozva-vc (16)

To=ig=~ig » 1p=0 7
In the oA-B coordinate system, that is

B Vgt V= - F RotLoPl i t{Z Ep (18)

The external circuit equation in matrix form is
similar to equation (12), So the equation of
VSCF system operating in single mode is as fo-
llows

PI = A I (19)

where A, 7x7 coefficient matrix

If the system begins to transfer from com~
mutation mode into single mode at t=t, , i.e.
current ip just reduces to zero and i, just
decreases to ~iy in the time, the transfer
condition expressing in o-8 coordinate systenm
is as follows

jla((tl):ﬁ j/g(tl) (20)
Bquations (15), (19) and (20) are tb?

mathematical model for the system operating

at high speed.
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III, Mathematics Model for the Motor State
at low Speed

Characteristics in Motor at low Speed and Spe-
cial Rotation Speed

When AC~AC System is in motor operation at
low speed, the thyristor is turned off by the
source voltage., Bacause the source voltage and
parameter of the machine change simultaneously
and does not dependent each other, in general
case the system losts the symmetrical charac-
teristic on 60 electrical degrees of the machi~
ne., But if the relation between the rotating
speed of the machine w and the frequency of the
source voltage w. satisfles w=we/2Kk (Where
K is positive integer) and the source voltage
coordinate system is transformed properly, the
system gets the symmatrical characteristic on
60 electrical degrees of the machine again.
These rotating speeds are called special ro-
tation speeds, If the maximum speed of the low
speed range isn't large, a general rotating
speed range is replaced by a special rotation
speed does not cause large error. So analysis
for low speed operation may change inte analy-
sis for special rotation speeds.

Analysis on Commutation and the transfer con-
ditions

When the system operates at low speed with
continuous current, viewing from the machine
side, there exist still two cases: the current
flows through three phase windings and through
two phase windings. In general, machine commu~
tation can't finish within a 1/6 period of the
source voltage (i.e. &n interval between two
triggles of the thyristors), Because within the
interval the converter will complete some source
commutations, analysis for the system is more
complicated.

The machine commutation of the system at
low speed may be analysed with the help of
Fig. 5. Where ¢ is fireing angle of silicon
controlled rectifier, /; is & rotor position
signal sent out from the position sensor of the
machine, )2 is the next signal of the sensor,
¥ is phase angle of the source voliage when
rotor position signal /i is sent out. There
exist two cases:y<d and ¥2o . First we
discuss the former case, it is shown in Fig,S5.

Assume that, before ), signal sent out,
thyristors Tk and Tsr are conducting and a
current is flowing through windings A and B as
shown in Fig,6(a). At t=0 }); signal is sent
out and thyristor Tsr starts to conduct., A
current in winding C increases from zero as
shown in Fig., 6(b). This stezte is called mode 1.
At the moment t=%t, the system reaches natural
commutetion point of phases T and R of the so~-
urce voltage, After this point source voltage

Brg reverses and the current in phase winding

C decreases. If, in the interval from ¢, to t3 ,

current i, reduced to zero, a current:.omly.flows
through phase windings A and B again as shown in

Fig. 6(c), We call this mode mode 2, Whether the
case 1,=0 appears or not in the interval from i

to t3, at the moment it=ts thyristor Ty turns on

and thyristor T, turns off and the source phase
R 1s replaced by phase S. Source voltage Egy is

positive and current i, begins to increase
again as shown in Fig. 6(d). This is mode- 3.
After the natural commutation point of source
phase voltages Es and Er, voltage Egy becomes
negative and i, decreases again, If, before
t=ts (this is the next natural commutation
point of phases T and R of the source), ic
reduces to zero the system enters into mode 4
as shown in Fig, 6(e).

a. The voltage waveform applied to the
system

b 3
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b, The emf waveform of the machine
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¢, The mode sequence of ihe system

Fig.5 The souce commutation of the system
in low speed

If in the interval i, doesn't reduce to
zero the system transfers immediately into mode
5 as shown in Fig. 6(f). From Fig.5 the source
voltage Erg  is positive in the manner, The
voltage is applied to the circuit which consists
of two reactors, two thyristors and two phase
windings of the machine. It causes the current
in phase winding C to increase and the current
in phase winding B to decrease, If the current
in phase winding B reduces to zero in the inter-
vel of 1/6 period of the source voltage that
interval starts at the moment t=ts, the machine
commutation finishes and the system enters into
mode 6 as shown in Fig., 6(g). Otherwise, at the
moment t=tg¢ the source commutation happens again
and the system transfers into mode 7, i.e, auxi-
liary commutation mode 1 as shown in Fig. 6(h).
In this mode, because Eyg 1is positive for a
long time, i, continues to decrease, If ip=0
within 1/6 period of the source voltage, the

machine commutation succeeds and the system enters

into mode 6, Otherwise, at the moment t=tg the
source commutation starts again and the system
enters into mode 8, i.e. 2uxiliary commutation
mode 2 as shown in Fig. 6(i). If ip can't reduce
to zero yet within the interval from tg to tw ,
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the machine commutation break down

+» In reverse the machine commutation
succeeds and the system enters into mode 6.
Mode 6 corresponds to the interval from the
time the machine commutation finishes to the
time the next machine commutation sterts, Becau-
se source cormutation within this interval runs
many times (e.g. h times), mode 6 conteins n
submnodes. The number of submode depends on the
loads and rotation speed of the mechine., Trans-
fer conditions and transfer time between modes
are specified in every subfigure of Fig.6

Rs§T Tix

a, The circuit before machine commutation

RsT Tix

b. Mode 1,

If t=t,<t3 , 1,=0, from mode 1 {o mode 2
at t=tz , otherwise, from mode 1 to mode 3
at t=t3 , 4 4=

3 Wwe

RsT Tin

c. Mode 2,

From mode 2 to mode 3 at t=t3 ,

RS T Tis
e A N
a A
Tt
4
<
Tor
d. Mode 3,
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If t=tg< t5 , 1,=0, from mode 3 to mode 4
at t=ts; , otherwise from mode 3 to mode 5

at t=ts ,» L=t +7f8wp .

RST Tig
VY DF
4 A
Tst
8
e. Mode &4,

From mode 4 to mode 5 at t=ts .

R ST
Y

%z

Ter
f. Mode 5.

If t=ty £ t4 , ip=0, from mode 5 to mode 6
at t=ty , otherwise from mode 5 to mode 7

ab t=te , fi=4t Wwe .

o
R §T T

N

AAS y )
Ter,
g. Mode 6,

From one submode to next submode atl every
1/6 source voltage period, at t=T="jp,
the system goes to the next computation
period.

RST Te

Tor
h, Mode 7.

If b=ty < tg , ip=0, from mode 7 to mode 6,



otherwise from mode 7 to mode 8 at tmtg ,
t8=+’5+%“)e .

Rs T T
A
T
5T A Y
=== Mbc
Tes
i, Mode 8,

If t=ty < tw , ip=0, from mode 8 to mode
6 at t=ty. otherwise the machine commute-
tion breaks down. fg= g+ W/3we .

Fig.6 The modes and mode transfer conditions
of the system in low speed, ¢<of .

If v 2>d mode 1 and 2 don't appear and

the first mode of the system is mode 3, PFig.5(c)
sum up the operating modes and transfer condi-
tions from one mode to the next, where 1,2,3,..
8 are numbers of mode that can appear in opera-
tion of maechine, The letters in the round brac-
kets of 6(1), 6(2),... are the number of submode
and t2 , %3 ... &2re the mode transfer momentis,

Transfer from one mode to the other is de-
cided by two factors: the frequency of source
voltage and the current in phase winding of the
machine. In Fig. 5(c) the letters above the
table is the moments of transfer caused by the
first factor. Because the frequency of the source
voltage we is constant, the source commutation
moments are definite, The letters below the
table are moments of transfer caused by the
second factor. They aren't definite and dependent
upon the loads and initial conditions of the
system, In the equations they are unknowns,

At low speed operation the number of mode
of the system is not definite., In Fig., 7(a)
there are eight modes which is the meximum, In
Fig. 7(b) there are only three modes which is
the minimum,

t=0t, t t ts b ts t=T
rjejd3je|sir|se 6wﬂ'€|6m)
a
t=0 t; tx t=T
315 5l ’5(2“‘,45 ........ 6
b

Fig.7? The maximum (&) and minimum (b) mode
number of the system at low speed.

Equation of the System
From Fig, 6(b), the equation of mode 1 is
as follows,

(E=Ep)-F(RotLoPX(da ~1p-ic)=V4 -V, (21)

laz-(iy+ig)

Vip=Va

(22)

23

where Egp , Es and E; are phase voltage of the
source,

Transfer the values E5 , B4 and Ep which
are in ABC coordinate system into o-8 coordi-
nate system and the new values are denoted by
e, and e, , that is

E )10
all®
— 1 3
Ex "u@% “Z 2
B €
Ex "z T2
We obtain
Vie=-Fe2-% (Ro-LoP)ii (24)
VI/J:0 (25)
Assume

v=calvx vy 0 0 0 o]
1:_—001[1',,‘ i dw dap dsg iaﬂ]
e=coife &]

then get the matrix form of the external circuit
expression

V=C,PI+C,I4C3E (26)

(21, 0 0 0 0 0]
Ope

-
-3k, 00 0 00

Ckxé

S

= Osx2

The equation of the machine is as follows

V=(2,+22P)I 7

Combining (26) and (27), get the equation
of mode 1,

PI=M, I (28)

vwhere

I=001 [i,.\ i,‘ 1;,( 13# 134 .i;p € Cz]
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The system equations of other modes are
similer to the equation (28) of model 1. The
general form is as follows,

M=

PI = M I (29)

where subscript k=2,3,...,8. My is similar
to My and is also a 8x8 matrix,

The elements of matrix My depend on the
number of phase winding of the mechine with
current flowing and the phases of source. The
equations (28) and (29) of the system and the
transform conditions are methematics models of
the system at low speed.

IV Six-Phase or Nine-Phese System

The electrical machine using in VSCF system
is six~-phase or nine-phese synchronous machine,
Six-phase machine is often used for 30 or 40KVa
generator system and nine-phase machine is for
90 KVA system or so, Using these systems, output
voltage waveform of the generator system is bet~
ter than that of the three phase system and the
output filter of the system is more smaller,

The equivalent power circuit of six-phase
system at high speed is shown in Fig,8, This is
& simplified diagram in which a group of three-
thyristors is replaced by one thyristor, The
armature winding of six-phase machine is conmposed
of two 3-phase windings, If magneto-motive forces
of the two 3-phase windings are in phase, the
sum of them is maximum and the torque of the
machine is also the largest torque. So the thy-
ristors gate signals must be subject to the
relation as shown in Fig,9 and two 3-phase
systems start commutation in the same time, On
this manner the six~phase system operating in
motor state is a 3-phase system in nature (But
it is a six-phase system in generator state),

If two 3-phase systems start commutation at
different time, one commutetion has completed
then the other starts commutation., The commuta~
tion overlap of the system is reduced, The gate
signal scheme of the system is shown in Fig.,10,
For six-phase machine the space angle between
two 3~phase windings is 180 electrical degrees,
If $:%0 , the commutation angle of one 3-phase
system is noét equal to the another, the former
is larger and the later is smeller, The overload
ability of the machine is equal to the three
rhase machine approximately, Thus six-phase
machine is no better than the three phase machine
if they are operating in motor state,

If two 3-phase windings of the six-phase
system start commutation at the same time, the
mathematics model of this system is equal %o the
three phase system. If commutation of the two
groups of 3-phase winding is not at the same time,

the order of state equation of six-phase system
operating at high speed is nine and at low speed
is teno

+ T

T

Ay

&

Ca

Ty

¥

Ts T

Ar

Fig.8 The simplified power circuit of
six-phase system

I T l Ta I T3 j
% % 1 % ] %
T T ! l T I L%
l « | « [ W]

Fig.9 The conducting sequence of the
thyristors, case 1.

I T l To l I —[
% T % | %
At
= o R
] % Y ] W

Fig.10 The conducting sequence of the
thyristors, case 2,

The armature of nine-phase machine is com~
posed of three groups of 3-phase winding. The
angle between two 3-phase windings is 40 ele-
ctrical degrees as shown in Fig.11. The figure
is also a simplified diagram. The gate signal
for nine-phase system operating at high speed
is shown in Fig.12, In this manner the magne-
tomotive force of first 3-phase winding is
behind the second 20 electrical degrees in space
and the second is also behind the third 20 ele-
ctrical degrees. The magnetomotive force of the
nine-phase machine is a little lower than three
times of any magnetomotive force of the three
phase winding of the meachine. The ripple of
torque of the nine-phase machine is more little
than that of the three phase machine and the
overload ability of nine-phase machine is larger
than that of the three phase system, becuase the
interval between two moments two 3-phase windings
start commutation respectively is 20 electrical
degrees, The order of the equation of nine-phese
system operating at high speed is eleven and at
low speed is twelve, The nine-phase system is
more complex than six-phase system,
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Fig.11., The simplified power circuit of
nine-phase system,
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Fig.12, The conducting squence of the
thyristors of nine-phase system

V. Solution of the Equation of the System

Solution for the System Equation with nonsalient
machine

For nonsalient machine the elemenlis of every
coefficient matrix, i.e. matrices A; , Az or M,,
M, ..., a2re constant, so equations of the system
are constant coefficient homogeneous differential
equations and can be solved by the method of
state transition matrix eAt,

When the machine operates at high speed the
sysvem has two modes. The solution of the system
equation is

Iiy=e*t 1)

Iy =ePC 14,

where I(0) is initial values of the system at
=0,

At steady state the state of the sysiem at
t=T is same as one at =0, Because e~4 coordi-
nate system also has rotated 60 elecirical deg-
rees of the machine, the following relation is
derived.

I(0)=HI(T) (32)

where H is transfer matrix of coordinate system,

Using equations (30) (31) and (32) and
transfer condition between the modes, the ini-
tial values of the system can be found.

Wwhen the machine operates at low speed,
number of mode of the system is more than 2
and not definite. It is difficult to find the
solution of the system directly with this method,
But if we assume that certain modes doesn't
appear, the number of mode is definite and the
approximete initial values of the system can be
obtained by this method.

In the process of finding initial values
or approximate initial values of the system, it
is the key to compute the values of state tran-
sition matrix eAY at any time t. To find eh
with computer, the progression solution is re-
commended recently, but there are many disadvan-
tages if the solution is used here. In order to
increase computation speed a new method is set
forth, that is to find out the coefficient
metrix and the shape parameter matrices of e
with computer and the analytic expression of
eAt can be get directly® . So long as t; repla-
ces t at the right of the expression and the
values of e*Y are obtained directly without
using recurrence process,

The step to solve the equation of the system
operating at high speed is given in the Appendix
II,

Solution for the System Equation with Salient
Machine

If the machine is a salient machine the equa-
tion of the system are linear time variable
coefficient homogeneous: differential equation,
If the initial values of the equations have been
found, the digital solution of the equation can
be found with Runge-Kutia method,

One method to find the initial values of the
system is as follows: first regarding the salient
machine as the corresponding nonsalient one,
approximate initial values are found with the
previous method, Second the initial values I(o)
of the system with salient machine are found
by Runge~-Kutta method. Using this method, the
computation time is long, especially when the
frequency of the source voltage is high. The
higher the frequency of the source voltiage, the
longer the computation time,

If the field current I¢ is constant, unknown
of the system containing a salient machine with-
out damper windings is only one., So the initial
values of the system can be found by the combin-
ing method of 0.618 optimization method and Run-
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ge-Kutta method. The new method possesses many
advantages, e.g., its program is simple and com-
putation time is shortened greatly., If the fre-
quency of the source voltage is 400Hz, computa-—
tion time may be shortened over 20 times.

The step of the method is given in Appendix
11,

Two supplements on computing at low speed opera-
tion

Because o~F coordinate system steps 60
electrical degrees at ithe beginning of every
computation period, & coordinate itransformation
matrix H must be introduced,

H,
= H (33)
H = Hy
Hy
where
+ # i=1,2,3
Hi = A 1
2 2

Hy is the transformation matrix of the
source.

At high speed operation regarding alternate
power source as equivalent direct power source,
S0

Hy = 1 (34)

At low speed operation the computing is made
under alternate power source, The three phase
source coordinate system must be transfered into
equivalent two phase coordinate system, We know
that there are three forms of the transformation
matrices Hy which are demanded by the system
operating in the special rotation speed,

If the beginning and the end of a commutation
period of the system correspond to the same phase
angle of the source voltage, the two phase source
coordinate system doesn't transfer and

(35)
0 1

If the difference of two phase angles of
the source voltage (the angles corresponding
to the beginning and the end of a computation
period of the system) is 120 electrical degrees,
the two phase coordinate system should be roteted
120 electrical degrees and

1L A
2

H4==_ j_ (36)
2 2

If this difference is =120 electrical deg~
rees, the two phase coordinate system must be
rotated -120 electrical degrees and

Hy= (37)

M -
M- MR

After this the previous computation method
may be used.

In addition the number of mode of the system
operating at low speed is many and doesn't
define beforehand. It makes to find initial va-
lues of the system difficult. Here the key is
defining the number of the mode of the system
with damper windings mechine.

To overcome the difficulty, first regarding
the machine as the corresponding nonsolient
machine and assuming that mode 2, mode 4, mode
7 and mode 8 don't appear, the equation of the
system becomes a constant coefficient homoge-
neous differential equation. In the manner the
number of mode and unknowns of the system are
definite, The approximate initial values and
commutation time t, may be found by previous
method. If t, is larger than 1/6 period of the
source voltage, the assumption that mode 7
doesn't appear is not valid. Mode 7 should be
considered a2nd the solution of the system must
be computed again., If ty is larger than 1/6
period of the source volitage again, mode 8 nmust
be considered and the solution of the system
must be computed again, If tf is larger than
1/6 period of the source voltage still, the
machine commutation break down, Thus whether
the mode 7 and mode 8 could appear may be decided
and approximate initial values of the system are
found, Second, initial values of the system are
found by Runge-Kutta method. In the process of
finding initial values, whether mode 2 and mode
4 appear or not can be decided automatically,

So at the end the number of mode and initial
values of the system are obtained simultaneously.
Then the solution of the system can be found by
Runge-Kutta method but the computation time is
long.

The stop of this method is specified in
Appendix II.

VI. Conclusion

The mathematics models of the VSCF power
system at high speed motor state and low speed
motor state have been confirmed by experiments,
The results of experiment and computation show
that the mathematics models can describe accura-
tely the characteristics of the system,

Using the mathematics models, the influence
of the parameters of reactor and machine is
analysed and some useful results have been ob-
tained.
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% is the impedance matrix of machine. Via , Vig ,
i and i;p are voltages and currents of the
machine in o-38 system respectively., iz4 and

i8 are field currenis, Vuu , Vip, i34 and isg
are voltages and currents of the damper windings
respectively,

Appendix I

Equation of Synchronous Machine in 4-8
Coordinate System

Under the condition that the field current
Iy is constant the equation of synchronous
machine is as follows,

The matrices Z, and Z, are &s follows.
V=2I=(Z, + Zsp)I

where \/=(Cof [Vm Vis Vaa Vi Vi \63]
I=col [1‘,4. fp {24 iy 34 iap:I

[ r-aL,.0sin20 3L, sBc0s20 0 0 —2M,,,0sin20 M, 5, Oc0s20
2L, fcosg r+2L,,0singg 0 0  2M,s.0cos28 2M, ;. 0sin29
0 0 o @ 0 0
Z, = 0 0 __é ) i) . 0 .
~M, 5, 0sin2p § (Mys +M,,,c0820) 0 0 R; +R;,c0820 — L, 0sin20 R;.8in20 +6 (L, + L, cos20)
—§ (M2 ~M,5,c088) M,;.0sin20 0 0 R;,sin28 -0 (L; —L,,c0s20) R; —R;:c0s20 + 0L sin20 ]
PLx+L“cosze L,sin20 M,. © M.;+M;;.c0520 M,;.5in20
L,,sin29 L, -L,,c0s20 0 M, M,;,sin26 M:; ~M;;,c0s20
0 0 1 0 0 0
Z, =
0 0 0 1 0 0
M,; +M,;,c0s20 M,;,sin20 0 0 Li+L,,cos20 L;,sin2f
M, ;,8in26 M3 —Mi;.c0s26 0 0 Ls,sin20 Lj ~L;,c0s20
where and damper winding in D-&xis
or in Q-axis respectively in H,
L,= Ld—;l—‘—l Lys= Li-Lq Lypgs I‘rrq inductance of damper winding
5 2 in D-axis and Q-axis respecti-
vely in H
Ly= LrcatLoc L,, = Leea=Lecy ! )
. § T T T -
2 ’ 2 4 2] electrical angle between the
axis of phase winding A and
Ry = Rerg+Rera Rie = Rira—Reeq D-axis of the rotor along rotor
2 : 2 ; rotating direction, The relation
e — betweenf and f is f=wit=7f )y
M”:}/ﬁ.mw Mis, = J3Lara=Licq
2 2 5 N'g 2 3
Y The subscripts a, f and r express phase
M, = ~/-2—Lm . winding A, field winding and damper winding
respectively.
r resistance of the armature Appendix IT

indin r phase i
W g per phase in.n Step for non-salient wechine

The step to solve the equation of the system

Rprds Bpp D-axis and Q-axis resistance of . ;
q damper windings respectively with 2 non-salient machine operating at high
speed is as follows,
in n
La. L —axis . 1. Based on the equations of the mode of the
d» “q D-axis and Q—axls.iniiuctance system find out the matrix A for every mode.
of the armeiure windings respec- R ;
tively in H. 2. With the method for find analytic
solution of the following equation,
Lgfd maximum value of mutusl inductan- Az (Mhw =t1) LAt
=HE€ 0
ce between ermature winding and Loy=H € Loy
field .
eld winding end obtain a nonlinear equation set,
Lgrds Llarq maximum value of mutual induc-

3. Add the following equation to preceding

tance between armature winding p
nonlinear equations
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L1a (60 =[5 :hp )

and solve this equation set. Thus find out the
initial values I(o) and the transfer time t, .

4, With following equations
Ity=e*10) 0£¢£t:

end gy =@MCE7T) Tigy het4T
to find I(t).

For salient machine with damper windings at
high speed and at low speed, approximate initial
values of the system all must be found oul at
first., The step is similar to preceding except
term 2 has & little difference, The form of
nonlinear equation set is different with various
modes of the system,

Step for Salient machine without Damper Windings
1., Choose roughly the limits (1, , 12 ) of
initial value, where 1,1, .
2. Optimize first initial value within the
limits.

ilo\(a)=ll+ 0-6’8([2 -Zl)

3. Compare 1,4(6)}with 1, , if i,(o) is better
than 1, , iu(0) replaces 1, , else iju(o) replaces
1> and form & new shortened range (1, , lz ).

4, Continue to optimize within the new limits
(1; , 1p ) &nd repeat terms 3 and 4 until find
out the initial value.

5. Solve system equation by Runge-Kutta
method,

This step is sultable for the system opera-
ting at high speed and at low speed except the
transformation matrix Hs has a little difference,

Step for Damper Winding Machine at low speed
1. Define the transformation matrix Hy by
w, we, ¥, o .
2, Judge whether + is larger than o ,

Thus deside if mode 1 and mode 2 appear or not.
3. Assume that mode 2, mode 4, mode 7 and
mode 8 don't appear and machine is corresponding

to 2 nonsalient machine, Find the approximate
initial values of the system by the method for
nonsalient mechine system, In progress define
progressively whether mode 7 and 8 appear or not.

4, Find the closed initial values and solve
the system aquation by Runge-Kutta method.

Reference

1, Fumio Harashima "Dynamic Performance Self
Controlled Synchronous Motors Fed by Current-
Source Inverters®™ IEEE IA-15 1979, Wo,1

2, Hu Yuwen "The Method for finding the Analztic
Solution of the State transition Matrix eh
with Computer" Journal of Nanjing Aeronautical
Institute 1981, No.3

1071



