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Abstract

Supplying the remote communities with electric energy, even in a developed country like
Canada, has a great importance from several points of view. Some benefits include improv-
ing the life-style of such communities, and preparing the conditions for establishment of
more industrial enterprises in such locations through the continuous supply of reliable, non—

limited volumes of cheap energy.

DC transmission can be an economical way of supplying energy to remote loads. In this case,
the problem of inversion of DC power to AC at the load location and the necessary commuta-

tion techniques must be well addressed.

The dual wound synchronous machine is a suitable means for this purpose. It provides AC
voltages through the motor action to perform commutation on the inverter. And it supplies
electric energy to the load through the generator action, taking place within the single ma-

chine.

In the current study, the dual wound synchronous machine is studied, and a digital model is
developed to simulate the transient and the steady state operation of the machine in conjunc-

tion with EMTDC program.

Operation of a system consisting of the machine, the inverter, and the rectifier, separated by
a long, monopolar DC transmission line is simulated. The results indicate that the machine
successfully performs commutation on the inverter, that the machine can be started from
standstill by Static Variable Frequency Starting techniques, i.e., by pulsing the rectifier on
and off at low frequencies, and that the machine can be brought to rated speed by a proper

closed—loop control system.
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Chapter One
Introduction

1.1 — Remote Loads

There are many remote loads far from a source of AC generation in Manitoba, currently be-
ing supplied by diesel generation. As the loads grow, the desirability of connecting these

loads to the AC system increases [1].

Rural electrification is of great economic and social significance in both developing and de-
veloped countries. Many isolated communities however are still lacking unrestricted low
cost electricity. In Canada for example, about one percent of the national population or over
200,000 people are without access to services and amenities most Canadians take for
granted. One problem facing the residents of these communities is how to supply themselves
with energy for their daily needs. Their communities are not connected to electrical grids and
natural gas networks. Oil, for heating and diesel, whether trucked, barged, or flown into the

villages and homes, is expensive [2].

In some parts of the Northwest Territories, electricity costs 70 cents per KWh. In southern
Canada, electric energy consumers typically pay well under 10 cents per KWh. Electrical
services inisolated locations can be limited to levels sufficient only for aradio and a few light

bulbs [2].

High cost electrical supply at limited levels discourages commercial and industrial enter-
prises. Consequently jobs and income levels are restricted. Inadequate energy supplies also
cause hardship for individuals and communities in matters of health, safety, comfort and con-
venience. Normal community services and infrastructure, such as sanitation, lighting, edu-
cation and transportation can be maintained only with difficulty. In short, the lack of a secure

energy supply is a major impediment to individual and community development [2].



The long distances, difficult terrain and small loads are not attractive for establishing con-
ventional transmission line connections to the main electrical grids. However, emerging
technologies offer lower cost options for realistically extending rural electrification pro-

grams to service isolated loads [2].

In the current study, proven technology in the field of power electronics will be used for a

new application, i.e. supplying remote loads with electric energy, using DC transmission.

Although neither the transmission distance nor the power to be transmitted to remote loads
can be regarded as advantageous for DC transmission, nevertheless other constraints tend
to favor DC transmission. The line costs for a monopolar line at relatively low voltages are
cheaper than a three phase line. Generally, the rectifier stations for the DC transmission can
be constructed at existing stations, using existing DC collector systems including filters and
earth electrodes [1]. Besides, the ever—decreasing costs of semiconductor devices, further

improve the possibility of economically justifiable use of DC transmission for the current

purpose.
1.2 — Review of Literature

In this section a quick review of literature, regarding those concepts needed for the current
study, will be made. Detailed discussions are to be pursued in references, as well as other

related sources.
1.2.1 - DC Transmission

Over the last two decades there has been an increase in acceptance of DC systems for power
transmission. There is a variety of reasons for this trend: DC systems are useful for power
transmission over long distances from remote energy sources; they can be used for intercon-
necting major AC systems; they can be used for improving the stability of existing AC sys-
tems; they can be used for controlling MVA short circuit capacities or they can be used for

crossing bodies of water. And there is a variety of other reasons [4].



The main motivation behind the choosing DC transmission for the current purposeis the fact
that transmission line costs must be kept to a minimum where small loads are to be electrical-
ly serviced over long distances. The conventional approach to transmission is the three phase
AC transmission line. However, the use of single wire line with ground return is one cost—ef-
fective option worthy of consideration. The single—wire line could be excited at 60 Hz or
with DC voltage. For AC case, separate reservations, regarding VAR compensation at the

receiving end, must be considered [2].
1.2.2 — Semiconductor Valve Groups and Commutation

The function of converting AC to DC or DC to AC power can be achieved by valve groups
generally known as converters. These valve groups are formed by connecting a number of

semiconductor devices called thyristors to each other.

Thyristors can be defined as controllable switches with two states of conducting and block-
ing. In order to turn on a thyristor, when its positive terminal, the anode, is positive, compared

to its negative terminal, the cathode, a control signal must be given to its gate terminal.

Turning off a thyristor, when it is conducting, is possible only if the current passing through
itis brought to zero. A reverse bias across the thyristor will then be necessary to help the thy-

ristor regain its blocking ability [5].

Converters, based on the direction of conversion between AC and DC, are divided to two
categories. The ones which converts AC to DC, or rectifiers, and the ones which convert DC
to AC or inverters [6]. One of the popular valve groups, used in different applications, is the

three phase Graetz bridge.
The Three Phase, Six Pulse Bridge Rectifiers

The bridge is shown in Fig. 1.1. At each specific instant one thyristor in the upper group and

one thyristor in the lower group is conducting. At w? = 30° (Fig. 1.2), where V, starts to

become “more positive” than V., the control signal can be given to the gate of O . In this



case, the current passing through (s will shift to (J; , and the reverse voltage imposed on

Qs drives it to the blocking state. This phenomenon is called natural or line commutation.

Sending the control signal, or the firing signal as it is frequently called, however can be
delayed for some limited time. The delay angle, & , then plays an important role in determin-
ing the shape of output voltage, as well as its mean or DC value. The mathematical relation-

ship between DC voltage and the delay angle can be showed to be as follows:

2
Vdc=———3;[ Vicosa (1.1)

V1 being the AC line~to-line voltage. In order to have proper rectification, the range of

variations of & must be confined between 0° and 90° [6].

Load

V, = sin(w?)
Vi = sin(wt —120°)
V. = sin(wt + 120°)

Fig. 1.1 — Three phase, six pulse bridge rectifier

Fig. 1.2 shows the input and output voltages for & = 0° (i.e., the firing signal has been given
exactly at the point of natural commutation). In Fig. 1.3, the same voltages are shown for
a = 25° . Note that the DC voltage is the difference between the AC voltage related to the

conducting thyristor in the upper group and that of the conducting thyristor in the lower

group.
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The Three Phase Inverters

As it was stated before, the class of converters which convert the DC power to AC power
are called inverters. Based on the nature of their input, the inverters are divided to two cate g0-
ries. The ones with a stiff DC voltage as input, or Voltage Source Inverters (VSI), and the
ones with a stiff DC current as input, or Current Source Inverters (CSI). The output of these
inverters is AC voltage or current, respectively, with a variable frequency, determined by the

speed at which the thyristors are fired.

The configuration is basically the same as that of the bridge rectifier, and is shown in Fig.

1.4.
N Ia’c
V',
‘%Qs gZQs | M—~C-
V'
Viac m . I
,C
A
i %E —
Load

V', = sin(wr)
V'y = sin(wt — 120°)
V' = sin(wt + 120°)

Fig. 1.4 — Three phase inverter

The relationship between the DC voltage, AC voltage, and & is the same as (1.1), but to
make the inversion happen, i.e., to make the active power flow to the AC part from the DC
part, & must be between 90°and 180° [6]. The inverter input and output voltages are

shown in Fig. 1.5 for & = 170°.

As it may be clear from the above diagram, for a n—phase inverter to work properly, there
must be a system of n—phase AC voltages generated in the Ioad system to make the commuta-

tion between thyristors possible. If such voltages do not exist, auxiliary circuits and devices
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will be needed to perform ” Forced Commutation” on the inverter. In fact, the problem of
commutation in inverters is one the most important problems to be considered and solved

before any successful design and implementation can be achieved.

The dual wound synchronous machine, to be studied later, has the ability to create necessary

voltages on the load side, and to successfully perform commutation on the inverter.

Before closing this section, one important point regarding & must be discussed. Because of
the presence of high inductances in the circuits, the current in an out—going thyristor can not
be brought to zero instantaneously. This is also the case with the increasing current in the
in—coming thyristor. Therefore, for a period of time the current in the out-going thyristor
decreases exponentially, while the current in the in—coming thyristor increases exponential-
ly. The sum of of these two currents is always equal to the DC current. During this period

of time, which is called the overlap angle and is shown by i , the output voltage is equal to

the mean value of the voltages related to the commutating thyristors.



Also, before a thyristor can completely gain its blocking ability, a negative voltage must be
applied on its terminals and the voltage must remain negative for a specific period of time.

This period of time is called the turn—off angle and is shown by Y.

Therefore, although it was previously stated that for inversion to take place, @ must be be-
tween 90° and 1807, practically @ can not be larger than 180° — B . B, which is called

the advance angle, is :

B=y+u (1.2)

Fig. 1.6 shows the voltages of upper and lower thyristor groups in an inverter, while ¢ is

equal to 180° — B, u = 10°,and y = 10°. Typically the f angle is limited to 10° to

o
15°16].
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1.2.3 — Synchronous Machines

Synchronous machine is one of the most known and utilized types of the extended family
of electric machines. From huge nuclear power plants, where tremendous amounts of elec-

tric energy is produced by synchronous generators, to small industrial workshops, in which



constant speed for assembly lines is gained from synchronous motors, this kind of electric
machine is present. Other applications of synchronous machines include speed control by
variable frequency sources, production ( or consumption ) of reactive power for voltage con-

trol ( known as synchronous condenser ), etc.

The machine is divided to two main parts; armature, which delivers or receives AC power,
and field, which receives DC power and is responsible for producing the necessary electro-
magnetic field in the air—gap of the machine as a medium for conversion between electric
and mechanical energy. Besides these two parts, there are certain iron bars, embodied in the
moving part of the machine, the rotor, which help the machine accelerate faster during start—
ups, or dampen the oscillations of the rotor during transient disturbances. These components

are known as damper windings.

Except for large turbine—generators, designed to work at high speeds of 3600 rpm or 3000
rpm ( 60 Hz and 50 Hz respectively ), at nuclear or thermal power plants, and therefore hav-
ing cylindrical rotors, most synchronous machines have salient pole rotors, i.e., in certain
parts of the rotor, the air—gap between rotor and the fixed part of the machine, stator, is con-
siderably less than the air—gap in the other parts. This difference in the air—gap causes varia-
tions of electromagnetic reluctance in the space between rotor and stator, and consequently
the reactance of windings mounted on different parts of stator will be dependent on the posi-
tion of the rotor. Thus, in order to be able to analyze the performance of the machine effec-
tively, one has to somehow distinguish between different parts of the rotor. This distinction
is very well done by defining two axes on the rotor, namely the direct axis, on which the air—
gap is at its least possible magnitude, and the quadrature axis, on which the air—gap is maxi-
mum. As it may be evident from the above terminology, these two axes are perpendicular

to each other, i.e., they are displaced by 90 electrical degrees.

In ordinary synchronous machines, in which the current in armature is considerably higher

than that of the field, the armature winding ( three similarly wound coils and displaced by



120°) is mounted on the stator to avoid the problem of transmission of high currents through
the slip-rings. The field winding, in order to have the most effective electromagnetic field,
is mounted on the direct axis of the rotor. And finally for most applications, it is enough to
simulate the effects of damper bars in the rotor by considering two short—circuited windings,
with their own resistance and inductances, each mounted on one of the rotor axes. These two
fictitious, butimportant, windings are known as KD and KQ windings, for direct and quadra-
ture axes respectively. The other windings are named as: a, b, and c, for three—phase armature

windings, and F for field winding.

The steady state and transient performance of ordinary synchronous machines, including
electromagnetic theory, voltage and torque production, mechanical dynamics, and design
reservations are discussed in the literature in detail and will not be repeated here. Further de-

tails could be found, for example, in references [7,8,9].

1.3 — The Proposed Scheme

The proposed scheme to be studied, consists of a rectifier, low voltage DC line (22.5 KV)
with a load commutated current source inverter ( CSI ) and a dual wound synchronous ma-

chine ( SM ) at the receiving end as shown in Fig. 1.7 .

Va DC Line

V| Controlled S— Load
1 Rectif CSI

_V_c_ ectifier System

Fig. 1.7 — The proposed scheme
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Commutation in the CSIis achieved at very low frequency by pulsing the DC current, i.e.,
turning on and off the rectifier. As soon as the synchronous machine starts to rotate, the field
circuit is energized and the generated emf’s in the machine will perform commutation on the

inverter.
The advantages of the proposed scheme are [3]:

a) The cost is low; estimated at $200 — $250/KW for the complete system, apart from the

transmission line;
b) An AVR can be used on the synchronous machine for load voltage control;
¢) Filters may not be required on the load system;

d) The synchronous machine will provide continuity of supply during short faults on the
transmission system or converters. The CSI can be blocked or bypassed and resynchronized

to the machine very quickly; and,

e) Since the electrical load is supplied by the synchronous machine, instead of the inverter,
the conventional control and protection devices, used on diesel generator, can be used in this

system as well.
1.4 — Scope of the Project
The project will consist of the following tasks:

a) Study of the dual wound synchronous machine.

The machine will be studied from the circuit point of view, and general equations represent-
ing the behavior of the machine, as well as the equivalent circuits for the machine will be

derived.
b) Modelling of the dual wound synchronous machine.
The machine will be digitally simulated with a variable displacement angle, y , between the

windings. The program will be a compatible subroutine for the EMTDC program.

11



c) System studies.

Some operating aspects of the system, including starting and accelerating the machine will
be examined. The main objective will be to examine the possibility of using Static Variable
Frequency System ( SVFES ) techniques to start the synchronous machine, as well as bringing

it to rated speed, in the presence of a long transmission line.

12



Chapter Two
Theory of the Dual Wound Synchronous

lachine

2.1 — Introduction

Of special interest in the current study is the dual wound synchronous machine. This type
of synchronous machine is designed basically like an ordinary synchronous machine. The
only difference, compared to common type of synchronous machine, is that in the dual
wound synchronous machine, there are two sets of armature windings in the stator, each set
consisting of three identical coils, displaced by 120 electrical degrees. The two sets are
mounted in the same slots on the stator, but the magnetic axis of each coil in one set is dis-
placed by an angle, say y , with respect to its counterpart in the other set. For instance, if
the three coils in first set are named as a, b, and c, and the three coils in the second set as X,
¥, and z, then a and x, b and y, and ¢ and z are displaced by y . The addition of the second
set of windings results in the complication of relationships between existing coils in the ma-
chine, i.e., there are not only certain interactions between each set of armature windin gs and
the rotor windings, but also between the two sets of windings themselves. Based on the inter-
action between these two sets, if one of them is connected to a three—phase AC source, a
three—phase voltage system will be generated in the other one. The magnitude of generated
voltage will be dependent on the turns ratio of the two windings, and it will be displaced by
¥, compared to the source voltage. This transformation characteristic of the dual wound syn-

chronous machine is the reason why it has been chosen for the proposed scheme.

Considering the above definitions and using a single coil placed on the magnetic axis of each

actual coil, the diagram of a dual wound synchronous machine, consisting of six armature

13



coils, one field coil on direct axis, and two damper coils on direct and quadrature axes, is

shown in Fig. 2.1.

As it can be seen from the Fig. 2.1, the quadrature axis is assumed to be leading the direct
axis. The set x,y, and z leads the set a, b, and c by y . And finally 6 is the angle between the

electromagnetic axis of the coil a and the direct axis. Damper windings KD and KQ are

short-circuited, as there is no access to them and there is no voltage source in their circuits.

Q — Axis

~——

e
~
/397\

\ \%\%
i

o~
e,

1
3
i
‘)
|
3
EE

Fig. 2.1 —Diagram of a Dual Wound Synchronous Machine
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It may be noteworthy that there is a certain relationship between electrical degrees and me-

chanical degrees, i.e., the electrical degree is % times the mechanical degree, p being the

number of magnetic poles. From this point, the electrical degree will be simply referred to
as degree, unless otherwise stated. Also fromnow on ”machine’” will be used instead of ”dual

wound synchronous machine”, unless otherwise stated.

In the next sections of this chapter the general equations governing the electrical and me-
chanical behavior of synchronous machine will be considered. Relationships between cur-
rents and voltages, equations for power and torque and equivalent circuits for machine will
be derived. Finally, some experimental observations, regarding some of the parameters of

a synchronous machine will be presented.

2.2 — The Unified Theory of Electric Machines

In this section the unified theory of electric machines will be introduced. This method of ana-
lyzing machines, briefly, considers each and every machine as a set of coupled coils, whose
inductances vary with rotor position. The spirit of this theory is that “The performance of
any machine under any condition of operation may be analyzed or predetermined in terms
of measurements made solely at the terminals and shaft of the machine when machine is sta-
tionary” [7] . The outcome of this approach could be summarized by saying that "The per-
formance of any type of machine under any condition is governed by a single voltage equa-
tion and a single torque equation” [7] . This method is concerned exclusively with the circuit
theory of machines, i.e., measurements are made only at terminals and the shaft, and machine
is analyzed solely in terms of quantities derived from these measurements. The measured
quantities are primarily voltage, current, power, torque, and speed and derived quantities are
resistance and various types of inductance. No attention is paid to the form of internal con-

struction ( the number and distribution of turns, the length of the air—gap and so on ) to pro-
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duce the circuit effects at terminals, or to the quantities like magnetomotive force, current

density, flux density, flux linkage, and permeance [7] .

Various aspects and advantages of this method, along with the results of comparison between
analytical and experimental observations, are discussed in different sources, especially in

reference [7] .

2.3 — General Equations

Following the discussion in the previous section, one quickly finds that the dual wound syn-
chronous machine can be regarded as an assemblage of nine coupled coils, each consisting
of aresistance and a self-inductance, coupled with other coils by certain mutual inductances.
As it was pointed out in Section 2.1, the coils will be named as : a, b, and ¢ for the first set
of armature windings, x, y, and z for the second set of armature windings, F for the field wind-
ingand KD and KQ for damper windings. Before introducing the equations, however, it must

be noted that the mutual coupling between damper coils is zero [7] .

In this step a current and an applied voltage is assigned to each coil and simple and well—
known equations governing the relationship between these parameters along with coil resis-

tances, self-inductances, and couplings will be written. Using matrix form, the following

equation holds:
V=2.1, 2.1)
in which :
-Vf- -lf-
Vid Ika
Vig lkq
Va lg
V=1v1] . and, I =i,
Ve i
Vx Iy
Vy Iy
| v ] i)
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and Z is:

Re+Lp  Mpp 0 pPMy pMy pMg  pMyy  PMyr  pM;
Mip Reg+Ligp_ 0 PMay  pMps pMeq  pMyy  PMya  pMyy

0 0 Rig + Ligp PM,; pMp, DM, cq PMyy pMy;  pM 79
PMy  pMyg PMyy Ro+pLy pMyy  pMy. PM gy, pPMay  pM,,
pMpr  pMps  PMpg  pMu, Rp+pLy pMy. — pMye  pMyy  pMp,
pM of PMcg pM, c¢q DPMa pMp. Rc+pL. pMy pM.,y  pM,
pPMyy  PMxq pPMyy  pMo  pMpe  pMy Ry +pL, pMy,  PMs,
DPMyr PMyy pPMy, PMay  pMpy pMey DMy, Ry +pL, PMy,
pM. of DM,y pM zq pM,, pMp, pM, pM,, pM vz R, +pL,

d
In the above Z matrix, p is the time derivative operand and is used instead of zi-;- .Asitcan

be seen, the mutual inductances between F or KD and KQ are entered as zero. Also the p
operates on all mutual and self-inductances as they vary with the position of the rotor and
therefore with time, except for those of the rotor windings, because of their constancy regard-

less of the position of rotor.

For the sake of convenience, Z will be partitioned to nine 3*3 matrices, and then each one

of them will be considered separately. The result is:

Zoo Ly Ly Zo1 = Ziy
L= |ZiyZy1Z1, and, Loy =7y (2.2)
LogZly Z, Ly =175

a. Zoo :
This matrix contains the parameters concerning the coils on the rotor and their interactions
with each other. All the parameters are constant and do not vary with the position of the rotor.

all parameters in Zgp are the same as those in (2.1).

b. Zyp :

This matrix contains the mutual inductances between the coils in set number one on the stator
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and the coils on the rotor. The coupling between a coil on stator and a coil on the rotor is maxi-
mum when their axes are aligned, is zero when their axes are perpendicular, and is minimum
(or negative ) when their axes are aligned on a direct line but with opposite directions. Know-
ing the above and remembering that: i) When a and F are aligned, 8 is zero, ii) b and ¢ are

lagging aby 120° and 240°, respectively, the formulas for parameters in Zq can be writ-

ten as follows ;

Mg = Myscos , M,y =M ;cos6 , Myy=—Mi,sin@
be = leCOS(9 - 1200), Mbd = Mld COS(H - 1200), Mbq = "Mlq Slﬂ(@ - 1200)

M= Mygcos(0 +120°), M., = M;,cos(0 +120°), My =~M,sin(0 + 120°)
in which :
M 1f : Mutual inductance between coils in set number one and the field winding, when their
axes are aligned,
M 14 : Mutualinductance between coils in set number one and the direct axis damper, when
their axes are aligned,
M 1¢ : Mutual inductance between coils in set number one and the quadrature axis damper,

when their axes are aligned.

c. Loy :

This matrix contains the mutual inductances between coils in set number 2 on the stator and
coils on the rotor. All discussions for Z( are valid here, except that, since set number 2 is
leading set number 1 by ¥, the effect of ¢ must be considered. If the angle between coil
x and the direct axis is called ¢ , then ¢

a=0+y 2.3)

therefore it is enough to replace @ in Zjg by 6 +y . Also, since the formulas are being de-
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veloped in a general manner, i.e., there is room for possible differences between the two sets

of windings in the armature (e.g. turns ratio not equal to one ), the constants in formulas for

Z1p will be replaced with new proper constants. Therefore the equations for Zng are as
follows:
My = Mopecos@ +y) , Myy=Myzcos(@+y) M,y =—Mygsin(@ +)
My = Mopcos(0 +y —120°), Myy = Mz cos(@ +y — 120%), My; = — My, sin(6 +y — 120°)
M= Mjrcos(@ +y + 120°), M, = Mozcos(@ +y + 120%), M,y = —Mj,sin(@ +y + 120°)

where the definitionof M,; , M,, ,and M,, isthe same as My , My ,and M,, respectively.

d. Zq; :
This matrix contains the parameters concerning the coils in set number 1 on the stator and
the interactions between them. The resistances are constant and since the coils in each set

are identical, the resistances are the same, or :

Ra=Rb=RC=R1.

Self—inductances of the coils vary with the position of the rotor. When the axis of each coil
is aligned with d-axis, the flux linkage is maximum, because the magnetic path shows least
possible reluctance, therefore the coil self-inductance will be maximum at such a position.
But because of the shape of the rotor, consider for example coil a, this situation happens on
0 =0 and @ = 180°, thus the coil self-inductance is a function of 20 instead of 8 . It can be
shown that the self-inductance of each coil is always positive. This fact leads to the assump-
tion that the self-inductance of each coil on the stator consists of two parts. The first partis
a positive constant and the second part is dependent on 29 . Therefore the self—inductances
for the set number 1 are as follows:

L,= Lo+ Ly1cos20,



Lb = L01 + L21 cos 2(6 - 1200) ,

L. =Ly + Ly cos2(0 +1209).

To find the proper formulas for the mutual inductances between coils in each set, consider
coils a and b. These parameters too, consist of two parts. One part is constant and does not
vary with 6 . The other part varies with 8 , but like the self—inductance, this variation is de-
pendent on 26 . The magnetic path between phase a and b has a minimum reluctance when
0 =60, i.e., when the d—axis is exactly at the mid—way between the axes of the two coils,
therefore at6 = 60° the mutual inductance between a and b is maximum. The constant part
in mutual inductance, however, is negative, because all coils are displaced with respect to

each other by angles greater than 90 , i.e., 120°. Considering above discussion, the mutual
inductions in Z; are:

My = — My + Mpg cos(20 — 120°) ,

M =— My + My cos(20 + 120°)

My, = — My; + M>pq cos 20 .

The results of experimental observations done on a dual wound synchronous machine for

M 4 , presented in Section 2.9, shows good accordance with the above formulas.

e. iy
This matrix is the same as Z17 , except that it is concerning the second set of windings on
the stator. All the discussions, and therefore formulas, for Z.11 arestill valid, the only differ-
ence being that one must replace constants properly, and replace 6 by 8 + ¥ . The formulas
are as follows:

R.=R,=R,=R,;,

and:
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Lx = L02 -+ L22 COS 2(6 + )’) ,
Ly = Loy + Lyy COS 2(9 +y - 1200) )

L,=Ly+ Ly cos 2(9 +Y + ].200) "

and:
M,y = —Mu + My, cos[2(0 +y) - 1207],
sz = —Moz +M22 COS[2(6 +‘)l) + 1200] y
Myz = —Mogyy + My, cos 2(9 +‘}/) .

f. Zo; :

This last, but not least, matrix contains the mutual inductances between the coils in set num-
ber 1 and the coils in set number 2. Here, again, the couplings consist of two parts. One part
which is not dependent on the position of rotor, and therefore constant from the point of view
of 6, butis dependent on the angle between the axes of the two coils in question. In other
words, consider for example coils a and x, as the angle y decreases, the flux linkage and
therefore the mutual inductance between these two coils increases and vice—versa. This phe-
nomenon can be shown by multiplying the constant part of the mutual inductance by cosy,
for a and x, and by the cosine of proper angle for other couples. The second part which varies

with @ , also obeys the same rule, mentioned for the constant part.

To find the proper expression for variations of parameters with @ , the following case will
be considered. For coils a and x, the magnetic path has its least possible reluctance, or the
largest possible permeance, when the d—axis is exactly at the mid—way between the axes of

a and x, or when :

9=_"
2

It is concluded that M, is maximum when 26+ =0 . This is the case also for M pz and
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M ¢y - Therefore the second part of these three couplings are multiplied by cos(28 +v) . It can
be easily shown that this relationship is cos(26 +y —120°) for M ay» Mpy, andM, , and

cos(20 +y + 120°) for M, , Mby , and Mcy .

Before writing the formulas, one last point must be considered. The constant part in mutual
inductances between the coils of two sets is positive for those coils which are displaced by
angles less than 907, and is negative for those coils which are displaced by angles greater

than that.

From the above discussions, we are in a position to write the formulas for parametersin Zoy ,

and thus complete the definition of parameters in Z . Here they are :
Mgy = Mycosy +Mpcosy . cos(20 +7v),

Mgy = —Mgcos(y + 60°) + Ma cos(y +60°) . cos(20 +y —120°),

Mg, = =My cos(y —60°) + M, cos(y —60°) . cos(20 +y + 120°),

My, = —Mgcos(y —60°) + My cos(y —60%) . cos(20 +y —120°),
Myy = Mgcosy +Mjcosy . cos(20 +y +120°),

My, = My cos(y + 60°) + M cos(y +60°) . cos(20 +v),

My = — Mo cos(y + 60%) + My cos(y + 60°) . cos(20 +y + 120°),
My =—Mycos(y —60°) + My cos(y —60°) . cos(20 +y),

M., = Mocosy +Macosy . cos(20 +y —120°).
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Again, the results of experimental observations for M, and M, , presented in Section 2.9,

show very good accordance with above expressions.

2.4 — The dqgo Transformation

Up to this point, the formulas by which one can write complete relationships between all ex-
isting coils in the machine were developed. But, as is obvious from the first glance, these
are complex equations so that obtaining solutions for different modes of operation of the ma-
chine is difficult. The main difficulty arises from the fact that the differential equation
derived for each coil has coefficients which are functions of @ , while 8 itselfis a function

of time.

The above problem can be solved very effectively by the well-known active transformation
called the dqo transformation. In fact this transformation not only eliminates 8 from differ-
ential equations, but also achieves one other important goal ,i.e. , it makes it possible to trans-
form all different types of electric machines to a single DC machine model, in which there
are two perpendicular coils on the stator and two perpendicular coils on the rotor. This trans-
formation is discussed in detail in the majority of electric machinery sources, and is pres-

ented completely in reference [7], from which the necessary techniques will be taken.

Transformation is done in two steps. First the three—phase machine with coils a, b, and ¢ will

be transformed to a two—phase machine with coils e and g and a zero sequence coil called

0, and then the two—phase machine will be transformed to a DC machine with two perpendic-
ular coils d and q and the zero sequence coil. The first step is called phase transformation,
for it transforms a three—phase machine to a two phase one. The second step is called the
commutator transformation., as it transforms the two phase machine to a DC machine whose
coils on the rotor are made fixed via four commutators. The two steps can be accomplished

in one single step, and that is what is called dqo—transformation.
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The phase transformation is achieved by the following transformation:

0 a B

'ia 1//5 1 0
C;:\/—b /2 -12 321,
Se Ly 12 ~Ap

C

and the commutator transformation is achieved by :

0 4g d

01 o o
Co,=al 0 sinf cos@
8 0 cos® -—sin@

It can be shown that both C, and C, are orthogonal transformations, meaning that :

C,.Ci =1, and, C,.C5H=l1,

in which C} and C, are transposed matrices of C; and C, , respectively, and 1 is the unit
matrix. Therefore the multiplication of these matrices is also orthogonal. In other words if:

C=(C; .Cy, 2.4)
then :

C .C'=1. (2.5)

The reason for orthogonality being a necessity can be found from the following equations.
It was shown that for each machine :
V=2.1,
therefore :
C".Vv=C".Z.1.
Now, if C. C*=1, it can be written that :

C.v=C.Z.C.C.I,
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by which, the transformed form of machine matrices are found. If V', I’ ,and Z' are the

transformed forms of V, I, and Z, respectively, it is obvious that :

Vi=C'.V, (2.6)
I'=C".1, 2.7)
and, Z'=C".Z .C. (2.8)

Finally, the dqo—transformation C, the multiplication of C; and C, as it was pointed out
before, is :

a b c

C'= [= q|-sin@ -sin(@-120°) —sin(® + 120°) (2.9)

0l1//2 1//2 1//2

The negative signs before parameters in the secondrow of C’ arise from the fact that q—axis

\/-2— d[cos@ cos(@-120° cos(@ +120°)

has been assumed to be leading d—axis.

Before starting to use the above transformation, one important point must be considered.
Suppose that a, b, and ¢ in the above transformation are representing a balanced three—phase
(sinosoidal ) voltage system. It is easy to verify that 0 component will be equal to zero. The
results of tests on synchronous machines show that the effect of zero—sequence row and col-
umn in the transformed impedance matrix is so small that it is quite legitimate to omit these

rows and columns from the matrix [7] .

In order to transform Z properly, special transformations must be assigned for each set of
the windings, i.e., coils on the rotor, set number 1, and set number 2, on the stator, have their

own special transformations. Since the coils on the rotor are already on d and q axes, there

is no need to further transform them. Coils in the set number 1 will be transformed by C!,
C being identical to above C' . C’. which transforms set number 2, however, differs with

C}, inthe way that ¢ in C/, has been replaced by 6 +y init. Therefore C! can be written

as:
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1 0 O
C'=|10 C, 0],

0 0
in which :
1 00
1=}j0 1 0} ,
0 01
and :
a b c
di gz cos® cos(@-120°)  cos(6 + 120°)
CL= 4 ‘/ 2| Zsing —sin(@—120) - sin(@ + 120°) (2.10)
o, V3 12 /12 1/V2
and :
X y z
dz 7| cos@+y)  cos@+y-1209  cos(B +y +1207)
Cfc =g, \/—- —sin@ +y) —sin(@+y—120°) —sin@+y +120°) |- (2.11)
o, V3| 12 /42 1/42

Recalling the first partitioning which was made in Z , and using the formulas derived pre-

viously for transforming it, the process of transformation is as follows :

I 0 01 [Zy Zyy Ziz] [1 O O
Z' = 0 CZ 0 Zw ZII le 0 Ca 0
0 0 C |Zy Zy Zy) [0 0 C

L'y Z'oy Z'g,
=\Z'1o Z'y1 Z'pp

L'y 7'y 7'y

Consequently :
Z' oo = Lo o La=ZynC, , Z'yp=7ZyC,,
Z'0=CiZy Z'y=CoZyC, ,  Z'yp=ChZCy,
Z'yn=Clly , L'y =CZyC, , Z'p=ClZyC,.
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Note that :

LZ'n = 1"y , ZLZyp#1L'yh Z'yp = 71" .
Each partition of Z' , after applying corresponding transformations, will be as follows :
a. Z’O() = ZOO .

b. Z'o=ZyC,

3| Myp 0 0
~4 2| Muap 0 0
0 Mlqp 0

c. Z'op=ZxnC,

3| Myp 0 0
=\/5 Myp O 0O
0 Myp O

d Z'1p=CiZy

"~ lew Mlda) Mlqp

\/‘3‘ Myp Myup -Myo
0 0 0

e. Z'y=CiZy

S| Myw Myuw Myp

\/3 Moyp Moy p —My
0 0 0

f. Z'H = CZZHCa
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R]_+Ld1p —qul 0
=| oLy Ri+Lgp 0] -

0 0 0
where :
1
Lar=Lo1+ My +-2—L21 +Mo1,
1
and Lg1 = Lo1 + Mo —-—2—L21 —M>q .

g Z'y=ClZxC,

wLyp Ry + ngp 0

Ry+Lpp -oLp 0O
0 0 0

where, by analogy :

1
Lp=Loyp+Myp+ ELzz + My,
1
Lp =Loy+ My, —fZTLzz —M» .

h.  Z'y = Gy C,

My p —@ My 0O
=|o My Mgp O
0 0

0
where :
3
My, = -EMO + M, cosy,
3
and, My, =—My—Mjycosy .

2

i Z'1p=CLZ1C,
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ZI

M gip —O)qu 0
= ded qup 0 -
0 0 0

Mgaqs and Mgy, arethe same asin Z',; . Note that contrary to what was seen before, these

last two matrices are identical.

With all partitions of Z’ being derived, the final matrix consisting of relationships between
voltages, currents, and impedances of all coils, transformed to d and q axes, is now ready.
Although deriving this matrix is somewhat tedious, obviously because of the amount of
mathematical work involved, the final form is simple and needs only be calculated once. The

final transformed equations are as follows:

V=ZT (2.12)
in which;
vy ] iy
Vid l_kd
Vig lkq
Vi= |vg , I' = i
Vg1 1
Va2 {dz
Vg2 [1g2]
and :
Re+Ls p Mys p 8 J3/2Mys p 0 V3/2Myp 8

M%zp RKd+Lkdp qu-}-qup J—Mldp w/—M mgf&d p‘/g/—Zqup
‘/3—/2-M1fp ‘/_—Mld p _\/3—/—M1‘I ® Ry +Ld1p “CUqu Mup —0My,
‘/?3—/—5le w \/lid @ liq p oLy Ry +Lq1 p oM, qu p
B2Myp 32Myp —/3/2My e Myp  ~OMiy RytLpp -@Llg
_ﬁﬁMZf o 3/2My @qu p OMy Mg p oLy  Ro+Lp p|
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It is clear that the application of the dqo transformation on the original impedance matrix
eliminates the rows and columns representing the zero sequences. Therefore, although under
some special circumstances, the zero sequence currents may be present in the machine, the
zero sequence voltages do not appear in the equations, and thus, the rank of the final matrices

has been reduced from 9 to 7.

2.5 — Real and Reactive Powers

In a system with voltage V « 0° and current / « -¢°, V and I being the peak values of sine

waves, the real and reactive powers, P and Q respectively, are found by following relation-

ships:
= lVIcos¢
=3 ,
1 .
and, Q=§Vlsm¢ .

Considering the per—unitvaluesof v, , V, , I, ,and I, ,indq system, and assuming that both
currents are lagging their corresponding voltages by ¢, and ¢, , respectively, the formulas

for P and Q in dq system can be derived from the phasor diagram in Fig. 2.2.

Knowing that :
1 1 i
P1=“2*V11100S¢1 ) Q1=—2-V1I181n¢1,
1 1 i
and Py = EVZIZ cos @y R 0Oy = EVZI2 sin@,,

and using the following trigonometric equations:
cos¢1 = cos @ cos(@ —¢1) + sin O sin(@ — 1),
singy; = sin@ cos(@ —¢1) — cos O sin@ — ¢ 1),
cos ¢y = cos(6 +7y) cos(B +y —@2) + sin(f + ) sin@ +y — ) ,
and singy = sin(@ +y) cos(@ +y —g,) —cos(@ +y) sin(@ +y — ),
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g—axis

d—axis

?:

¢2 12 Vl

Va
Fig. 2.2 — Phasor diagram of voltages and currents in dq system

the equations for powers could be re—written as follows:

P =%V1[1 [ cos B cos(@ —¢1) + sinB sin(@ — 1) ]

=%[V10056 I1cos(@—¢1) +Vysind Isin@ —¢)]

1
= E[lejdl + Valal, (2.13)
and by the same approach (using proper trigonometric equation from above ),
1
O = ) Va1 —Val g1l (2.14)
I
Py = ) Valn +Vplpl, (2.15)
1
and finally, Oy = —2— [VqQI 2=Vl q2] . (2.16)

31



2.6 — Electromechanical Torque

There is another way to derive the equations for different powers in the machine, by which
the equations for the machine torque will be found. In this method total power in the machine
is divided to three parts, namely, ohmic loss in the windings, stored energy in machine elec-
tromagnetic field, and electromechanical power. The latter could be used to derive the equa-

tions for electromechanical torque.

As it was shown before, machine equations can be written in the following form:
V=Z.1,
it can be shown that the total power in machine is equal to :
P=I.V=I'7Z .1,
in which I is transposed matrix of T . For more convenience, Z matrix ( here Z is the trans-

formed impedance matrix, as it is the case with V and I) will be divided to three different

matrices, namely:

Z=R+pM+o G,

in which:
[R; 00000 0]
OR, 00000
00R, 0000
R=1000R 000
000O0R 00
00000R, 0
000000 R,
and:
- L My, 0 3/am, O J3/2My 0 7
My Lkd 0 0 0
B I J3/2 M J3/2 M
kq 0 ,/3/2M1q 0 3/2qu
M= V 2M1f \/ M]d L 0 My 0 B
V3 Mlq 0 L, 0 Mgy,
‘v/_—M2f ﬁMzk M 0 La 0
‘/3/2qu 0 My, 0 Ly N
and finally :
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-0 0 0 0 0 0 0 ]
8 8 8 0 0 0 0
0 0 0 0
G= 0 ~32m, 0 -L, 0 -M,,
/ sz / MZd 0 Mdd 0 Ly 0 |

Therefore the total power is:
P=I.V=I'.Z .1 . =TRI+I'pMI+Tlw G I.
The above power components are:
I’ R.I : Ohmic losses in the machine,

I".pM.I : Stored energy in the electromagnetic field,

I'w G .I: Electromechanical power.

Using the following mechanical equation:

electromechanical torque , T,,, , will be:

t
T=r? Gl v 6. 1.
w

G being defined in above, and knowing that:
I'= [if kd Trg a1 ia2 iq1 i ]

the result of multiplication is:
Ton=T .G I
=—inl ‘/3/2M1q ikq + quiql + qu iqz]

+ g1l ‘/lif ir+ \/3_/_2—M1d Ika+ La1 g1+ Mag ig]
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—ip[ /3/2qu Ig+ Mgy ig1+ Ly ip]

+igpl \/%sz Ir+ \/mMzd ka+Myg igt+Lp i] ,

or:
Tem = lgihar + ipha — iahg —inhe (2.17)
in which:
Aar = \/—3—/—2_le e+ \/é—/EMld atLat tgg+Mag i, (2.18)
Aar = \/3—/_2M2f Ir+ \/_3—/—2M2d lkatMgg in+Lgp ip,  (2.19)
hgr=\[3/2Mig igg+Lyigi + Mgy iy, (2.20)
and, hp= [3/2May itg+Myg i+ Ly ipp. @21)

2.7 — Equivalent Circuits of the Machine

It is a common practice to find an equivalent circuit for a machine. These circuits satisfy the
equations of the particular machine being studied, and are often of assistance in obtaining
numerical results. Equivalent circuits are of particular value for AC problems, for which the

numerical results can be obtained either by digital or with the aid of analog means [8].

Before deriving equivalent circuits, one assumption must be made. The equivalent equations
so far derived for machine hold whether or not the quantities are in a per—unit basis. They
become easier to handle, however, if per—unit values are used, and , in addition, if it is as-
sumed that the four per—unit mutual inductances on direct axis are all equal ( the same as-
sumption holds for the two mutual inductances on quadrature axis ). The assumption is very
nearly true for a normal synchronous machine, because the leakage fluxes of the field coil
and damper bars are distinct and there is a single main flux linking them and the armature

windings [8].
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Using the equations derived in Section 2.4, and considering the above assumption, following

circuits are developed for direct and quadrature axes, separately:

o +
Vr
Va
Fig. 2.3 — Equivalent circuit for direct axis
and:
o Ay R, L, Lysg Ly Ry,

/%

B J o

Fig. 2.4 — Equivalent circuit for quadrature axis

In the above equivalent circuits, the separation of circuits for direct and quadrature axes has

been made possible by defining speed voltages wdg1 , WAq2 ,wAq1 , and wA g , which are as
follows:
WAg1= @ [ Liigt + Liap(iay + i) + Lyp(igy + igp + i+ irg) ]
=@ [ (L1+Lip + Lyp)iat + L12p + Lyp)ig + Lypis+ Lypigg 1, (2.22)

Wh=w [ Laigy+ Liop(ia1 + im) + Lup(igr + i + ip+ iyg) |
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= [ Lo+ Liap + Lyp)iax + L1op + Lup)igt + Lypis+ Lypixg 1, (2.23)
wAq= @ [ Liigi + Lipg(ig1 + ign) + Lyl + I+ kg |
=0 [ (L1+Liyp+ Lygigr+ (Lizg + Lyo)igp + Lyggirg 1, (2.24)
Whp=0 [ Lyigp+ Lipg(ig + i) + Lyp(ign + igp + i) |
=0 [ (La+ Liog+Ly)igp + Lagg + Lyg)igr + Lyroirg 1 (2.25)

If the ohmic voltage drop in each loop is pulled out from right-hand side of the equations
to the left-hand aside, the equations will be simplified, and the new equations, governing

the behavior of the machine in dq system will be as follows:

Va1 + a)lql —Rqiz

. lg1
Vap + WA~ Raigy _ Ip p I
vi—R fff ‘,ljf (2.26)
0 — Rygirg lkd
and :
Vg1 —Cl)/ldl —Rliql iql
Vgr—WAn—Rolgn| = Lo | plig|. @27)
0- qulkq ikq

By equating the Lp and Ly matrices with previously developed formulas for the machine,

parameters in these matrices will be found according to actual parameters in the machine.

The process is as follows:

Lyp+Lip+Ly Lyp+Lip Lyp Lyp Adel v 3/ Miypy3/2 My,
Lyp+Lyyp Lyp+Lipp+L, Lyp Lyp dd J3/ Mz V3/2M.
= f
Lyp Lyp Lyp+Lyup+Lap  Lyp+Lsyp V3/2M 3 2M2f My “1”
Lyp Lyp Lyp+Laap  Lyp+Lap+Lyp V3/2M./3/2M,, Mfd Ly
and:
LMQ + L12Q + Ll LMQ + L12Q LMQ qu qu ‘/ 3/ M}q
LMQ +L122 LMQ +L12Q +L2 LMQ = 3/2M >
v 2q
Lyg Lyg Lyg+ Ly ,,/3/ MquS/ qu Ly,



from which:
Lyp+Liop+Ly=Lgy = Loy + Moy + 1/2 Ly + My,
Lyp+Lip+Ly =Ly = Loy + M+ 1/2 Loy + My,
Lyp + Laap + Lap = Ly,
Lyp + Laap + Lap = Ly,
Lyp +Liop = Mgz =3/2 Mo+ My cosy,
Lyp = lifz J%M2f= /§7§M1d= ‘/%Mzd,
and:
Lyg+Lipg+ Ly =Ly = Loy + My —1/2 Ly — My,
Lyg+Ligg+La=Lp=Lyp+Myp—1/2 Ly —M»,,
Lyg+Lag =Ly,

LMQ+L12Q =qu = 3/2 MO—Mzcosy ,
Lug = 321y = [33Ms,.

In above equations, parameters in right-hand side are the same parameters which were de-

fined in Section 2.3.

2.8 — Mechanical Dynamics of the Machine

The electromechanical equations for a synchronous machine can be found directly from
equating the inertia torque ( equal to the moment of inertia, J, times the an gular acceleration)

to the net mechanical and electromechanical torque acting on the rotor [9]. Thus:

d’6 do
JE?—: Tem"Tmech,_D'a; .

where;
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@ = angular position of the rotor,

Tem = electromechanical torque accelerating the rotor,
T'sech. = mechanical load torque on the shaft,

and, D = damping coefficient.

The above equation is written for the motor operation and the same equation can be written

for the generator operation by changing the signs of T, and Typecp -

2

-C—i—g— , will be found as:

Therefore, the rate of change of the rotor speed, %— = p

dw - Tem_Tmech.‘“Dw . (2.28)

dt J

dow
The above equation for _dt_ will be used later, in modeling the machine, to calculate @ at
any time.
2.9 — Experimental Observations

Some experimental observations were conducted on a dual wound synchronous machine,
with y = 30°. The aim was to observe the steady—state behavior of the machine, as well as
the form of some of its important parameters. The parameters being studied were M ab > My
and M, . Other parameters of machine are well-discussed and observed in literature and
numerous studies. To measure the values of the above parameters, along with their variations

with the position of the rotor, 8 , the following circuit was used:
c/ o

- %

E — Cl C2 sz M

Fig. 2.5 — Circuit for measuring mutual inductances



in which Cj iscoil a in set number 1, and C, is the coil whose mutual inductance with a
is being studied. At time #y S is closed and it remains closed until I, reaches to its final

value. M is a digital oscilloscope which measures the voltage of the second coil and calcu-

lates its integral from #y to o . Since :

di,,

vC2 = C1Cy dt‘ H

the mutual inductance M¢,c, is found from the following equation:

_ f: Ve, dt

CiCy ™ ]
G

) (2.29)

where I, is the change in the value of the current in coil C; because of closing the switch

S. In other words:

]c, = icl(co)"icl( fo ).

The values of My, , M, , and M, , were found at ten different 6’s and are presented in

Table 2.1.

Table 2.1 — Measured values forM,, , M, , M,

0 M Mab (mH) Max (MH) Maz (mH)

0 ~0.325 0.550 ~0.600
20 -0.200 0.450 -0.550
40 —-0.140 0.270 -0475
60 —-0.130 0.243 -0.380
80 -0.170 0.243 ~0.270
100 —-0.240 0.312 -0.210
120 —-0.360 0432 -0.250
140 -0.370 0.502 —-0.300
160 -0.380 0.582 -0470
180 -0.300 0.542 -0.580

The data were analyzed by two methods. First, by Fourier Discrete Transform (FDT ) the

magnitude and the phase—shift of a sine~wave were found. Then by averaging the data, the
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vertical shift of the sine—-wave, with respect to @ — axis, was found.The results of analysis,
along with the formulas for each mutual inductance, proposed in Section 2.3, are presented
here. The sine—waves derived for M, abs Moy, and M,,, along with the specific points

derived from the experiment, are presented in Fig. 2.6, Fig. 2.7, and Fig. 2.8, respectively.

a. Mgy,

Theoretical formula: M, = — Mg; + My cos(26 — 120°),

Results of analysis: My =0.26 mH M31=0.132 mH , phase shift = 110.5°.
Derived points are in good vicinity of the derived sine-wave, and the biggest difference is

17% at 0 =20° .

Fig. 2.6 - Mutual Inductance of a2 and b
Theoretical Curve e Measured Points

-0.10

-0.16

-0.22

Mab

-0.28

-0.34

-0.40
o] 20 40 80 a0 100 120 140 160 180

Theta

b. My,

Theoretical formula: M, = M, cosy +Mjycosy . cos(20 +y),

Results of analysis: M, cosy = 0.398 mH = M;y=0.459 mH,
Mycosy = 0.177mH = M, =0.2044,

phase—shift = 30°.

The biggest difference is 20% at 8 = 40°, but other points are very close to the sine—wave.
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Fig. 2.7 - Mutual Inductance of a and x
Theoretical Curve s Measured Points

0.60

0.51

0.42

Max

0.33

0.24

0.15
o 20 40 60 80 100 120 140 1860 180

Theta

c. My,
Theoretical formula: M,; = —Mocos(y —60°) + My cos(y —60°) . cos(20 + y + 1209 .
For this parameter, instead of analyzing the data, the results of analysis for M, were used.

The accordance between derived points and the sine—wave is perfect, and the biggest differ-

ence is 9% at 8 = (° .

Fig. 2.8 - Mutual Inductance of a and z

Theoretical Curve e Measured Points
-0.15
024 ”‘“'\
-,

-0.33 "
8
=

-0.42

-0.61

-0.60 =

o 20 40 60 80 100 120 140 160 180

Theta

The above results and discussions ensure the validity and reliability of the formulas intro-

duced to represent various parameters within the machine.
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2.10 — Summary of the Chapter

In this chapter, the dual wound synchronous machine was studied from the circuit point of
view. Using the techniques of the unified theory of electric machines, the general formulas
governing the behavior of the machine, as well as its equivalent circuits, were derived. At
the end, some experimental observations were conducted, and as a result, the validity of for-

mulas introduced to represent various parameters within the machine was verified.
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Chapter Three

Simulation of the Dual Wound Synchronous

Machine

3.1 — Introduction

Digital simulation of power systems is one of the most advanced techniques developed for
analyzing the performance of different elements of power systems, individually or in the
form of a combination of them, and is made feasible by great improvements in the existing
computers. The need for such simulations rise from several facts, amongst which these are

the most important ones:

— Analysis and pre—determination of the response of large power system elements, such as
generators or transmission lines, to different disturbances or different load conditions is

not feasible in real systems.

— Considering the huge growth in the size and in the number of elements in existing power
systems, optimal operation of these systems, economically and technically, is a must. This
can not be achieved without analyzing different schemes in the design phase, which in turn,

is not possible without digital simulation,

and,
—Itisnotalways possible to observe the internal characteristics and conditions of power sys—

tem elements.

The main idea and background for digital simulation of electromagnetic transients was pres-
ented by H. W. Dommel in the April of 1969 issue of IEEE Transactions on PAS. Since then,

considerable improvements have been achieved in digital simulation of power systems, by
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which the design of power systems, as well as the commissioning of these systems, has im-

proved drastically.

In this chapter, the different steps of modeling the dual wound synchronous machine, based
on the well-known simulation techniques, will be discussed and at the end, some of the re-

sults of such a simulation will be presented.

3.2 - EMTDC Program

Based on the inspirations of H. W. Dommel, the creation and completion of the Electromag-
netic Transient DC program, EMTDC, has been going on jointly at Manitoba Hydro, Man-
itoba HVDC Research Center, and The University of Manitoba since 1976 [10]. During the
years, lots of contributions and enhancements have been made to EMTDC to enforce its abil-
ity to analyze various power system elements. In the current study, a compatible subroutine,
which is developed to analyze the transient performance of the dual wound synchronous ma-

chine will be presented.

EMTDC s a software package which simulates the power system in time domain. The algo-
rithm and the location of different subroutines and files inside the program is shown in Fig.
3.1. The program is written in FORTRAN codes [11]. The general architecture of the ma-
chine, used to run EMTDC at the Manitoba HVDC Research Center, is shown in Fig. 3.2.

Developed subroutines for different power system elements can be regarded as a PE module.

The key to creating models of dynamic systems with EMTDC is through the construction
and use of subroutines. A library of subroutines is available for many requirements of AC
and DC power systems modeling. If special models, functions, or algorithms are needed, the
user can construct them. A user—written subroutine known as DSDYN controls the dynamics
of a simulation. Using FORTRAN statements, the user may call any of the available subrou-
tines or functions supplied with EMTDC, or may develop new routines if these are not suit-

able [10].
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DATA USER

FILE {—O WRITTEN
o FILES
SNAPSHOT
FILE
| X
{ FINISHED > STOP
: y no
' i
[
|
| CALL
I DSDYN
|
[
' WRITE USER  EMIDC
l| <« SNAPSHOT NETWORK subroutine  subroutine
IF NECESSARY| SOLUTION library library
CALL
DSOUT
OuUTPUT
STORE REQUESTED || FILE
< |

Fig. 3.1 — Simplified EMTDC Algorithm Flow Chart [11]

The data, necessary to run the program, such as time step, duration of analysis, number of
sub-systems being studied, existing elements in each sub—system, etc., along with the num-

ber of outputs and data about specific power system elements are fed to program through a
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datafile. The results of simulation, through the defined output channels, will be written in
an output or snapshot file. And finally, the number, the nature, and the transmission of output

variables is monitored by another user—written subroutine known as DSOUT.

Further details concerning the principles and methods used in EMTDC, along with instruc-

tions for using different aspects of this program, can be found in reference [10].

PE1 PE2 - PEn
< > BUS
MASTER
CP1 CP2 CPn
Y Y \
To other Parallel Processing Units CP : Communication Port

PE : Processing Element

Fig. 3.2 — Digital Simulator , Parallel Processing Unit [11]

3.3 — Machine Equations

Based on the results of analysis of the dual wound synchronous machine in Chapter two, the

following equations are used to simulate the machine.

Ll wéql —Riign Vai
d in -1 {w — Ryl -1 |Va2
— |2 = Lp N I : 3.1
de| i ~ Ry Doty 3.1
Ikd — Rigirg 0
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and,

4 [l 1 —wlcﬂ—Rll:ql Vgl
- i) = Lg —wﬂ,% —aRzzqz + Lél ng , (3.2)
kg — Kkglg

in which L7} and L@l are inverse matrices of Lp and L , respectively, and :

Lyp+Liop+Li Lyp+Liop Lup Lup
L. =| Lmp+Lip Lyp+Lip+Ly Lyp Lyp
D Lyp Lyp Lyp+Lzsp+Lsp  Lyp+Lagp
Luyp Lyp Lyp+Lzap  Lyp + Laap + Lap
and,

LMQ + L12Q + L1 LMQ + L12Q LMQ
LQ = LMQ +L]_2Q LMQ +L12Q +1y LMQ
LMQ LMQ LMQ + L4Q
Adrs Aqx . Aq1,and Ay are the same as those defined in equations (2.22), (2.23), (2.24),
and (2.25), respectively.
Equations (3.1) and (3.2) are directly derived from equations (2.26) and (2.27), respectively,

and have made it possible to express the machine equations in the standard State Variable

form of:

X = AX+BV (3.3)
in which the state vector X consists of the currents, and the input vector V consists of applied

voltages.

Also the following equations, derived in Chapter two, are used to find the complete solution

for the machine operation:

Tem=1ig Aar+igp Am—ia Agi—ig Ap (3.4)
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for electromechanical torque in the machine, and,

dw — Tem - Tmech. —Daw
dt J

(3.5)

for mechanical dynamics of the machine. And finally, equations (2.13), (2.14), (2.15), and

(2.16) will be used to find P1,0;,P;,and O, respectively.

EMTDC Network Solution
Py Oy Iy
- i,
. . I
Machine Equations i
X
Va iy
Vb Va1 — iy —> iy i
Ve qu Vg1 —> iql —_— )
Vx Vi) — Ij) — qu
Vy Vo —» ip—>
Vz
Vr Tm w
Exciter Governor
Model Model

Vrefj wref _f

Fig. 3.3 — Model Scheme for Dual wound Synchronous Machine [10]
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3.4 — Interfacing the Machine Model to EMTDC

The model derived for the dual wound synchronous machine in the current study is essential-
ly identical to the model of ordinary synchronous machine existing in EMTDC, while the
necessary modifications and additions are made to adopt the model to the new conditions

and requirements.

In this model, the machine is represented as a current source into the EMTDC network. In
this approach, terminal voltages are used to calculate the currents to be injected to the system

[10].

Interfacing of the dual wound synchronous machine to the EMTDC programis shown in Fig.
3.3. The machine is terminated to the network through its characteristic impedance. The rea-
son why this type of connection is chosen is discussed in details in reference [10] and will

not be repeated here.

3.5 — Interfacing with Mechanical and Control System

Unlike the synchronous machine model in EMTDC, which was essentially written for syn-
chronous generators and using it for simulation of synchronous motors necessitates some
minor modifications in the mechanical dynamics part of the program, the model developed
for dual wound synchronous machine has the ability to be used for both cases. The three pos-

sible cases, as they are introduced at the beginning of the program, are:
a) Motor— Generator case (M- G)

In this case, one set of the stator windings is connected to a three—phase voltage source, and
therefore acting in the motor mode. The other set of the stator windings will be in the genera-
tor mode and a three-phase voltage system, displaced by y , with respect to the voltage
source, will be generated in it. In this case, there is no need to govern the machine, and me-

chanical dynamics will be automatically determined within the program. The field voltage
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will be determined by system studies, i.e., the required level of reactive power generation

or consumption.
b) Generator— Generator case (G— G)

In this case, machine shaft will be driven by a prime—mover and the input mechanical torque
to the machine will be determined by the governor model, which in turn, uses the speed of
the rotor, w , as feedback. Two sets of three—phase voltages, displaced by y , will be gener-
ated in the stator windings, and the level of the generated voltages, along with the amount
of reactive power, will be determined by the exciter model. This mode of operation is of par-
ticular value for feeding 12 pulse rectifiers, which must be fed by two separate three—phase

voltage sets.
c) Motor — Motor case (M-M)

In this case, machine is fed by the output of a 12 pulse inverter, and the mechanical dynamics

will be determined within the program.

Fig. 3.3 depicts the complete connection of the machine with exciter and governor models

and with the EMTDC network.
3.6 — Programming

In this section, the programs written to model the machine will be introduced. The FOR-
TRAN codes are presented in Appendix A. The main program, which contains the formulas
of the machine, is subroutine DBLSYNC100. There are five support subroutines which help
the main program in calculating different necessary parameters. These subroutines are pres-

ented in two parts as follows.

3.6.1 — Subroutine DBLSYNCI00

Fig. 3.4 shows the flow chart of DBLSYNC100. The location of different parameters of the
machine in the array STOR(NEXC+ 1 ), i=1,100, is shown in Table 3.1. These parameters

are used and/or updated throughout the main program and the support subroutines. In this
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—Read Parameters

Y —Initialize Storage and Saturation Characteristics
No Change
V Set Interface Impedance

Do 300 J=1,ITER

Y

—Transform Applied Voltages
—Check for Change in saturation & Reinvert Inductance Matrix

—Solve for Currents & Mechanical Dynamics

—Transform Current & Add Compensation Current

Update Storage Index

v

Fig. 3.4 — Flow chart for DBLSYNC100 [10]

51



Table 3.1 - Locations of different variables of DBLSYNC100

Location Variable Description
1. (31) -xM Direct(Quad.)-axis saturated mutual reactance
2. (32) -X34 Direct(Quad.)-axis rotor mutual reactance
3. -X3 field reactance
4, (34) -x4 Direct(Quad.)-axis damper reactance
5. -R3 field resistance
6. (36) -R4 Direct(Quad.)-axis damper resistance
7. (37) -ut Direct{Quad.)-axis stator voltage
8. (38) -U2 Direct{Quad.)-axis Stator voltage
S. -UF field voltage
10. (40) -UK Direct(Quad.)-axis damper applied voltage
11, (41) -11 Direct(Quad.)-axis stator current
12, (42) -12 Direct(Quad.)-axis stator current
13, (43) -13 field (Quad.-axis damper) current
14, -14 Direct-axis damper current
15, (45)  -XIN(1,1) }
16.  (46)  -XIN(1,2) }
17.  (47)  -XIN(1,3) }
18.  (48)  -XIN(1,4) }
19.  (49)  -XIN(2,2) } inverted
20, (50) -XIN(2,3) } reactance matrix
21, (51)  -XIN(2,4) }
22, (52)  -XIN(3,3) }
23, (53)  -XIN(3,4) }
24, (54)  -XIN(4,4) }
25,  (55)  -PSIf Direct(Quad.)-axis flux linkage
26. (56) -PSI2 Direct(Quad.)-axis flux linkage
27.  (57) -X12 Direct(Quad.)-axis stator mutual reactance
28. ~-I1A phase a stator current
29, -IX phase x stator current
30. -NU per-unit speed
58. -J polar moment of inertia (p.u.)
59. -D mechanical damping
60. -0OMO base radian frequency
61-80. -(SFM,IM) mutual saturation curve
81. -TE electromechanical torque
82. -H inertia constant
83. -R1 stator resistance
84. -R2 stator resistance
85. -GG1N compensating conductance
86. ~GG2N compensating conductance
87. —-ANOM subroutine's activating signal
88. -X1 stator reactance
89. -X2 stator reactance
90. -XMDO unsaturated value of XM
91. ~VBASE1 base stator voltage
g2. -VBASE2  base stator voltage
93. ~ABASE1 base stator current
94, ~ABASE2 base stator current
95. -FB base field current
96. -THETA machine angle
97. -SFM mutual reactance saturation factor
98. -GAMA phase shift between two sets (rad.)
99-100. -spare

52



table storagelocations for variables 1 to 27 are for direct axis parameters and the correspond-
ing variables for quadrature axis are displaced by 30 locations. Internal machine quantities

can be easily observed via their storage locations.

The subroutine is defined as follows:

SUBROUTINE DBLSYNCI100(MS,NA,NB,NC,NX,NY,NZ, ANOM,EFD, TMECH,
+ TE,FLD,ITER,PREAL1,PREACT1,PREAL2 PREACT2,0MEGA,
+ CONSPD, THETA,DELTA)

The subroutine parameters are:

-MS,NA,NB,NC,NX,NY,NZ — Subsystem and nodes for phases a, b, c, x, y, and z,
—~ANOM —put ANOM = 1.0 to activate the subroutine,

the subroutine is skipped if ANOM = 0.0,
—-EFD — applied field voltage (EFD=1.0 for rated open circuit

voltage on the air—gap line,

—-TMECH — mechanical torque in per unit,
-TE — electromechanical torque in per unit,
~FLD — field current (FLD=1.0 when EFD=1.0 in steady state),
~ITER —number of subiteration steps (usually 1),
~PREAL1,PREAL2 —real power in per unit,
—PREACT1,PREACT2 — reactive power in per unit,
—-OMEGA — machine angular speed calculated within program
in RAD/ second,
—CONSPD ~ for M—G and M—M cases, CONSPD must be 0.0 or a

positive number. Mechanical dynamics will be
determined inside the model with initial speed
OMEGA=CONSPD,

— for G-G case, CONSPD must be negative and
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always: OMEGA= -CONSPD.
—~THETA —Rotor position at the end of each time—step,

in Electrical Radians. Always: 0 < THETA < 6.28.
-DELTA —The load angle between the field and the direct axis,

in Radians.

Circuit parameters of the machine are fed into the program via the datafile. The number of
cards (or lines) needed for transferring the data is seven, and these cards are entered directly
after the VAR list in the datafile, unless, of course, some other subroutines requiring data
cards are called in DSDYN before DBLSYNC100. The data, entered on each card are as fol-

lows:

~CARD1 —X1,X2,XMDO,X12D,X34D,X4D,X3D, where:

X1,X2 = stator leakage reactances (p.u.),

XMDO = d-axis unsaturated magnetizing reactance (p.u.),
X12D = stator d—axis mutual reactance (p.u.),

X34D = rotor mutual reactance )p.u.),

X4D = d—axis damper leakage reactance (p.u.),

X3d = field leakage reactance (p.u.).

—CARD 2 -XMQ,X12Q,X4Q, where:

XMQ = ¢—axis magnetizing reactance (p.u.),
X12Q = stator g—axis mutual reactance (p.u.),
X4Q = g—axis damper leakage reactance (p.u.).

—CARD3 —RI1,R2,R3D,R4D,R4Q, where:

R1,R2 = stator resistances (p.u.),

R3D = field resistance (p.u.),

R4D = d—axis damper resistance (p.u.),
R4Q = q—axis damper resistance (p.u.).
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-CARD4 -H,OMO,D,GAMA, where:

H = inertia constant ( MW-sec. / MVA ),

OMO = base angular frequency ( Rad/sec.),

D = mechanical damping (acting on p.u. speed),
GAMA = phase shift between stator windings ( degrees ).

-CARDS5 -X1,Y1,X2,Y2,...,X10,Y10, where : (Xi,Yi) are points on the

saturation curve.

—-CARD 6 —VBASEI,ABASE1,VBASE2,ABASE2, where:
VBASE = rated RMS phase voltage (KV),
ABASE =rated RMS phase current (KA).

—CARD7  —Initial values for: THETA,ID1,ID2,IQ1,IQ2,ID3.

The circuit parameters, entered via the first three cards, are in per unit system.The per unit
system used in this model is described in reference [10]. In this system the base values are

as follows [12]:

Vbasel =Vao (rms),
Viasez = Ve (rms )

Ibasel =Ta0 (rms),

IbaseZ = Ixo (rms).

The same voltage bases are used in the dq system, but the base currents are El ao and —3—] X0 -
In both systems:

Prase1 = 3Vao s,
and, Prpaser =3V Ly .
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The associated bases are:

Wpgse = rated radian frequency  (usually 376.99 rad/s for 60 Hz ),
Vao
Wpgse

VXO

Wpase

Dpuse1 = ( base flux linkage ),

®Ppuser = ( base flux linkage ),

Wy .
Vhase = — ( base mechanical speed ),

Pole Pairs

0

=— ( mechanical angle ),
"™ Pole Pairs

P
Trase = base ( electromechanical torque ),

base

P base
Wpgse (Vbase)2

Jpase = (‘angular moment of inertia ).

It must be noted that the problem of saturation in the machine electromagnetic circuit is taken
in accountin the model, by considering the fact that the saturationin Xj,p is the only satura-

tion with considerable effect on machine operation [10]. For this purpose, the saturation

curve of the machine is fed into the program via the datafile, and the saturation factor for
Xpp is determined in support subroutine SATRN, based on the magnitude of the magnetiz-
ing current :

iyp =ig1+ip+ if+ Ikg - (3.6)
The matrix LBI isre~calculated each time there is a significant change in the saturation fac-
tor.
And finally, in order to solve the equation (3.3), the Trapezoidal Integration is used. In this

method if;

X = AX +BV
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then:

AX(O)+AX(@E-A 9 A i BYV®)+BV(E-A 1)

At
2 2

X() =X({—A 0+
in which X is the current vector [13].

3.6.2 — Support Subroutines

The following subroutines support the DBLSYNC100 subroutine. These subroutines do not

require storage locations, but may use or update the storage variables:
SUBROUTINE DINVERT(IX,N)

This subroutine is called by DBLSYNC100 and inverts the direct axis reactance matrix
(IX=0) and the quadrature axis reactance matrix (IX=30). The rank of matrix (N*N) may

be either 3 or 4 and must be specified.

SUBROUTINE DAXIS(D,DD,Q,DQ,IXD,IXQ)

This subroutine gives the AX + BV terms in the equation (3.3). The inverted matrices LBI

and L@l are specified by IXD=0 for Lp! and IXQ=30 for Lél .

SUBROUTINE DTRDQO(A,B,C,X,Y,Z,D1,Q1,01,D2,Q2,02, THETA,GAMA IDIR)

This subroutine performs the three—phase to dqo transformation(IDIR=1) and the inverse

dqo to three—phase transformation (IDIR=-1), according to equations (2.10) and (2.11).
SUBROUTINE DSAT(S)

This subroutine stores the saturation characteristic for mutual magnetizing (IS=63). This
subroutine is called by DBLSYNC100. Ten pairs of of points (I,SF) are stored, where SF is
the saturation factor and I is the per unit current. When entering data (via card 5 in datafile)
the first point must be (0.0,1.0) and the second (I1,1.0), where 11 is the per unit current at
which the onset of saturation occures. If less than ten points are available, the last pair should

be (-1.0,—1.0). When the saturation factors are entered, the subroutine checks for monotoni-
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cally decreasing factors with monotonically increasing currents, and returns.

Alternately, a current-voltage characteristics may be entered with the first pair of points
(0.0,0.0) and the second (I1,V1), where I1 is the current in any units at which saturation com-
mences. The voltage must be input in per unit. Again, if less than ten points are available the
last pair entered must be (—1.0,—1.0). The program in this case replaces the voltage with the
saturation factor and re—scales the current to a per unit value, based on the unsaturated value

of reactance previously input [10].
SUBROUTINE SATRN(C,SFILSFT,IS)

This subroutine determines saturation factors based on the magnetizing current. The instan-
taneous saturation factor is determined by linear interpolation between points on the curve
and by an exponential decay beyond the last point (this ensures that for every high current,
the reactance remains positive). The tangential saturation factor is not interpolated and is ob-

tained directly from the entered data.

3.7 — The Results of Machine Analysis by DBLSYNC100

In this Section, the results of analyzing a dual wound synchronous machine by EMTDC, us-
ing the DBLSYNC100 subroutine will be presented. The data used for the model are bor-
rowed from the reference [14], and are measured by standard techniques on a synchronous
machine with two sets of stator windings, displaced by 30°. The above measurements have
been made with the two sets of stator windings being connected in series, i.e., a and x, b and
¥, and ¢ and z have been connected in series to form three single split coils. Therefore, neces-
sary modifications were made on all parameters to extract the corresponding data for the dual
wound case. Except for angular inertia, J, which has been assumed to be equal to 500 p.u.,
the other parameters, derived from the above modifications, are presented in Table 3.2.

The machine is connected to a power system by one stator set, and is brought to steady state
atrated speed. At TIME=3.0 Sec., an electric load is applied to the other set of windings, as

is shown in Fig, 3.5.
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Table 3.2 — Parameters of the Test Machine

Parameters p-u.
Xa 0.0279
Xx 0.0279

XMD 0.3268
X34D 0.0
X120 0.0
Xkd 0.0756
Xf 0.0394
XMQ 0.1395
X12Q 0.0
Xig 0.1395
Ry 0.042
Ry 0.042
Rig 0.181
Ryg 0.1109
Ry 2.25E-3

Fig. 3.5 — The dual wound synchronous machine

The characteristics of the system and the load are as follows:
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System Load
Vi =104 V S =6200 VA (0.83 P.U.)

f=60 Hz cosg =0.8

The applied voltage, v, , along with the generated voltage, v, , are shown in Fig. 3.6. Be-
cause of the absence of any significant current before the connection of the load, these volt-
ages are almost equal, and are displaced by ¥ = 30°. After the load is connected to the ma-
chine ( at TIME=3.0 Sec. ), because of the voltage drop in stator leakage reactances and

resistances, the magnitude of vy is slightly smaller than that of v, .

InFig. 3.7, the current drawn from the source, i, , and the load current, Iy ,are shown. Before
the connection of the load, i, is zero. After the load is connected to the machine, because

of the fluctuations in the speed, and thus the consequent fluctuations in the direction of reac-

tive power transferred between the network and the machine, i, has some fluctuations, and

after about 1.0 second it reaches to its steady state, as it can be seen in Fig. 3.10 to Fig.3.14.

InFig. 3.8 and Fig. 3.9, voltages and currents of the source and the 1oad are shown respective-
ly.
In Fig. 3.10, the per unit speed of the machine, @ , and the electromechanical torque, 7,

are shown, before and after the connection of the load.

Fig. 3.11 shows the field voltage and current, vr and ir, both in per unit. Fluctuations in field

current, because of the induced currents in it, after the load is connected, are evident.

Fig. 3.12 and Fig. 3.13 show the real and reactive powers, respectively, for both sets of ma-

chine windings.

And in Fig. 3.14, the currents in the rotor damper bars, iz and Ixq , are shown. The depen-

dence of these currents on the speed of the rotor, and the fact that these currents are zero in
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It is evident that because of the low magnitude of the the field voltage, i.e. vy=0.5 P.U.,
the machine is underexcited. Simulation of the machine in overexcitation mode, with
vr=1.25 P.U., shows that the starting and the steady—state behavior of the machine is al-

most the same, except for the direction of the reactive power associated with the source—side

winding, and the angle between source voltage, v, , and source current, i, .

The simulation was repeated for the overexcited machine, and some important results are

presented here ( load is applied at TIME=4.0 sec. ).

Fig. 3.15 shows v, and i,, and the fact that i, is leading the v, can easily be seen.

In Fig. 3.16, field voltage and current, vs and ir respectively, along with the variations in

the magnitude of the field current after the load is applied, are shown.

And finally, in Fig. 3.17, the reactive powers of the source and the load are shown. It is evi-
dent that before the application of the load on the machine, the source—side winding is inject-
ing a 0.6 P.U. reactive power into the system. After the connection of the load, the injected
reactive power decreases to meet the demand for reactive power on the load side, but the ma-
chine still injects some 0.18 P.U. of reactive power into the system. This feature of the dual
wound synchronous machine is the reason why it is an ideal tool to be used along with the

“Load commutated inverter”, as it will be discussed in the next Chapter.

The last important fact, derived from the results of the simulations, is that the variations in
the voltage and power magnitude, raised from the variation of the load, are mostly concen-
trated in the source side, and the load voltage and power are almost constant. This ensures
the flow of the power to the load to be smooth and reliable, without having unwanted voltage
fluctuations on the load. This advantage of the dual wound synchronous machine can be at-
tributed to the stored kinetic energy in the machine rotor, and the transformer action between
the two sets of windings, which is not largely affected by the small variations in the rotor

speed.



Fig. 3.15 - Source Voltage & Current
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During the simulation of the machine, it was noticed that the starting current is very high,
and the machine can not synchronize with the 60 Hz system with an inertia, J, larger than
about 50 p.u. A double check was made on the machine to make sure that the measured pa-
rameters and the proposed equivalent circuits are in reasonable margins with the actual ma-

chine.

First, it was observed that the starting current, with applied voltage of about 0.2 p.u., is higher
than 15 p.u., and this is because of the fact that the machine is designed as an AC alternator,
and therefore its damper bars are not designed to help start the machine from standstill by

induction machine action.

Then, at standstill, with @ = 0° ,a0.07 p.u. voltage was applied to the machine, and currents
in phases a, b, and ¢ were measured. The same voltage was applied to the equivalent circuits,
after transforming it to the dqo system, and the currents were found from circuit analysis.
The results of analysis were in very good accordance with the measured quantities, and thus
re—ensuring that both the equivalent circuits and the modified parameters of the machine are

realistic and reliable.

3.8 — Summary of the Chapter

In this chapter, the digital model developed to analyze the dual wound synchronous machine,
subroutine DBLSYNC100, and its support subroutines, as well as the possible ways to use

this model in conjunction with EMTDC program, were introduced.

Atthe end, the results of the simulation of the machine, by the above mentioned model, were

presented.
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Chapter Four

System Studies

4.1 - Introduction

In this chapter the dual wound synchronous machine model, developed and discussed in pre-
vious chapters, will be used in conjunction with other EMTDC program models, such as rec-
tifier, distributed transmission line, thyristor, etc., to digitally assemble the proposed
scheme, and to examine some operating aspects of the system. Starting the synchronous ma-
chine from standstill and bringing the speed torated value, using the Static Variable Frequen-
cy Systems ( SVFS ) technique, will be simulated, and proper control regimes to govern the

operation of the whole system will be introduced in a general manner.

Detailed study of the steady state operation, including harmonic analysis and the response
of the system to load variations, as well as its response to various faults, requires the complete
study and design of the control regimes, which due to its complexity is considered to be be-

yond the scope of this project, and is suggested to be the subject of an independent project.

4.2 — SVFS Techniques for Starting Synchronous Machines

Large synchronous machines, in general, need the help of an electrical or mechanical drive
to start from standstill, or even from low speeds. The general task of such starting devices
is to accelerate a rotating machine up to a speed at which it can begin to run on its own, or
can be synchronized to a main supply system. This speed is highly dependent on the specific
application for which the synchronous machine is used, as well as the characteristics of the
machine itself. Common types of these starters include: starting with DC/AC starter motors,
diesel prime-movers, asynchronous starting, frequency startin g with exciting machine

group, Unger connection, etc. All these starting schemes have their own advantages and lim-
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itations. A summary of technical features of these methods can be found in references
[15,16].

A novel method for starting synchronous machines, which has been in use for more than two
decades now, is the Static Variable Frequency Starting ( SVFS ). This method, which em-
ploys the solid state technology helps the machine start from standstill by applying a phase

synchronized, variable frequency voltage, generated by semiconductor devices.

Compared to other methods of starting, the SVFS method has so many advantages which
makes it unique in the class of starters. Some of these advantages include: the possibility of
remote installation from the machine, the possibility of using one start up system for several
machines, the capability of controlled braking, the capability of variable speed, minimal
voltage drop in the supply network during the start up, etc. Some other advantages can be
achieved by proper design of the system. For example, the harmonic disturbances can be re-
duced by choosing proper pulse—numbers for converters, and the relative cost can be mini-

mized by increasing the number of machines which use the same start up system [15,16].

4.2.1 — Technical Features

The SVFS system receives power from a supply system at constant voltage and frequency,
and converts it into power with variable voltage and frequency, in order to start and acceler-

ate a synchronous machine. Fig. 4.1 shows the principle diagram of such a system.

The conversion is achieved through the two thyristor groups with three phase bridge connec-
tions and a DC buffer circuit. This buffer circuit, normally a reactor, performs the task of de-

coupling the different three phase bridge frequencies and smoothing the DC current, ,, .

The power required to start the machine is dependent on the following parameters: a) Magni-
tude and curve—shape of opposing torque on machine shaft, b) Moment of inertia of the ma-

chine, and c¢) Run up time and speed [15].

At low speeds, where machine voltage is not large enough, the commutation in the inverter

is achieved by pulsing the rectifier, i.e., by bringing the current in the inverter to zero by
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! = Main supply system N1 =Rectifier

i = Auxiliary supply system Nz =Inverter

A1, Az,A3 = Circuit breakers N3 = Converter for excitation
T = Transformer K  =Reactor

Fig. 4.1 — Static Variable Frequency Starter [15]

forced retarding in the rectifier. When the speed and consequently the generated voltage in
the machine is large enough, the commutation in the inverter is done by these voltages, and

through a proper control regime, the speed can be brought to rated value.

In Fig. 4.2 the block diagram of the control system, used for starting the machine is shown.
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Fig. 4.2 — Block diagram of the starting system

At the beginning of the starting process, based on the position of the rotor, i.e., the value of
6 , the two thyristors in the inverter which can produce the maximum electromechanical

torque on the shaft are chosen and fired.

Idc

—
O %Qs g;Qs )

SM

Q4 Os (0))

Fig. 4.3 — Thysistors connected to each machine phase

Examining the inverter in Fig. 4.3 shows that the electromagnetic field produced in the air—
gap of the machine is maximum in directions dictated by the chosen combinations of con-
ducting thyristors. It was stated in Chapter One that at each instant two thyristors, one in the

upper group and one in the lower group, must be conducting. Also, it was conventionally
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accepted in Chapter Two that 6 =0 when the field axis is aligned with the axis of phase a.
Considering above points, the six possible directions of the electromechanical field, pro-

duced by the stator windings in machine air—gap are shown in Fig. 4.4.

6,1 v 1,2

5,6 <@

T D e oo o e Do oo - O

c’ b
45 34
Q1,Q2 : Into phase a, out of phase ¢ Q4,Q5 : Into phase c, out of phase a
Q2,Q3 : Into phase b, out of phase ¢ Q5,Q6 : Into phase c, out of phase b
Q3,Q4 : Into phase b, out of phase a Q6,Q1 : Into phase a, out of phase b

Fig. 4.4 — Direction of stator electromagnetic field

Since the electromechanical torque produced by the interaction between the electromagnetic
fields of rotor and stator is proportional to the sine of the angle separating them, the maxi-
mum torque will be produced if the angle between these two fields is 90° or as close as possi-
ble to 90° . Based on this simple principle, the correct combinations of conducting thyristors

in the inverter, for each definite interval of @ , are shown in Table 4.1.



Table 4.1 — Correct combination of conducting thyristors

6 Upper group | Lower group
0-60 3 2
60—120 3 4
120180 5 4
180 —240 5 6
240 -300 1 6
300 -360 1 2

Having the rectifier producing necessary DC voltage and current, and when the appropriate
combination of thyristors is chosen and fired by the control system, the produced torque will
force the rotor to rotate in such direction leading to a decrease in the displacement angle be-

tween the two fields.

If the rotor passes the axis of the stator field, the direction of the torque will be reversed, and
thus, the gained speed will be suppressed. So, before this happens, the flow of power to the
machine must be stopped. This is performed by a sudden increase in the value of firing angle
in the rectifier, i.e., @ will be pushed to a value greater than 90 . This causes the DC voltage
to drop to a negative value, and the negative voltage not only stops the flow of current into
the inverter, but also helps the conducting thyristors to regain their blocking ability. When
the thyristors are fully turned off the rectifier will be reactivated, and the control system fires
the next combination of thyristors based on the new position of the rotor, The new torque
helps the rotor, which has already gained some momentum, to accelerate. This process of
on—off pulsing continues until the machine has gained enough speed. At this point, the gener-
ated voltages in the machine start to perform line commutation on the inverter thyristors. A
proper control regime, which governs the flow of real power into the machine based on the
speed, then can bring the speed to its rated value and keep it inside an allowed interval of

variations. Such a control regime must use rated speed and rated DC current in transmission
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line as settings, and real speed and real DC current as feedbacks to determine the value of
a in the rectifier. The firing signals for the inverter are produced based on the phase of volt-
ages generated in the machine. This can be achieved by a Phase Locked Loop, or by deriving
the phases directly from ¢ , by knowing the rotor load angle, ¢ . The block diagram of such

control system is shown in Fig. 4.5.

R SM
— L

[ Y Y Y XY
a —( T4co Firing 0
— Pulses
W —n& w
0—"E

Fig. 4.5 — Block diagram of the accelerating system

4.2.2 - SVFS with a Long Transmission Line

The techniques introduced in the previous section for starting synchronous machines have
been successfully designed and implemented in industries. Moreover, the SVFS system is
not only capable of starting a synchronous machine, but also of driving it at variable speed
[15,16]. An example of such a system, used in conjunction with a dual wound synchronous

machine for supplying railway coaches, is presented in reference [17].

Using the above mentioned system for supplying remote loads, i.e., with a lon g transmission
line between the rectifier and the inverter, however, presents new problems which must be
carefully considered. The first problem arises in the starting process, where the current in

transmission line must be reduced to zero, each time an off signal is released. This can be
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particularly hard to achieve, if the line has a significantly large inductance. Other problems
arise during the steady state operation and during faults on the line or converters, but will

not be discussed in the current study.

In order to examine the operation of the system in the presence of a long transmission line,
the control systems introduced in previous section, along with a transmission line between
the two converters were digitally simulated. The model chosen for transmission line, in par-

ticular, showed a great amount of influence on the outcome of the simulations.

The diagram of the system is shown in Fig. 4.6.

0's
I = Supply system N1 = Rectifier
T = Transformer N>=Inverter

K =Transmission line

Fig. 4.6 — Studied system

Two different transmission lines were selected. Line number one was chosen from reference
[18] and was modelled with lumped parameters. Table 4.2 shows the specifications of this

transmission line.
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Table 4.2 — Line number one specifications

Code word Dove
Length km 150

DC,200C R, Q / 1,000 ft 0.0307
Inductance L, mH / mile 1.114

CapacitanceC, uF / mile 0.0275

The above mentioned line was simulated in two ways. First it was represented by a single

T—model [18] as shown in Fig. 4.7.

R/2 L/2 L/2 R/2

o—" AN g YA

— C
R=151Q
L =103.8 mH
C =2.56 uF

Fig. 4.7 — T-model line

The machine speed for this starting simulation is shown in Fig. 4.8. The firing angle in the
rectifier for this simulation and also for other simulations is kept at such values which do not

result in high currents in the line.
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Fig. 4.8 - Speed with T-Model T. Line
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Next, the line was represented by a multiple pi-model [18], consisting of 10 resistors equal

to R/10, 10 inductors equal to L/10, and 9 capacitors equal to C/9, as is shown in Fig.4.9.The

machine speed is shown in Fig. 4.10.

R/10 L/10 L/10 R/10

R/10 L/10  1/10 R/10

- - .-

IC/9 I C/9 I IC/9

Fig. 4.9 — Multiple pi-model line

Fig. 4.10 - Speed with Multiple pi-Model T. Line
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Transmission line number two was selected from reference [19] and modeled with distrib-
uted parameters [18]. The specifications of the line, as well as necessary inputs to the distrib-

uted parameter model for transmission lines in EMTDC program are presented in Table 4.3.

Table 4.3 — Distributed parameter model for transmission line

Conductor #(1-1) ——> 1

Conductor Name: Partridge Line Leneht(km 100
Conductor Type (AC/DC) DC e Lenght(km):
V(kV)(AC.L-L,rms,DC.L-G,pk): 22.5

V Phase(Deg.): 0.0 Gnd Res.(ohm—m): 100
Line I (kA)(AC:rms/DC:pk): 0.045

Line I Phase(Deg.): 0.0 Low Freq.(Hz): 1.6
# of Sub—Conductors: 1 )

Sub—Cond Radius(cm): 1.613 High Freq(Hz) 100
Sub—Cond Spacing(cm): 1.0

Horiz. Dist. X(m): 0.0 Non-Transposed Conductors
Height at Tower Y(m): 18.0

Sag at Midspan(m): 45 Transform Freq.(Hz): 1.6
DC Resistance(ohms/km): 0.219

The machine speed is shown in Fig.4.11.

Fig. 4.1 - Speed with Distributed T. Line Model
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Next, the process of accelerating the machine, using the generated voltage in the machine
for commutating in the inverter was simulated. Transmission line was modelled by distrib-
uted parameters, and it was assumed that the machine has been successfully brought to 0.25

p-u. speed. The result of first simulation, using the control regime shown in Fig. 4.5 and set-

ting the I, =1 p.u.is shown in Fig. 4.12.

Fig. 4.12 - Speed with Idc0=1.0
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It is obvious that the system is able to drive the machine well above the rated speed, if the

setting of the control system, I., , is not dynamically adjusted.

To make the process of acceleration confined to the range of rated speed, the DC current set-

ting for control system was dynamically changed according to the following equation:

0.95 * (30.0 -TIME
lio = (30 0 ) + 0.05 p.u. , TIME < 30.0

(4.1)
lico = 0.05 p.u. , TIME > 30.0

The result is shown in Fig. 4.13.
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Fig. 4.13 - Speed with Variable IdcO
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Since the DC current setting does not approach zero, when the rated speed is achieved, the

machine speed still tends to increase beyond the rated value.

Finally, the control system is adjusted to use the speed as a feedback and stop supplying pow-
er to the machine when the machine is working at rated speed. In other words, the machine
is acting like a DC machine, in which the electromechanical torque is adjusted by the current

flowing into the machine. The result of this simulation is shown in Fig. 4.14.

Fig. 4.14 - Speed
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All the above simulations indicate the existence of a very strong possibility of starting and
accelerating the synchronous machine in the presence of a fairly long transmission line. The

importance of transmission line parameters is shown clearly.

Compared to the majority of conventional cases, in which the synchronous machines need
to be started while having mechanical loads on their shafts, e.g. in gas turbines, pumps, etc.
[15], the proposed scheme does not impose any mechanical load on machine shaft, and the
application of the electrical load has to be delayed until the rated speed and the steady state
have been achieved. This fact positively contributes to feasibility of the system anticipated
operation, and can be regarded as the reason behind the relatively short starting times in the

above simulations.

The FORTRAN codes of dynamic subroutines modeling the above systems, as well as the

data files used in conjunction with EMTDC program are presented in Appendix B.

At this point, it is worthwhile to elaborate on the reason why the current source inverter (CSI)
has been selected for the proposed scheme, whereas in the project proposal a voltage source

inverter (VSI) was suggested.

In VSIinverters, because of the stiff DC voltage applied on the inverter thyristors, there exist
six diodes, each reversely connected in parallel with one thyristor. During the commutation,
the current is diverted from the conducting thyristor and is forced to close its path through
the reverse diodes. The forward voltage drop across the diode is large enough to help the out—
going thyristor regain its blocking ability. During the starting simulations, these reverse
diodes imposed a negative impact on the starting process, thus preventing the machine from
accelerating. In other words, through the path provided by these diodes, the current in the
machine windings was able to continue to flow, even when the current in the line had been
reduced to zero. The continuous flow of current in the machine produces an alternating
torque, which tends to dampen the machine speed, and therefore neutralizes the starting pro-

cess. The use of CSI, which does not have reverse diodes, eliminated this problem easily.
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Moreover, the VSIis highly dependent on the machine generated reactive power for its com-
mutation. The machine must generate enough reactive power to supply the load and to make
the inverter output current lead its voltage, if the commutation is to be achieved successfully.
This can not be guaranteed when the variations in the load are large and unpredictable. In
other words, an abrupt increase in the reactive power demand in the load, can lead to commu-
tation failure in the inverter. The CSI, because of its dependence on the voltages generated
in the machine, and because of its ability to adjust its frequency to the machine speed, does

not face such a risk.

Use of the CSTinstead of the VST, however, creates anew disadvantage. When using the VSI,
the rectifier is responsible for supplying a stiff DC voltage to the system. This can be
achieved by setting a constant value of firing angle in the rectifier, without the need to send
any feedback from the machine to the rectifier. Other controls are done at the inverter loca-
tion. But, with a CSIinverter, in order to control the machine, the current injected to the in-
verter has to be adjusted, based on the feedbacks coming from the machine. In the case of
remote loads, where the rectifier and the machine are separated by long distances, the feed-
back signals must be sent to the rectifier through a reliable communication system, and the

failure of the communication system will lead to the failure of the whole system.

It can be concluded from the above facts that the proposed scheme probably can not be re-

garded as the best choice for supplying the remote loads.

4.3 — Control Regimes

The last closed-loop control system used in previous section, and depicted in Fig. 4.5, has
the ability of governing the system under different load conditions. It detects the variations
in the speed, resulted from the variations in the load, and by means of decreasing or increas-
ing the frequency inside the inverter, i.e., increasing or decreasing the speed of sending firin g
signals to thyristors respectively, keeps the machine and the inverter in synchronism. Then,

by changing the power flow into the inverter, the control system brings the speed back to its
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rated value. A machine working under such control system is called a ” Self~Controlled Syn-

chronous Machine” ( SCSM ).

Various SCSM control schemes are introduced in literature, including, for example, refer-

ence [20].

4.4 — Summary of the Chapter

In this chapter, the proposed scheme was digitally simulated. It was observed that regardless
of the model chosen to represent the transmission line, the machine can be started by the
SVES techniques, and that the machine speed can be brought to the rated speed by imple-
menting a proper control system. The importance of a communication system between the

rectifier and the machine was also underlined.
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Chapter Five

Conclusions and Recommendations

5.1 - Conclusions

During the course of the current study, the dual wound synchronous machine was analyzed
from the circuit point of view. The impedance matrix of the machine was derived from analy-
sis and confirmed by experimental tests. Separate dqo transformations were applied to the
two stator windings to develop the two—axis model of the machine. This model provided the
equivalent circuit from which steady—state operation could be determined as well as the state

form of the machine equations for transient analysis.

Using the results of the above analysis, a digital simulation program for transient and steady
state operation of the machine was developed. The program is a compatible subroutine for
the EMTDC program. Simulation of the machine by the above mentioned subroutine, named

DBLSYNC100, showed good agreement with laboratory observations.

Using the DBLSYNC100 subroutine, the results of the machine simulation showed that the
machine can be conveniently controlled in terms of voltage and reactive power generation,
as well as speed regulations. Also, it was observed that while working under motor—genera-
tor conditions, the machine does not transfer transients in the motor side to the generator side,
thus preventing large variations of voltage on the electric loads, when the machine is experi-

encing transients on the motor side.

Finally the proposed system consisting of a three phase rectifier, a 150 km long transmission
line, an inverter and a dual wound synchronous machine was simulated. The synchronous
machine is responsible for supplying the electric energy, as well as performin gthe load com-
mutation on the inverter. The main objective of these simulations was to examine the feasi-

bility of starting the synchronous machine by static variable frequency systems, and to ob-
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serve the interaction between the machine and the inverter in the accelerating mode, both

in the presence of a monopolar DC transmission line.

It was shown that the system can be successfully started, using various models for the trans-

mission line.

Since the inverter is dependent on the synchronous machine for commutation, the inverter
must be a current source inverter. The control system must regulate the firing delay angle

in the rectifier to regulate the accelerating or decelerating torque in the machine.

The major disadvantage of the proposed scheme is that the speed of the machine, as well as
the flow of the power to the load must be controlled by the rectifier, which is located at a long
distance from the machine and the load. This necessitates the existence of a reliable commu-
nication system between the load location and the rectifier site. Consequently, the failure of
the communication system will result in the complete failure of the system. Also, the varia-
tions in the machine speed, and consequently in the load frequency, must be compensated
by the rectifier, through supplying proper amount of the DC current to create enou gh acceler-
ating or decelerating torque in the machine. This can create oscillations in the system, de-

pending on the speed at which the current can be changed in the transmission line.

5.2 — Recommendations

Although the feasibility of the proposed system for supplying remote loads was shown by
simulations, it is recommended that the control systems be designed and simulated in con-
junction with other elements of the system, and the steady state and the fault response of the

system be observed for the specific conditions of the remote load to be supplied.
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Appendix A

RTRAN Codes of Subroutine
DBLSYNCI100
and the Support

Subroutines
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SUBROUTINE DBLSYNC100(MS,NA,NB,NC,NX,NY,NZ,ANOM,EFD, TMECH,

+TE,FLD,ITER,PREAL1,PREACT1,PREAL2,PREACT2 ,OMEGA , CONSPD,
+THETA ,DELTA)

This is the salient-pole double wound synchronous machine simulation
subroutine. This subroutine calls the following support
subroutines:

The

DINVERT(IX,N)

DAXIS(DI,DDI,QI,DQI,IXD,IXQ)
DTRDQO(A,B,C,X,Y,2,D1,01,01,D2,02,02,THETA ,GAMA, IDIR)
DSAT(IX)

SATRN(C,SFI,SFT,IX)

machine can be run in three ways:

. The Motor-Generator case (M-G case). One side is connected to the

power source, and the other to the electrical load. There may
or may not be some mechanical load on machine's shaft.

. The Generator-Generator case (G-G case). The machine is run by a

prime-mover and two sets of three-phase voltages, displaced
by GAMA, are produced by the machine.

The Motor-Motor case (M-M case). The stator's windings are connected
to two separate three-phase voltage sets, or are fed by the
output of a 12 pulse inverter.

argument parameters are:

MS,NA,NB,NC, - Subsystem and nodes for phase a,b,c,
NX,NY,NZ X,y, and z.
ANOM - Put ANOM = 1.0 to activate the subroutine ;

subroutine is skipped if ANOM = 0.0 .

EFD - Applied field voltage (EFD=1.0 for rated
open circuit voltage on the air gap line;
(SEE SECTION 10.1.3 of Manual).

TMECH - Mechanical torque in per unit.
MUST BE A GLOBAL VARIABLE.
Input variable for M-G and M-M cases.
Output variable for G-G case.

TE - Electromechanical torgue in per unit.

FLD - Field current (FLD = 1.0 when EFD = 1.0
in steady state; SEE SECTION 10.1.3 of Manual)

ITER - number of subiteration steps (usually 1).

PREALT,PREAL2 Real power in per unit (positive for

generator operation)for sets 1 and 2.

PREACT1,PREACT2 Reactive power in per unit supplied by the
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- OMEGA

CONSPD

- THETA

DELTA

The input
(T=0) from

- CARD 1-

- CARD 2-

CARD 3-

I

1

CARD 4-

CARD 5-

- CARD 6-

machine (positive for over excitation)
for sets 1 and 2,

- machine angular speed calculated within
program in RAD/S.

- For M-G and M-M cases, CONSPD must be 0.0 or a
positive number. Mechanical dynamics determine
the speed with initial speed OMEGA=CONSPD.

- For G-G case, CONSPD must be negative and
OMEGA=-CONSPD.

- Rotor's position at the end of each time-step,
in Electric Radians . Always: 0 < THETA < 6.28.

- The load angle between the field and the direct
axis, in Radians.

parameters to be read only at the beginning of the run
the data file in free format are:

Direct-Axis Rectances: Stator Leakages, X1 and X2;
Unsaturated Magnetizing ,XMDO; Stator Mutual Leakage,
X12D; Rotor Mutual Leakage, X34D; Damper Leakage, X4D;
Field Leakage, X3D.

Quad.-Axis Reactances: Magnetizing, XMQ; Stator Mutual
Leakage, X12Q; Damper Leakage, X3Q.

Resistances: Stator,R1 and R2; Field, R3D; Direct-Axis
damper, R4D; Quad-Axis Damper, R3Q.

Ineria Constant, H; Base Angular Freg, OMO;

Mechanical Damping, D; Phase Shift Between Two Sets

Of Stator Windings, GAMA (in degrees).

PLEASE NOTE THAT D IS USED TO ALLOW FOR WINDAGE AND
ROTATIONAL FRICTION AND THUS OPERATES ON THE P.U. SPEED
OF THE MOTOR. IF D>0.05, D IS LIMITED TO .05 !

The saturation curve is stored as pairs of points
(1,SF), beginning at (0.0,1.0) and (11,1.0) where
SF is the saturation factor and I1 is the per unit
current at which the onset of saturation occurs.

A maximum of 10 pairs of points can be stored.

If less than 10 pairs are used the last pair must
be (-1.0,-1.0). The saturation curve in per unit
may be input directly or the voltage-current
characteristic may be entered again

starting with (0.0,0.0) and (11,v1) to (19,V9) or
{-1.0,-1.0). See subroutine SAT(IX) for further details.

VBASE1, ABASE!, VBASE2, ABASE2
Rated RMS Phase Voltages in KV, and Rated RMS Phase
currents in KA, For Both Sets.
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- CARD 7- Initial values for: THETA, ID1, ID2, IQ1, 102, ID3

Where:
- THETA is the angle that the D axis of the rotor
leads the A phase winding axis towards the
B phase winding axis ( The physical rotor angle ! )

THETA = Load Angle + PI + Phase A Terminal Voltage
Sine Wave Angle.

- ID1 is the stator's 1st set current transformed
to the D axis.

- ID2 is the stator's 2nd set current transformed
to the D axis.

- IQ1 is the stator's 1st set current transformed
to the Q axis.

- 102 is the stator's 2nd set current transformed
to the Q axis.

- ID3 is the field current

All currents are referenced on the internal current
p.u. bases.

Note: The Q axis leads the D axis in this model and the
curents ID1, ID2, 1Q1, and IQ2 are defined as positive
into the machine.

khkkhhkkhhdhhdrhkhhkhdkkrd

P IS POS. CUT OF THE MACHINE

Q IS POS. OUT OF THE MACHINE
Khkkhkhkkkhhrh kAR Ak kkhhk %k

INCLUDE 'emt.df
INCLUDE ‘emt.e'

VARIABLE DECLARATIONS

REAL ABASE1,ABASE2,ANOM,ATER,AT

REAL CINA,CINB,CINC,CINX,CINY,CINZ,CLA,CLB,CLC,CLX,

+ CLY,CLZ,CON,CONSPD

REAL D,DDI,DDT,DED,DELT,DELTA,DEQ,DHT,DI ,DQI ,DT ,DTHET ,DTHET 1
CHARACTER*72 DUMLIN

REAL EDI,EFD,EQI

REAL FINTIM,FLD

REAL GAMA

REAL H

REAL 1A,IB,IC,IX,IY,1Z,IM

INTEGER I,ICH,IIN1,ITER,IXD,IXQ

INTEGER J

INTEGER MS

INTEGER N1TEST,N2TEST,N3TEST,N4TEST,NSTEST,N6TEST ,N7TEST,
+ NA,NB,NC,NEXC,NX,NY,N2Z

REAL NU

REAL 01,02,0MEGA,OMO

REAL PGB,PREACT1,PREACT2,PREAL1,PREAL2,PRINT,PSID1,PSIQT,
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+ PSID2,PSIQ2

REAL QI

REAL RAMPV1,RAMPV2

REAL SA1,SA2,SFMT,SFMI,STOR

REAL TE,THETA,TIME,TMECH,TS

REAL UD1,UD2,UF,U01,U02,U01,UQ2

REAL VA,VAR,VB,VBASE1,VBASE2,VC,VX,VY,VZ

REAL X1,X2,X12D,X12Q,X34D,XD11,XD22,XF,XI1,X12,X13,X14,
+ X15,XI16,XKD,XM, XMDO, XMQ, XT1

COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM

COMMON /S2/ STOR(ND10) ,NEXC

COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)

COMMON /S9/ N1TEST,N2TEST,N3TEST,N4TEST,N5TEST,N6TEST,

+ N7TEST

DIMENSION DI(4),0I(4),DDI(4),DQI(4),EDI(4),EQI(4),DED(4),
+ DEQ(4)

IF (TIME.GT.0.0) GO TO 100

IF((N1TEST.NE.ND1) .OR. (N2TEST.NE.ND2).OR. (N3TEST.NE.ND3).0OR.
+  (NATEST.NE.ND4).OR. (N5TEST.NE.ND5).OR. (N6TEST.NE.ND6) .OR.
+  (N7TEST.NE.ND7) ) THEN

DUMLIN(1:10) = "DBLSYNC100'

Al = 0.0

CALL OUTMSG(403,ICH,ICH,ICH, A1, A1, DUMLIN )
ENDIF

CARD 1: X1,X2,XMDO,X12D,X34D,XKD,XF
CARD 2: XMQ,X120,XKQ

CARD 3: R1,R2,RF,RKD,RKQ

IIN1=50

READ FIRST CARD OF MACHINE DATA

CALL RDCMNT
READ(IIN1,*) X1,X2,XMDO,X12D,X34D,XKD,XF

STOR(NEXC+88)=X1

STOR(NEXC+89)=X2

STOR(NEXC+90 ) =XMDO

STOR(NEXC+27)=X12D

STOR(NEXC+2)=X34D

STOR(NEXC+4 ) =XKD

STOR(NEXC+3)=XF

CALL RDCMNT

READ (IIN1,*) STOR(NEXC+31),STOR(NEXC+57),STOR(NEXC+34)

CALL RDCMNT

READ (IINT,*) STOR(NEXC+83),STOR(NEXC+84),STOR(NEXC+5),
+ STOR(NEXC+6) ,STOR(NEXC+36)

CALL RDCMNT

READ (IIN1,*) H,OMO,D,GAMA

CALL RDCMNT

READ (IIN1,*) (STOR(NEXC+I),I=61,80)

CALL RDCMNT
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READ (IINT,%)
CALL RDCMNT

READ (IINT,*)
STOR(NEXC+96)
STOR(NEXC+11)
STOR(NEXC+12)
STOR(NEXC+41)
STOR(NEXC+42)
STOR(NEXC+13)

VBASE1,ABASE1,VBASE2 ,ABASE?

XI11,X12,X13,X14,X15,%16

=XI1
=X12
=XI3
=XI4
=XI5
=X16

STOR(NEXC+99) IS THE LOAD ANGLE + PHASE A TERMINAL VOLTAGE

SINE WVAE ANGLE.

STOR(NEXC+99)

=STOR(NEXC+96)-3.14159

SET AND STORE BASE VALUES

STOR(NEXC+91)
STOR(NEXC+93)
)

=VBASE1
=ABASE1

STOR{NEXC+92)=VBASE2

STOR(NEXC+94)

=ABASE?2

GAMA=GAMA*3,1415927/180.0

STOR(NEXC+98)

=GAMA

ESTABLISH SATURATION CHARACTERISTICS AND SET PARAMETERS

TO INITIAL VALUES.
CALL DSAT(63)

STOR(NEXC+58)
STOR(NEXC+59)

=2.0*OMO*H

=D

STOR(NEXC+60)=0MO

STOR(NEXC+82
STOR(NEXC+10
STOR(NEXC+14
STOR(NEXC+32
STOR(NEXC+33
STOR(NEXC+35

STOR(NEXC+43
STOR(NEXC+44
STOR(NEXC+87
STOR(NEXC+97
STOR(NEXC+10

)=H
)
)
)
)
STOR(NEXC+40)
)
)
)
)
0

.

o

O 0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

SET THE FIELD BASE VALUE

STOR(NEXC+95)

=STOR(NEXC+5) /STOR (NEXC+90)

SET THE INITIAL SPEED

F(CONSPD.LT.0.0) THEN
STOR(NEXC+30) = -CONSPD/OMO

ELSE

STOR(NEXC+30) = CONSPD/OMO

ENDIF
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C INVERT THE QUAD-AXIS INDUCTANCE MATRIX.

C

100

oEeEeEeEeNe]

OO0

CALL DINVERT(30,3)
CONTINUE

IF(ANOM.LE.0.0) GO TO 999
DT=DELT*STOR (NEXC+60)

CHECK TO SEE IF DAMPING COEFFICIENT HAS BEEN USED
CORRECTLY. (NORMAL=0.0)

SINCE THE DAMPING TORQUE OPERATES ON THE PER UNIT SPEED, THE
DAMPING COEFFICIENT WILL BE DIVIDED BY OMO IF OUT OF RANGE.

IF(STOR(NEXC+59).GT.0.05)STOR(NEXC+59)=STOR (NEXC+59)
/STOR{NEXC+60)

SETTING INTERFACE IMPEDANCE TO XD11 and XD22

IF (ABS{STOR(NEXC+87)-ANOM).LE.1.0E-05) GO TO 77
STOR(NEXC+87)=ANOM
XT1=STOR(NEXC+2)+STOR(NEXC+3)*STOR(NEXC+4 )/ (STOR(NEXC+3)

+STOR(NEXC+4) )
XD11=STOR(NEXC+88)+STOR(NEXC+90
XD22=STOR(NEXC+89) +STOR (NEXC+90
XD11=STOR(NEXC+91)/STOR(NEXC+93
XD22=STOR(NEXC+92) /STOR(NEXC+94
STOR(NEXC+85)=ANOM*DT*0,5/XD11
STOR(NEXC+86)=ANOM*DT*0.5/XD22
CONTINUE

*XT1/(STOR(NEXC+90)+XT1)
*XT1/(STOR(NEXC+90)+XT1)
*XD11
*XD22

e N

GGIN(NA,MS)=GGIN(NA,MS)+STOR(NEXC+85)
GGIN(NB,MS)=GGIN(NB,MS)+STOR(NEXC+85)
GGIN(NC,MS)=GGIN(NC,MS)+STOR(NEXC+85)
GGIN(NX,MS)=GGIN(NX,MS)+STOR(NEXC+86)
GGIN(NY,MS)=GGIN(NY,MS)+STOR(NEXC+86)
GGIN(NZ,MS)=GGIN(NZ ,MS)+STOR(NEXC+86)

SYSTEM MEASURED VOLTAGES

RAMPV1 = 1,0 / STOR(NEXC+91)
RAMPV2 = 1.0 / STOR(NEXC+92)
VA=VDC(NA,MS) * RAMPVT
VB=VDC(NB,MS) * RAMPV1
VC=VDC(NC,MS) * RAMPVI
VX=VDC(NX,MS) % RAMPV2
VY=VDC(NY,MS) * RAMPV2
VZ=VDC(NZ,MS) * RAMPV2

DTHET=0.0

DO 300 J=1,ITER
THETA=STOR(NEXC+96)
GAMA=STOR(NEXC+98)

CALL DTRDQO(VA,VB,VC,VX,VY,VZ,UD1,UQ1,U01,UD2,UQ2,U002,
THETA ,GAMA, 1)
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STOR(NEXC+7)=UD1
STOR(NEXC+37)=UQ1
STOR(NEXC+8)=UD2
STOR(NEXC+38)=UQ2

CALCULATE THE LOAD ANGLE, DELTA.

VD=UD1

VQ=UQ1

1F(ABS(VQ).LT.1.0E-6) VQ=1,0E-6
DELTA=ATAN(VD/VQ)

UF=EFD*STOR(NEXC+95)*1.414214
STOR(NEXC+9)=UF

Do 1 1=1,4
DI(I)=STOR(NEXC+I+10)
QI(I)=STOR(NEXC+I+40)

CONTINUE

GET SATURATION FACTOR

IM=DI(1)+DI(2)+DI(3)+DI(4)
CALL SATRN(IM,SFMI,SFMT,63)

CHECK FOR CHANGE IN SATURATION FACTOR AND INVERT D-AXIS
INDUCTANCE MATRIX

IF ( ABS(SFMT-STOR(NEXC+97)) .GT. 1.0E-6 ) THEN
SATURATION REQUIRES TANGENTIAL REACTANCE
STOR(NEXC+1)=STOR(NEXC+90 ) *SFMT
CALL DINVERT(0,4)
STOR (NEXC+97 ) =SFMT
ENDIF
FLUX CALCULATIONS REQUIRE INSTANTANEOUS REACTANCE
XM=STOR (NEXC+90 ) *SFMI
STOR(NEXC+1)=XM
ATER=ITER
DDT=DT/ATER

PREDICT THE CURRENTS

1XD=0

1X0=30

CALL DAXIS(DI,DDI,QI,DQI,IXD,IXQ)

DO 4 1=1,4
EDI(I)=DI(I)+DDT*DDI(I)
EQI(I)=QI(I)+DDT*DQI (1)

CONTINUE

CORRECT THE CURRENTS



1XD=0
1X0=30
CALL DAXIS(EDI,DED,EQI,DEQ,IXD,IXQ)
DHT=0.5%DDT
C
05 1=1,4
DI(1)=DI(I)+DHT*(DDI(I)+DED(I))
QI(I)=Q1(1)+DHT*(DQI(I)+DEQ(I))
STOR(NEXC+I+10) 1(1)
STOR(NEXC+I+40)=01(1)
5 CONTINUE
o
PREALT = (-UD1#*DI(1)-UQ1%Q1(1))*0.5
PREACT1= (+UD1*QI (1)-UQ1*DI(1))*0.5
PREALZ2 = (-UD2*DI(2)-UQ2*QI1(2))*0.5
PREACT2= (+UD2*QI(2)-UQ2%DI(2))*0.5
C
o
FLD=DI (3)*STOR(NEXC+90)*0.707107
X1=STOR(NEXC+88)
X2=STOR(NEXC+89)
X12D=STOR(NEXC+27)
PSIDT=XM* (DI (1)+DI(2)+DI(3)+DI(4))+X12D*(DI(1)+DI(2))+X1*DI(1)
PSID2=XM*(DI(1)+DI(2)+DI(3)+DI1(4))+X12D*(DI(1)+DI(2))+X2*DI(2)
XMQ=STOR(NEXC+31)
X120=STOR(NEXC+57)
PSIQ1=XMO* (QI (1)+QI(2)+QI(3))+X120%(QI(1)+QI(2))+X1*QI1(1)
PSIQ2=XMO* (QI (1)+QI (2)+QI(3))+X120*(QI(1)+QI(2))+x2%Q1(2)
STOR(NEXC+25)=PSID1
STOR{(NEXC+26)=PSID2
STOR(NEXC+55)=PSIQ1
STOR(NEXC+56)=PS1Q2
c
C CALCULATE ELECTROMECHANICAL TORQUE
o

E=(PSID1*QI(1)+PSID2%QI(2)-PSIQ1*DI(1)-PSIQ2%DI(2))*0.5
STOR(NEXC+81)=TE

CALCULATE SHAFT TORQUE OR SHAFT SPEED

oNeRp]

OMO=STOR(NEXC+60)

IF (CONSPD.GE.0.0) THEN
NU=STOR(NEXC+30)
TS=TMECH+STOR (NEXC+59) *NU
NU=NU+DDT* (TE-TS)/STOR(NEXC+58)
STOR(NEXC+30)=NU
OMEGA=NU*OMO

ELSE
NU=-CONSPD/OMO
OMEGA=-CONSPD
STOR(NEXC+30)=NU
TMECH=TE+STOR(NEXC+59) *NU

ENDIF

C
C CALCULATE ROTOR'S NEW POSITION



DTHET1=NU*DDT
THETA=THETA+DTHET1
DTHET=DTHET+DTHET1

STOR(NEXC+99) IS THE LOAD ANGLE + PHASE A TERMINAL VOLTAGE
SINE WAVE ANGLE.

aOMOn

STOR(NEXC+99)=STOR(NEXC+99)+(NU-1.0)*DDT
IF(THETA.GT.6.28318532) THETA=THETA-6.28318532
STOR(NEXC+96 ) =THETA

Lol
(]

CONTINUE

END OF INTEGRATION

CONVERT TO A B C SYSTEM CURRENTS

OO0 wn

CALL DTRDQO(IA,IB,IC,IX,IY,1Z,DI(1),01(1),01,D1(2),01(2),02,
+ THETA ,GAMA,-1)

STOR(NEXC+28)=IA
STOR{(NEXC+29)=1X

OUTPUT CURRENT

a0

SA1=STOR(NEXC+93)*ANOM
SA2=STOR(NEXC+94 ) *ANOM

(@]

CINA=-1A*SA1
CINB=-IB*SA1
CINC=-1C*SAl
CINX=-1X*SA2
CINY=-1Y#SA2
CINZ=-1Z*%SA2

COMPENSATING CURRENT

oo Ne]

CLA=VDC (NA,MS ) *STOR(NEXC+85)
CLB=VDC (NB,MS) *STOR(NEXC+85)
CLC=VDC(NC,MS)*STOR(NEXC+85)
CLX=VDC(NX,MS)*STOR(NEXC+86)
CLY=VDC(NY,MS)*STOR(NEXC+86)
CLZ=VDC(NZ ,MS)*STOR(NEXC+86)

SUM CURRENTS INJECTED INTO NODE

aan

CCIN
CCIN
CCIN
CCIN
CCIN
CCIN

A,MS)=CINA+CLA+CCIN(NA,MS)
B,MS)=CINB+CLB+CCIN(NB,MS)
C,MS)=CINC+CLC+CCIN(NC,MS)

)=CINX+CLX+CCIN(NX,MS)
)=CINY+CLY+CCIN(NY,MS)
)=CINZ+CLZ+CCIN(NZ ,MS)

— g i, oo, i,

N
N
N
NX,MS
NY,MS
NZ ,MS



C

999 NEXC=NEXC+100
RETURN
END

R R R R R
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SUBROUTINE DINVERT(IX,N)

This subroutine is called by DBLSYNC100 and inverts the direct
axis reactance matrix (IX=0) and the quadrature axis reactance
matrix (IX=30). The rank of matrix (NxN) may be either 3 or 4
and must be specified.

eEeEPEeEeEe!

INCLUDE 'emt.d'

VARIABLE DECLARATION

o N®]

INTEGER 1,1J,1X,J,K,L,N,NEXC
REAL  DET,STOR,T,U
REAL  XA,XB,XC,XIN,X1,X2,X3,X4,X5,X6,X7,%X8,X9

COMMON /S2/ STOR(ND10),NEXC
DIMENSION I1J(10), XIN(4,4)

XA=STOR(NEXC+IX+1)
XB=XA+STOR(NEXC+IX+27)
XC=XA+STOR(NEXC+IX+2)

IF (N.EQ.4) THEN
XIN(1,1)=XB+STOR(NEXC+88)
XIN(1,2)=XB

XIN(1,3)=x

XIN(T, 4)

XIN(2,2) XB+STOR(NEXC+89)
XIN(2,3)=X

XIN(2, 4)

XIN(3,3) XC+STOR(NEXC+3)
XIN(3,4)

XIN(4,4) XC+STOR(NEXC+4)
DO 1 I=1,4

DO 1 J=1,1I

IF(J.EQ.I)GO TO 1

XIN(1,J)=XIN(J,I)
1 CONTINUE
DO 2 1=1,N
13(1)=0
2 CONTINUE
L=0
12 L=L+1
IF (L.GT.N) GO TO 100
T=0.0
DO 11 J=1,N
IF (IJ(J). T.0) GO TO 11
U=ABS(XIN(J,J))
IF (U.LT.T) GO TO 11



T=U
K=J

11 CONTINUE
1J(K)=1
KIN(K,K)=1.0/XIN(K,K)
DO 3 I=1,N
DO 3 J=1,N
IF (I-K) 4,3,4

4 CONTINUE

IF (J-K) 5,3,5

5 CONTINUE

XIN(I,J)

3 CONTINUE
DO 6 I=1,
IF (I - K

7 CONTINUE

XIN(I,K)

XIN(K,I)

6 CONTINUE

GO TO 12

100 CONTINUE
STOR(NEXC+15)=XIN(
STOR(NEXC+16)=XINE
{

XIN(1,J) - ({XIN(I,K) * XIN(K,K)) * XIN(K,J))

Zx=

7,6,7

XIN(I,K) * XIN(K,K)
- (XIN(K,I) * XIN(K,K))

mon

1
1
STOR(NEXC+17)=XIN(1
STOR(NEXC+18)=XIN(1
STOR(NEXC+19)=XIN(2
STOR(NEXC+20)=XIN(2
STOR(NEXC+21)=XIN(2
STOR(NEXC+22)=XIN(3
STOR{NEXC+23)=XIN(3
STOR(NEXC+24 )=XIN(4
ELSE

X1=XB+STOR (NEXC+88)

X2=XB

X3=XA

X5=XB+STOR (NEXC+89)

X6=XA

X9=XA+STOR(NEXC+34)

X4=X2

X7=X3

X8=X6

DET=X1% (X5%X9-X6*X8)+X2* (X6*X7-X4*X9)+X3* (X4*X8-X5%X7)

STOR(NEXC+45)=(X5%X9-X8%X6) /DET

STOR(NEXC+46)=(X8*X3-X2*X9) /DET

STOR(NEXC+47)=(X2*%X6-X5*X3) /DET

STOR(NEXC+48)=0.0

STOR(NEXC+49)=(X1%X9-X7*X3)/DET

STOR(NEXC+50)=(X4%*X3-X1*X6) /DET

STOR(NEXC+51)=0.0

STOR(NEXC+52)=(X1*X5-X4*X2) /DET

STOR(NEXC+53)=0.,0

STOR(NEXC+54)=0.0
ENDIF
RETURN
END

1)
»2)
»3)
'4)
»2)
»3)
»4)
»3)
y4)
,4)
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############################################################
SUBROUTINE DAXIS(D,DD,0,DQ,IXD,IXQ)

This subroutine is called by DBLSYNC100.
The inverted matrices inv(Ld) or inv(Lg) are specified
by index IXD and IXQ; 0 for inv(Ld) and 30 for inv(Lg).

THIS SUBROUTINE GIVES THE A.X+B.U TERMS IN THE EQUATION
DX/DT=A.X+B.U WHERE X IS THE CURRENTS.

IXD=0 FOR DIRECT AXIS
I1XQ=30 FOR QUAD-AXIS

INCLUDE 'emt.d'
VARIABLE DECLARATIONS

REAL D,DD,DQ
INTEGER I,IXD,IX0Q

INTEGER J

INTEGER K

INTEGER NEXC

REAL NU

REAL PSID1,PSID2,PSIQ1,PSIQ2

REAL Q

REAL R1,R2,RF,RKD,RKQ

REAL SD,SQ,STOR

REAL UD1,UD2,UQ1,UQ2,UF

REAL X1,X2,X12D,X12Q,XD,XMD,XMQ, X0

COMMON /S2/STOR(ND10) ,NEXC
DIMENSION XD(4,4),X0(4,4),D(4),0(4),sD(4),50(4),DD(4),DQ(4)

IXD=1XD+15

1X0=1X0+15
FILLING IN INVERSE INDUCTION MATRIX FROM STORAGE

K=0

DO 2 I=1,
DO 1 J=
XD(1 STOR(NEXC+IXD+K)
(1 STOR(NEXC+IXQ+K)
+
N

L

4
I,
J)
J)

b

)

K+1
1 CONTI UE
DD(1)=0.
DO(I)= 0

2  CONTINUE

o]
[
—~
(98]
~
—
— N e
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XD(4,2)=XD(2,4)
XD(4,3)=XD(3,4)
XQ(2,1)=x0(1,2)
X0(3,1)=x0(1,3)
X0(3,2)=x0(2,3)
X0(4,1)=x0(1,4)
X0(4,2)=%0(2,4)

X0(4,3)=X0(3,4)
XMD=STOR(NEXC+1)
XMQ=STOR(NEXC+31)
X1=STOR(NEXC+88)
X2=STOR(NEXC+89)
UD1=STOR(NEXC+7)
UD2=STOR(NEXC+8)
UQ1=STOR(NEXC+37)
UQ2=STOR(NEXC+38)
UF=STOR (NEXC+9)
RF=STOR(NEXC+5)
RKD=STOR (NEXC+6)
RKQ=STOR(NEXC+36)
X12D=STOR(NEXC+27)
X12Q0=STOR(NEXC+57)
R1=STOR(NEXC+83)
R2=STOR(NEXC+84)
NU=STOR(NEXC+30)
PSID1=XMD*(D(1)+D
PSID2=XMD*(D(1)+D
PSIQ1=XMO*(Q(1)+0
PSIQ2=XMO* (Q(1)+
SD(1)=UD1-R1*D(1
SD(2)=UD2-R2*D(
3)=UF-RF*D(3
)
(1
(2
3)

D(2)+D(3)+D(4))+X12D*(D(1)

(2)+D(3)+D(4))+X12D*(D(1)

(2)+Q(3))+x12Q*(Q(1)+Q(2))+x1*Q(1)

Q(2)+Q(3) ) +x120*(Q(1)+0(2) ) +x2%0(2)
)+NU*PSIQ1

§)+NU*PSIQ2

)=-RKD*D( 4

) -NU*PSID1

)-NU*PSID2

1)=UQ1-R1%Q
2)=UQ2-R2*Q
3)=- RKQ*Q(
4)=0

DO 3 1=1,4
DO 4 J=1,4
DD(I)=DD(I)+XD(I,J)*SD(J)
DO(I)=DQ(I1)+X0Q(1,J)*50(J)
CONTINUE
CONTINUE

SD(
SD(4
o]
SO(
o]
o]

RETURN
END

A AR R R R R R

SUBROUTINE DTRDQO(A,B,C,X,Y¥,Z,D1,01,01,D2,02,02,THETA,
+ GAMA,IDIR)

This subroutine performs the three phase to D,Q,0 transformation

(IDIR=1) and the inverse transformation (IDIR——1)

+D(2))+X1+D(1)
+D(2))+X2*D(2)



C VARIABLE DECLARATIONS
C

REAL A

REAL B

REAL C,C11,C12,C13,C21,C22,C23

REAL D1,D2,DEG120

REAL GAMA

INTEGER IDIR

REAL 01,02

REAL 01,02

REAL $11,512,513,521,522,523

REAL THETA

REAL X

REAL Y

REAL 2

DEG120=2.094395103
C11=COS(THETA)
C12=COS(THETA-DEG120)
C13=0.0-C11-C12
C21=COS(THETA+GAMA)
C22=COS (THETA+GAMA-DEG120)
€23=0.0-C21-C22
S11=SIN(THETA)
S$12=SIN(THETA-DEG120)
§13=0.0-S11-812
S21=SIN(THETA+GAMA)
§22=SIN{(THETA+GAMA-DEG120)
$23=0.0-521-522

IF(IDIR.LT.0) GO TO 66
C ABC AND XYZ TO DQOT AND DQO2 CONVERSION

D1=(C11*A+C12*B+C13*C)*0.66666667
01=(-811%A~512%B-S13%C)*0.66666667
01=(A+B+C)*0.33333333
D2=(C21*X+C22%Y+C23%Z)*0. 66666667
Q2=(-821%X-522*Y-523%7)*0.66666667
02=(X+Y+2)*0,33333333
RETURN
c
C DQO1 and DQO2 TO ABC and XYZ CONVERSION
o
66 A=(C11*D1-811%0Q1)+01
(C12%xD1-512%01)+01
(C13%D1-513%Q1)+01
(C21xD2-521%Q2)+02
(C22*D2-822%02)+02
(C23%¥D2-523%Q2)+02

|1 O | B | I | B [

8 O O

RETURN

END
C
C o R R R R
C
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SUBROUTINE DSAT(IS)

This subroutine stores the saturation characteristic for

mutual magnetizing reactance (IS = 63).

This subroutine is called by DBLSYNC100 and requires no storage.

Ten pair of points (I,SF) are stored where SF is the saturation factor
and I is the per unit current. When entering data via card 5, the first
point must be (0.0,1.0) and the second (11.0,1.0) where I1 is the per
unit current at which the onset of saturation occurs. If less than ten
points are available , the last pair should be (-1.0,-1.0). When the
saturation factors are entered the subroutine checks for monotonically
decreasing factors with monotonically increasing currents and returns.

Alternately a voltage-current characteristic may be entered with the
first pair of points (0.0,0.0) and the second (I1,V1) where I1 is the
current in any units at which saturation commences. The voltage must
be input in per unit. Again if less than 10 points are available the
last pair entered must be (-1.0,-1.0) The program in this case
replaces the voltage with the saturation factor and rescales the
current to a per unit value based on the unsaturated value of
inductance previously input.

INCLUDE 'emt.d'
VARIABLE DECLARATIONS

REAL AB
CHARACTER*72 DUMLIN
INTEGER IS,ISF
INTEGER J

INTEGER NEXC

REAL STOR

REAL X0

COMMON /S2/ STOR(ND10),NEXC

ISF = IS + 16

IF ( (STOR(NEXC+I1S-1).GT.0.999).AND.
+ (STOR(NEXC+1S-1).LE.1.001) ) GOTO 8
X0 = STOR(NEXC+IS+1)/STOR(NEXC+IS)
STOR(NEXC+IS-1) = 1.0

CALCULATE SATURATION FACTOR FROM VOLTAGE-CURRENT CURVE.

AB = 1.0

AB = XO/STOR(NEXC+90)*SQRT(2.0)

DO 1 J= IS,ISF,2
IF (STOR(NEXC+J).LT.0.0) GOTO 8
STOR(NEXC+J+1) = STOR(NEXC+J+1)/(STOR(NEXC+J)*X0)
STOR(NEXC+J) = AB*STOR(NEXC+J)

CONTINUE

DO 2 J=IS,ISF,2
IF (STOR(NEXC+J).LT.0.0) RETURN
IF (STOR(NEXC+J).LT.STOR(NEXC+J-2)) GOTO 3
IF (STOR(NEXC+J+1).GT.STOR{NEXC+J-1)) GOTO 3

CONTINUE

RETURN

o



3 CALL OUTMSG(403,NEXC,NEXC,NEXC, AB, AB, DUMLIN )

RETURN
END
C
C HHHH AR B R R R B
C
SUBROUTINE SATRN(C,SFI,SFT,IS)
C
C This subroutine is called by DBLSYNC100 and determines
C saturation factors based on the current for the mutual
C reactance (IS=63).
C
C The instantaneous saturation factor is determined
C by linear interpolation between points on the curve and by an
C exponential decay beyond the last points (this ensures that for very
C high currents the reactance remains positive).
C
C The tangential saturation factor is not interpolated and is
C obtained directly from the entered data.
C
INCLUDE ‘emt.d’'
C
C VARIABLE DECLARATIONS
C
REAL ALPHA
REAL C,CO
REAL DI,DS
INTEGER IS,ISF,IX
INTEGER J
INTEGER NEXC
REAL SFI,SFT,SFO,STOR
C
COMMON /S2/ STOR(ND10),NEXC
ISF=1S+16
C
DO 1 J=IS,ISF,2
IX=J-1
IF (STOR(NEXC+J) .LT.0.0) GO TO 3
IF(STOR(NEXC+J).GT.C) GO TO 2
1 CONTINUE
IX = 1X+42
GO TO 3
C
C Current is Within Tables
C
2 DI=1.0/(STOR(NEXC+IX+1)-STOR(NEXC+IX-1))
DS=STOR(NEXC+IX+2)-STOR(NEXC+IX)
C
C Interpolated Instantaneous Saturation Factor
C
SFI=STOR(NEXC+IX)+DS*(C-STOR(NEXC+1X-1)) * DI
C
C Non-Interpolated Tangential Saturation Factor
C

SFT=( (STOR(NEXC+IX+2)*STOR(NEXC+IX+1))-
+ (STOR(NEXC+IX )*STOR(NEXC+IX-1)) ) * DI



RETURN

C

C Exponential Decay

o

3 SFO = STOR(NEXC+IX-2)
CO = STOR(NEXC+IX-3)
ALPHA=ALOG(STOR(NEXC+1X)/SFO)/(CO-STOR(NEXC+IX-1))
SFI = SFO*EXP(ALPHA*(CO-C))
DI=1,0/(STOR(NEXC+IX-1)-STOR(NEXC+IX-3))

C

C Non-Interpolated Tangential Saturation Factor of the Last Section
C
SFT={ (STOR(NEXC+IX)*STOR(NEXC+IX-1))-
+ (STOR(NEXC+IX-2)*STOR(NEXC+IX-3)))*DI
RETURN :
END



Appendix B

and the Datafiles
Jor Starting and Accelerating
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SUBROUTINE DSDYN

This subroutine simulates the system with transmission line being
modelled with both lumped and distributed parameters, and starts
the synchronous machine from standstill by pulsing action.

INCLUDE 'emt.d’
INCLUDE ‘'emt.e'

COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM
COMMON /S2/ STOR(ND10),NEXC

COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)
COMMON /$10/ PULS(6),CT(6)

Variable declarations.

REAL AQ,ALPHA,AORD

REAL CDD,CT,DTHET

REAL EBO,EFD,EFVD,E0,E1,F,FLD,GAMMA,IMAX,P1,P2,PI,PI 2,01,02
REAL RDT,ROFF,RON,SP,SPEED,THETA,V0

REAL TIME,DELT,PRINT,FINTIM,CON,VAR,VMAX,PGB,STOR

INTEGER NEXC,PULS

Set the initial values.
IF(TIME.LT.DELT) THEN

PI = 3.141592654
PI_2= 6.283185308

RON = 0.005
ROFF = 1.0E+6
EBO = 1,0E+5
EFVD = 0,001
RDT = 5.0E+5
CDD = 0.05
EO - Initial value of EFD
E1 - Final value of EFD
TF - Time to ramp EFD
V0 - Voltage during the switching process (per unit)
Al - AORD during the first phase of switching
F - System freguency
SPEED - Machine speed at TIME=0.0 (per unit)
EO = VAR(1)
E1 = VAR(2)
TF = VAR(3)
4 = VAR(4)
A0 = ACOS(V0)+P1/6.0
F = VAR(5)
SPEED = VAR(6)
THETA=0.0
DTHET=0.0

OMEGA=SPEED*376.99



Do 1 1=1,6

CT(1)=0.0
1 CONTINUE
o
ENDIF
o
C Source Voltages
C
T1=F*PI 2*TIME
T2=PI_2/3.0
UMAX=1.41%8,87
ES(18,1)=VMAX*SIN(T1)
ES(19,1)=VMAX*SIN(T1-T2)
ES(20,1)=VMAX*SIN(T1+T2)
o
C Control system's model
C
CALL DCONT(AQ,AORD,THETA,IT1,IT2,DTHET,IPULS)
C
C Rectifier's model
C
CALL G6P200(1,18,19,20,
& 14,15,17, 0,14,16,
& 15, 0,14,17,16, 0,
& AORD,10.0,100.0,F,1,1,0,
& ALPHA,GAMMA ,RDT,CDD,RON,ROFF ,EFVD,EBO)
o
C Inverter's model
o
CALL THYR25(1,10, 7,RON,ROFF,PULS(1),EBO,EFVD,RDT,CDD,CT(1))
C
CALL THYR25(1, 9, 0,RON,ROFF,PULS(2),EBO,EFVD,RDT,CDD,CT(2))
C
CALL THYR25(1,10, 8,RON,ROFF,PULS(3),EBO,EFVD,RDT,CDD,CT(3))
o
CALL THYR25(1, 7, 0,RON,ROFF,PULS(4),EBO,EFVD,RDT,CDD,CT(4))
C
CALL THYR25(1,10, 9,RON,ROFF,PULS(5),EBO,EFVD,RDT,CDD,CT(5))
C
CALL THYR25(1, 8, 0,RON,ROFF,PULS(6),EBO,EFVD,RDT,CDD,CT(6))
C
C Field voltage
C

IF(TIME.LT.TF)THEN

EFD = E0 + (E1-E0)*TIME/TF
ELSE

EFD = E1

ENDIF

TMECH =0.0
CONSPD=VAR(9)#*376.99

Machine's model

oo Ne]

CALL DBLSYNC100(1,7,8,9,4,5,6,1.0,EFD,TMECH,TE,FLD, 1,
+ P1,01,P2,02,0MEGA ,CONSPD, THETA ,DELTA,




C

DTHET)
SPEED=0OMEGA/376.99

IMAR=1.0/30.0

PGB( 1)=CDC(10,11,1)/IMAX
PGB( 2)=(cpC(7,10,1) - €DC(7,7,1))/IMAX
PGB( 3)=(cpDC(8,10,1) - cDC(8,8,1))/IMAX
PGB( 4)=(cpC(9,10, 1) - €DC(9,9,1))/IMAR
PGB( 5)=CDC(18,18,1)/IMAX
PGB ( 7)=VDC(18,1)/VMAX
PGB( 8)=VDC(15,1)/VMAX
PGB( 9)=vDC(14,1)/VMAX
PGB(10)=vDC(10,1)/VMAX
PGB(11)=A0RD
PGB(12)=vDC(7,1)/VMAR
PGB(13)=vDC(8,1)/VMAX
PGB(14)=vDC(9,1)/VMAX
PGB(15)=TE

PGB(16)=SPEED
PGB(17)=THETA
PGB(18)=IPULS

PGB(19)=EFD

PGB(20)= FLD
PGB(21)=CT(1)/IMAX
PGB(22>= (2)/1MAX
PGB(23)=CT(3)/IMAX
PGB(24)=CT(4)/IMAX
PGB(25)=CT(5)/IMAX
PGB(26)=CT(6)/IMAX
PGB(27)=IT1

PGB(28)=IT2
PGB(29)=CT(IT1)/IMAX
PGB(30)=CT(IT2)/IMAX
RETURN

END

C #ifdfr I R R R R R R

C

C

C

SUBROUTINE DSOUT

INCLUDE 'emt.d’
INCLUDE ‘'emt.e'

COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM

COMMON /S2/ STOR(ND10) ,NEXC

COMMON /S4/ VAR(ND11),CON{(ND12),PGB(ND13)

REAL TIME,DELT,PRINT,FINTIM,CON,VAR,VMAX,PGB,STOR

RETURN
END

C # A AR R T R R R e



SUBROUTINE DCONT(AQ,AORD,THETA,IT1,IT2,DTHET,IPULS)

INCLUDE ‘'emt.d’
INCLUDE 'emt.e'

COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM
COMMON /S2/ STOR(ND10),NEXC .
COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)
COMMON /S10/ PULS(6),CT(6)

REAL ANGLE,AORD,A0,CT,DTHET,PI,PI 2

REAL ROTATE,ROT1,ROT2,THETA,TIMERT, TOFF

REAL TIME,DELT,PRINT,FINTIM,CON,VAR,VMAX,PGB,STOR
INTEGER INDEX,IPULS,IT1,IT2,K,PULS

3.141592654
6.283185308

PI
PI_2

inon

IF(TIME.LT.DELT)THEN
TOFF DELT

TIMER1= TOFF

IPULS
INDEX
ROTATE
ENDIF

LN I B | I |
O - s

°

o

ROTATE=ROTATE+DTHET
ROTT THETA*180.0/PI
ROT2 ROTATE*180.0/PI

IF(IPULS.EQ.1) GO TO 20
IF(INDEX.EQ.1) GO TO 20

IF(CT(IT1).LE.0.0.AND.CT(IT2).LE.0.0.AND.ROT2.GE.60.01)THEN
TIMER1=0.0
ENDIF

20 CONTINUE

IF(TIMER1.LT.TOFF) THEN

INDEX = 1

AORD=3.7

GO TO 16

ELSE

INDEX = 0

IF(TIMER1.EQ.TOFF) THEN
K=0
IF(ROT1.GE. 0.0.AND.ROT1.LT. 60.0)
IF(ROT1.GE. 60.0.AND.ROT1.LT.120.0)
IF(ROT1.GE.120.0.AND.ROT1.LT.180.0)
IF(ROT1.GE.180.0.AND.ROT1.LT.240.0)
IF(ROT1.GE.240.0.AND.ROT1.LT.300.0;

0.

L L L | I I | |
DI WA D

IF(ROT1.GE.300.0.AND.ROT1.LT.360.0
IF(ROT1.GT.360.0) ROT1 = ROT1 - 36
ROTATE=(ROT1-K*60.0)*PI1/180.0

OXN TN R =N =N



(s e

ENDIF

ENDIF
ROT2 = ROTATE*180.0/PI
ANGLE = 58.0
IF(ROT2.LT.ANGLE ) THEN
IPULS = 1
ELSE
IPULS = 0
ENDIF
DO 8 1=1,6
PULS(I) = 0
CONTINUE

IF(IPULS.EQ.1) THEN
AORD=A0

IF(K.EQ.0) GO TO 9
IF(K.EQ.1) GO TO 10
IF(K.EQ.2) GO TO 11
IF(K.EQ.3) GO TO 12
IF(K.EQ.4) GO TO 13
IF(K.EQ.5) GO TO 14

PULS(3)
PULS(2)
1T1=3
1T2=2
GO TO 15
PULS(4)=1
PULS(3)=1
I1T1=3
1T2=4
GO TO 1
PULS(5)
PULS(4)
IT1=5
1T2=4
GO TO 1
PULS(6)
PULS(5)
I1T1=5
1T2=6
GO TO 1
PULS(6)
PULS(1)
IT1=1
1T2=6
GO TO 1
PULS(2)
PULS(1)
IT1=1
1T2=2

o

1
1

5
=1
=1

5
=1
=1

5
=1
=1
5

1
1

CONTINUE
ELSE



AORD=3.7
ENDIF

CONTINUE
TIMER1=TIMER1+DELT

RETURN
END



SUBROUTINE DSDYN

This subroutine simulates the acceleration of the machine.
Transmission line is modeled with distributed parameters.

a0 OO0

eNeNe]

aaoOoOaOoOONaan

Vari

INCLUDE ‘emt.d'
INCLUDE 'emt.e'

COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM
COMMON /S2/ STOR(ND10),NEXC

COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)
COMMON /S10/ PULS(6),CT(6)

able declarations.

REAL ALPHA1,AORD
REAL CDD,CT,CONSPD,DELTA

"REAL EBO,EFD,EFVD,EF0,F,FLD,GAMMA

Set

s ]

SPD
SPE
EF0
TFR
THE
DEL

REAL ID,IMAX1,IMAX2
INTEGER IPULS,IT1,IT2

REAL OMEGA,P1,P2,PI,PI_2,01,02,RDT,ROFF,RON,SPD,SPEED

REAL TE,TFR,THETA,TMECH,T1,T2,VMAX1,VMAX2

REAL TIME,DELT,PRINT,FINTIM,CON,VAR,PGB,STOR

INTEGER NEXC,PULS
the initial values.
IF(TIME.LT.DELT) THEN

3.141592654
6.283185308

PI
PI 2

inn

0.0
0.005
1.0E+6
1.0E+5
0.001
5.0E+5
0.05

TIMER
RON
ROFF
EBO
EFVD
RDT
CbD

LU S [ I T S S S

- System frequency.
Machine speed at TIME=0.0 (per unit).
Machine speed.

- Machine field voltage at TIME=0.0.
Time to let the machine spin freely.
TA - Rotor's mechanical position.

TA - Rotor's load angle.

ED

!

VAR(1)
VAR(2)
SPD

VAR(3)
VAR(4)
VAR(5)
0.0

SPD
SPEED
EF0
THETA
TFR
DELTA

LI N | R | I [ Y [ I 1}



aan

aaa oNeoRe] [oNeNeNe!

oo Ee!

ENDIF

Source Voltages

VMAX1
VMAX2
IMAX1
IMAX2
T1=Fx
T2=PI

ES(18
ES(19
ES(20

ID - DC
AORD - De

ID=(C
CALL

ALPHA
CALL

Let the

IF(TI
AORD

DO 1

PUL

1 CONT
ENDIF

Rectifier

CALL

g2 e

Inveter's
CALL
CALL
CALL
CALL
CALL
CALL

EFD

=1.,41%9,617
=22.5
=0.0347
=0.0444
PI_2%TIME
_2/3.0

,1)=UMAX1*SIN(T1)
,1)=VMAX1*SIN(T1-T2)
,1)=VMAX1*SIN(T1+T2)

current in the T. Line, in per unit.
lay angle for the rectifier.

DC(10,11,1))/1MAX2
DCONT1(ID,AORD,SPEED)

1=0.0
DCONT2 (THETA ,ALPHA1,DELTA,IPULS,IT1,IT2)

machine spin freely for TFR second.
MER.LT.TFR) THEN
=3.7
1=1,6
S(1)=0
INUE
's model.
G6P200(1,18,19,20,
14,15,17, 0,14,16,
15, 0,14,17,16, 0,
AORD,10.0,100.0,F,1,1,0,
ALPHA ,GAMMA ,RDT,CDD,RON,ROFF ,EFVD,EBO)
model.
THYR25(1,10, 7,RON,ROFF,PULS(1),EBO,EFVD,RDT,CDD,CT(1))
THYR25(1, 9, 0,RON,ROFF,PULS(2),EBO,EFVD,RDT,CDD,CT(2))
THYR25(1,10, 8,RON,ROFF,PULS(3),EBO,EFVD,RDT,CDD,CT(3))
THYR25(1, 7, 0,RON,ROFF,PULS(4),EBO,EFVD,RDT,CDD,CT(4))
THYR25(1,10, 9,RON,ROFF,PULS(5),EBO,EFVD,RDT,CDD,CT(5))
THYR25(1, 8, 0,RON,ROFF,PULS(6),EBO,EFVD,RDT,CDD,CT(6))

= EF0



aOaom

aOon

a0

TMECH = 0.0

CONSPD = SPD*376.99
Machine's model.

CALL DBLSYNC100(1,7,8,9,4

+ P1,01,P2,

SPEED=OMEGA/376.99
Phase a's real angle.

THETA 1=THETA+PI

¢

5,6,1.0,EFD,TMECH,TE,FLD, 1,
2,0MEGA , CONSPD, THETA ,DELTA )

IF(THETA1.GE.PI_2)THETA1=THETA1-PI_2

Output quantities.
PGB( 1)=CDC(10,11,1)/IMAX2
PGB( 2)=(cpc(7,10,1) - cbCc(7,7,1))/1MAx1
PGB( 3)=(cbpCc(8,10,1) ~ cDC(8,8,1))/IMAK1
PGB( 4)=(cDC(9,10,1) - €DC(9,9,1))/IMAXT

PGB(
PGB( 7)=vDC(18,1)/VMAX1
PGB( 8)=VDC(15,1)/VMAX1
PGB( 9)=VDC(14,1)/VMAX2
PGB(10)=vDC(10,1)/VMAX2
PGB(11)=ALPHA1
PGB(12)=vDC(7,1)/VMAXT
PGB(13)=VDC(8,1)/VMAXT
PGB(14)=vDC(9,1)/VMAXT
PGB(15)=TE
PGB(16)=SPEED
PGB(17)=THETA1

PGB( 18)=EFD
PGB(19)=FLD
PGB(20)=IPULS
PGB(21)=pP1

PGB(22)=P2

PGB(23)=01

PGB(24)=02
PGB(25)=CT(1)/IMAX2
PGB(26)=CT(2)/IMAX2
PGB(27)=CT(3)/IMAX2
PGB(28)=CT(4)/IMAX2
PGB(29)=CT(5)/IMAX2
PGB(30)=CT(6)/IMAX2
PGB(31)=IT1

PGB(32)=1T2
PGB(33)=CT(IT1)/IMAX2
PGB(34)=CT(IT2)/IMAX2
PGB(35)=A0RD
PGB(36)=vDC(4,1)/VMAX1
PGB(37)=vDC(5,1)/VMAX1
PGB(38)=VDC(6,1)/VMAXT
PGB(39)=THETA
PGB(40)=DELTA

5)=CDC(18,18,1)/IMAX1

10



TIMER=TIMER+DELT

RETURN
END

C
C## I I R R R B R
C

SUBROUTINE DSOUT

o
INCLUDE 'emt.gd'
INCLUDE ‘emt.e'
C
COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM
COMMON /S2/ STOR(ND10),NEXC
COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)
C
RETURN
END
C

C A R B R R S B B
C
SUBROUTINE DCONT1(ID,AORD,SPEED)

C
INCLUDE 'emt.d'
INCLUDE 'emt.e'
o
COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM
COMMON /S2/ STOR(ND10),NEXC
COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)
C .
C Variable declarations.
C
REAL AINT,AORD,AORDO,ERROR,ID,ID0
INTEGER INDEX
REAL PI,PI_2,PI_6,SPD,SPEED,TIDO
o
IF(TIME.LT.DELT) THEN
o
PI = 3.141592654
PI_2= PI/2.0
PI_6= PI/6.0
o
C SPD - Machine speed at TIME=0.0 (per unit)
C
SPD = VAR(2)
C
ENDIF
C
AORDO = PI
o
TIDO = 30.0

IF(SPEED.LT.1.001) THEN
ID0 = 0.95*(TIDO-TIME)/TID0+0.05
INDEX=0

ELSE



e NeNe!

loNeNe]

[P EeEe I

oo Ne]

ID0 = 0.0
INDEX=1
ENDIF

ERROR = IDO-ID
AINT=-PI3(PI,20.0,-10.0,10.0,0.0,ERROR)
AORD=AORDO+AINT

IF(AORD.GT.PI)AORD=PI

IF(AORD.LT. 0.0)AORD=0.0

AORD=AORD+PI 6

IF(INDEX.EQ.1)AORD=3.7

RETURN
END

R R R

SUBROUTINE DCONT2(THETA,ALPHA1,DELTA,IPULS,IT1,IT2)

INCLUDE 'emt.d'
INCLUDE ‘emt.e'

COMMON /S1/ TIME,DELT,ICH,PRINT,FINTIM
COMMON /S2/ STOR(ND10),NEXC

COMMON /S4/ VAR(ND11),CON(ND12),PGB(ND13)
COMMON /S10/ PULS(6),CT(6)

Variable declarations.

REAL AK,ALPHA1,ALPHA2,ALPHA3

INTEGER IPULS,IT1,IT2,K

REAL PI,PI 2

INTEGER PULS

REAL THETA,THETA1,THETA2,THETA3,THETA4

IF(TIME.LT.DELT)THEN

PI = 3,141592654
PI 2 = 6.283185308

ENDIF

Do 1 1=1,6
PULS(I)=0

CONTINUE

THETA1 - Phase a angle + load angle.

THETA 1=THETA+PI
IF(THETA1.GE.PI_2) THETA1=THETA1-PI 2

THETAZ - Phase a angle, in degrees.

THETA2=THETA1-DELTA
IF(THETA2.LT. 0.0) THETA2=THETA2+PI 2



[eEeNe]

QOO

IF(THETA2.GE.PI_2)THETA2=THETA2-PI 2
THETA2=THETA2%180,0/PI

THETA3 - New phase a angle, shifted to the natural commutation point.

THETA3=THETA2-30.0
IF{THETA3.LT.0.0) THETA3=THETA3+360.0

THETA4 - The angle to determine the thyristors to be fired.

THETA4=THETA3-ALPHA1
IF(THETA4.LT. 0.0) THETA4=THETA4+360.0
IF(THETA4.GE.360.0) THETA4=THETA4-360.0

K=0

IF(THETA4.GE. 0.0.AND.THETA.LT. 60.
IF(THETA4.GE. 60.0.AND.THETA.LT.120.
IF(THETA4.GE.120.0.AND.THETA.LT. 180.
IF(THETA4.GE.180.0.AND.THETA.LT. 240,
IF(THETA4.GE.240.0.AND.THETA.LT. 300.
IF(THETA4.GE.300.0.AND.THETA.LT. 360.

SO OO OO
AR X =R
LU L A [ L B}
U WM = O

AK=K
ALPHA2=AK*60.0+ALPHA1
IF(ALPHA2.GE.360.0)ALPHA2=ALPHA2-360.0
ALPHA3=AK*60.0+ALPHA1+15.0
IF(ALPHA3.GE.360.0)ALPHA3=ALPHA3-360.0

IF(ALPHA2.GT.ALPHA3) THEN
ALPHA2=ALPHA2-100.0
ALPHA3=ALPHA3-100.0
THETA3=THETA3-100.0
IF(ALPHA2.LT.0.0) ALPHA2=ALPHA2+360.0
IF(ALPHA3.LT.0.0) ALPHA3=ALPHA3+360.0
IF(THETA3.LT.0.0) THETA3=THETA3+360.0

ENDIF

IF(THETA3.GE.ALPHA2.AND.THETA3.LT.ALPHA3) THEN
IPULS=1
ELSE
IPULS=0
ENDIF

IF(IPULS.EQ.1) THEN

IF(K.EQ.0) GO TO 2
IF(K.EQ.1) GO TO 3
IF(K.EQ.2) GO TO 4
IF(K.EQ.3) GO TO 5
IF(K.EQ.4) GO TO 6
IF(K.EQ.5) GO TO 7
PULS(1)=1
PULS(2)=1

IT1=1

1T2=2

GO TO 8



PULS(2)
PULS (3)
I1T1=3
1T2=2
GO TO 8
PULS(3)
PULS (4)
IT1=3
1T2=4
GO TO 8
PULS(4)
PULS(5)
IT1=5
1T2=4
GO TO 8
PULS(5)
PULS (6)
IT1=5
I1T2=6
GO TO 8
PULS (6)
PULS(1)
IT1=1
1T2=6
CONTINUE

ENDIF

RETURN
END

Ho

1
1
1
1
1
1

1

1

1
1
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Datafile for pulsing with T-model line /TITLE
C

1.0E-5 50.0E-1  25.0E-4 /DELT,FINTIME,PRINT
1 /ONE SUBSYSTEM
22 /NUMBER OF NODES
0.0 /VOLTS
o
C Load
o
21 0 1.0E+6 /}
121 1.0E+5 /}
221  1,0E+5 /}
3 21 1,0E+5 /1 LOAD
4 1  1,0E+5 /} SIDE
5 2 1,0E+5 /}
6 3 1.0E+5 /}
o
C Inverter
o
10 7 1.0E+6 /]
10 8 1.0E+6 /]
10 9 1.0B+6 /] INVERTER
7 0 1.0E+6 /] SIDE
8 0 1.0E+6 /]
9 0 1.0E+6 /]
o
C Transmision Line
o
10 11 7.55 /R
11 12 0.0 0.054 /L LUMPED
12 0 0.0 0.0 2.56 /C  TRANSMISION
12 13 0.0 0.054 /L LINE
13 14 7,55 /R
C
C Converter
C
14 15 1,0E+6 /}
14 16 1.0E+6 /}
14 17 1.0E+6 /} CONVERTER
15 0 1.0E+6 /} SIDE
16 0 1.0E+6 /}
17 0 1.0E+6 /}
C
999 /TERMINATES BRANCH DATA
C
C Source
C
18 0.001 /
19 0.001 /
20 0.001 /
o
999 /TERMINATES SOURCE DATA
C
C Transformer data
C
2 /NUMBER OF WINDINGS



18 0 0.0 62.606719
15 22 0.0 62.575415 0.0 62.606719
888
19 0
16 22
888
20 0
17 22
C
999
999
-2.0 2.0
30
1.0 1.0 0.0 0.10 60.0 0.0
C E0, E1, TF, Vo, F, SPEED
C
C Machine's Parameters
C
0.0279 0.0279 0.3268 0.0 0.0 0.0756 0.0394
0.1393 0.0 0.1393

0.042 0.042 2.25E-3 0.181 0.1109

0.663 376.99 0.0 30.0

0.0 1.0 1.0 1.0 2.0 0.99 3.0 0.98
4.0 0.97 5.0 0.96 6.0 0.95 -1.0 -1.0
14.14 0.02357 14.14 0.02357

0.0 0.0 0.0 0.0 0.0 1.0

e e

/TERMINATES TRANSFORMER DATA
/TERMINATES T-LINE DATA
/PRINTPLOT LIMITS

/NUMBER OF OUTPUT CHANELS
/VARS

/%1,%2,XMD,X12D,X34D,X4D,X3D
/M0 ,X120,%40Q
/R1,R2,R3D,R4D,R30Q
/H,0MO,D,GAMA

/SATURATION DATA
/VBASE1,ABASE1,VBASE2,ABASE?
/THETA,ID1,1D2,1Q1,102,1D3



Datafile for pulsing with distributed line

C

2

o N®!]

2

1
1
1

1
1
1

1
1
1
1
1
1
C
999
C
C
C
1
1
2
C
999
C

C Transformer data

C

1.0E-5 50.0E-1
1

2

0.0

Load

1 0 1.0E+6
1 21 1.0E+5
2 21 1,0E+5
3 21 1.0E+5
4 1 1.0E+5
5 2 1.0E+5
6 3 1.0E+5
Inverter

0 7 1.0E+6
0 8 1.0E+6
0 9 1.0E+6
7 0 1.0E+6
8 0 1.0E+6
9 0 1.0E+6

Transmision Line

0 11 0.001
2 13  0.001
3 14 0.001

Converter

4 15 1.0E+6
4 16 1.0E+6
4 17 1,0E+6
5 0 1.0E+6
6 0 1,0E+6
7 0 1.0E+6

Source
8 0.001

9 0.001
0 0.001

2

25.0E-4

18 0 0.0 62.606719

15 22 0.0 62.575415 0.0 62.606719

. 17

/TITLE

/DELT ,FINTIME,PRINT
/ONE SUBSYSTEM
/NUMBER OF NODES
/VOLTS

LOAD
SIDE

e TN TR TR TN TN
e Mot At Mg St A gt

INVERTER
SIDE

e TN TN TN TN
[ S SN

/R
/R

CONVERTER
SIDE

N TN TN TN TN
v Nt Sed gt g St

/TERMINATES BRANCH DATA

/TERMINATES SOURCE DATA

/NUMBER OF WINDINGS
/
/



888
19 0
16 22

888
20 0
17 22

C

999 /TERMINATES TRANSFORMER DATA

C

C Distributed T. Line data

C

10 1 1 1.6 100.0 150000.0 0.005 0.005 /
12 11 9.553199E-1 1,292753E+3 2.205721E-4

e TN TR TN TN

3.155568E-4 1.0 /
999 /TERMINATES T-LINE DATA
-2.0 2.0 /PRINTPLOT LIMITS

30 /NUMBER OF OUTPUT CHANELS

1.0 1.0° 0.0 0.10 10.0 60.0 10.0 0.9 0.0 /VARS
c E0, E!, TF, V0O, TA, F, TOM, SP,SPEED

o
C Machine's Parameters
C
0.027% 0.0279 0.3268 0.0 0.0 0.0756 0.0394 /%1,X2,XMD,X12D,X34D,X4D,X3D
0.1393 0.0 0.1393 /XMQ,X120,X40
0.042 0.042 2.25E-3 0.181 0.1109 /R1,R2,R3D,R4D,R3Q
0.663 376.99 0.0 30.0 /H,0MO,D,GAMA
0.0 1.0 1.0 1.0 2.0 0.99 3.0 0.98
4,0 0.97 5.0 0.9¢ 6.0 0.95 -1.0 -1.0 /SATURATION DATA
14,14 0.02357 14.14 0.02357 /VBASE1,ABASE1,VBASE2 ,ABASE2
0.0 0.0 0.0 0.0 0.0 1.0 /THETA,1D1,1D2,101,102,1D3



Datafile for accelerating the machine /TITLE

1.0E-5 100.0E-1 50.0E-4 /DELT ,FINTIME,PRINT
1 /ONE SUBSYSTEM
22 /NUMBER OF NODES
0.0 /VOLTS
o
C Load
C
21 0 1.0E+5 /}
121 1.0E+5 /}
2 21 1.0E+5 /}
321  1.0E+5 /} LOAD
4 1  1,0E+5 /} SIDE
5 2 1.0E+5 /}
6 3 1.0E+5 /}
C
C Inverter
o
10 7 1.0E+6 /]
10 8 1.0E+6 /]
10 9 1.0E+6 /] INVERTER
7 0 1.0E+6 /] SIDE
8 0 1.0E+6 /]
9 0 1.0E+6 /1
o
C Transmision Line
o
10 11 0.001 /R
12 13 0.001 /R
13 14  0.001 /R
C
C Converter
C
14 15 1.0E+6 /}
14 16 1.0E+6 /}
14 17 1.0E+6 /} CONVERTER
15 0 1.0E+6 /} SIDE
16 0 1.0E+6 /}
17 0 1.0E+6 /}
C
999 /TERMINATES BRANCH DATA
C
C Source
o
18 0.001 /
19 0.001 /
20 0.001 /
C
999 /TERMINATES SOURCE DATA
o
C Transformer data
o
2 /NUMBER OF WINDINGS
18 0 0.0 73.597397 /
15 22 0.0 73.560598 0.0 73.597397 /



888
19 0
16 22
888
20 0
17 22
C
999
C
C Distributed T. Line data
C
1t 0 1 1t 1.6 100.0 100000.0 0.005 0.005
12 11 9.553199FE-1 1.292753E+3 2.205721E-4
3.155568E-4 1.0
999
-2.0 2.0
40
60.0 0.25 1.25 0.0 0.05
Cc F, SPD, EF0 , THETA , TFR
C
C Machine's Parameters
C

0.0279 0.0279 0.3268 0.0 0.0 0.0756 0.0394
0.1393 0.0 0.1393

0.042 0.042 2.25E-3 0.181 0.1109

0.663 376.99 0.0 30.0

0.0 1.0 1.0 1.0 2.0 0.99 3.0 0.98
4.0 0.97 5.0 0.96 6.0 0.95 -1.0 -1.0
9.617 0.0347 9.617 0.0347

0.0 0.0 0.0 0.0 0.0 1.25

e TN TN TN TN T

/TERMINATES TRANSFORMER DATA

/

/

/TERMINATES T-LINE DATA
/PRINTPLOT LIMITS

/NUMBER OF OUTPUT CHANELS
/VARS

/X1,X2,%MD,X12D,X34D,X4D,X3D
/XMQ,X120,X40
/R1,R2,R3D,R4D,R30
/H,0MO,D,GAMA

/SATURATION DATA
/VBASE1,ABASE1,VBASE2 ,ABASE?
/THETA,ID1,1D2,1Q1,102,1D3



