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Introduction /

Unlike three-phase asynchronous motors, permanent magnet motors do not
have a rotor winding, but, as their name implies, are equipped with permanent
magnets. In particular, to take the simplest case, the stator has the same shape as an
induction motor. Manufacturers of this type of motor are also working to optimize the
design of the devices [1].

Permanent magnet motors are synchronous, which means that there is no slip
between the rotating fields of the rotor and stator, which distinguishes them from
three- phase asynchronous motors. Permanent magnets provide the necessary rotor
magnetization without corresponding losses, which increases the efficiency of this
type of motor compared to an asynchronous motor. This technology has been used
for a long time for the production of servo drives. Now the size of the device
complies with the IEC standard. Because magnets require expensive materials to
produce, the price of such motors was very high until recently, and demand far
exceeded supply. However, over the past two years, there has been a significant
decline in prices. This is partly due to the discovery of new sources of the necessary
raw materials [2].

In reduced speed operation, permanent magnet motors are more efficient than
asynchronous motors in all operating modes due to lower power losses. In practice, a
modern permanent magnet motor achieves an efficiency class of IE3 to IE4.

Compared to an asynchronous motor of a similar efficiency class, such as the
IE3, the overall size of a permanent magnet motor is half that of a standard motor.
This type of motor can be operated using a frequency converter alone, provided that it
is equipped with an appropriate control system. Indeed, the operation of a permanent
magnet motor is carried out using an electronic controller. The types of motors with
load starting have short-circuited rotors. This damping effect has a negative impact
on the startup and efficiency of the motor when operating with a frequency converter
[3]. A significant disadvantage of permanent magnet motors is the need for a
frequency converter or controller. The controller must also receive a positional
feedback signal in order to optimally adapt the magnetic field and generate rotation.
This is why such systems are often equipped with an encoder. Nevertheless, some
manufacturers (including Danfoss) offer technical solutions that allow you to control
this type of motor without using an encoder [4].

The other two disadvantages of these motors include demagnetization at high
current and temperature values, which, however, is rarely encountered in practice;
and problems associated with motor repair. Due to the presence of strong magnets in
the rotor, the process of removing the rotor from the stator is complicated and
requires the use of special tools [5].

MONOGRAPH 6 ISBN 978-3-949059-85-8
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CHAPTER 1
TYPES AND PRINCIPLES OF OPERATION, WITH PERMANENT
MAGNETS

1.1. Designs and types of synchronous electric motors with permanent
magnets

A permanent magnet synchronous motor (PMSM) is a synchronous electric
motor whose inductor consists of permanent magnets.

The main difference between a permanent magnet synchronous motor (PMSM)
and an induction motor is the rotor. Studies conducted byl show that a SSCM has an
efficiency of about 2% higher than a highly efficient (IE3) induction motor, provided
that the stator has the same design and the same frequency converter is used for
control [6].

A permanent magnet synchronous motor (like any rotating electric motor)
consists of a rotor and a stator. The stator is the stationary part, and the rotor is the
rotating part [7].

o Onopa ninmunHUEa

p Cexatil ocepna potopa
15 SMSETROTERHIYHOL CTam
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Maruitn 0

Cranesa nmactuaa 9
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iz enssrpoTenmiunol cTani

Figure 1.1 - Synchronous motor with built-in permanent magnets

Usually, the rotor is located in the stator bore of the electric motor, but there
are designs with an external rotor - inverted-type electric motors [9].

The rotor consists of permanent magnets. Materials with high coercive force
are used as permanent magnets [10].

According to the rotor design, synchronous motors are divided into:

o electric motors with pronounced poles;

« electric motors with implicit poles.

A motor with implicit poles has equal inductance along the longitudinal and
transverse axes Lqd = Lgwhereas the motor with explicit poles has transverse

inductance not equal to the longitudinal Lg # L .

MONOGRAPH 7 ISBN 978-3-949059-85-8
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Figure 1.2 - Designs of permanent magnet synchronous motors:
left - standard, right - reversed.
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Figure 1.3 - Cross-section of rotors with different ratios Ld/Lq
Magnets are marked in black.

Figures d and e show axially stratified rotors, and Figures ¢ and /4 show rotors
with barriers.

Figure 1.4 - Rotor of a synchronous motor with a surface-mounted permanent magnet
installation.

Also, according to the design of the rotor, SPDMs are divided into:
« synchronous motor with a surface permanent magnet installation (SPMSM -
surface permanent magnet synchronous motor);

MONOGRAPH 8 ISBN 978-3-949059-85-8
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o synchronous motor with built-in (incorporated) magnets (IPMSM - internal
permanent magnet synchronous motor).

[ ITocTifi Marsim

Figure 1.5 - Synchronous motor rotor with built-in magnets

The stator consists of a body and a pole with bushings. The most common
designs are two- and three-phase windings [11].

Depending on the design of the stator, a permanent magnet synchronous motor
can be

« with distributed winding;

« with a concentric winding.

A distributed winding is a winding in which the number of slots per pole and
phase Q =2, 3, , k.

A winding is called concentrated if the number of slots per pole and phase
Q = 1. In this case, the slots are evenly spaced around the stator circumference. The
two coils that form the winding can be connected either in series or in parallel [12].
The main disadvantage of such windings is the inability to influence the shape of the
EMF curve [2].

Figure 1.6 - Electric motor stator with distributed winding

MONOGRAPH 9 ISBN 978-3-949059-85-8
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Figure 1.8 - Diagram of a three-phase distributed winding

Pazal VWe @aza? Gaza 3

Figure 1.9 - Diagram of a three-phase concentrated winding

The form of the inverse EMF of an electric motor can be:

o trapezoidal,

« sinusoidal.

The shape of the EMF curve in the conductor is determined by the
distribution curve of magnetic induction in the gap around the stator circumference.

MONOGRAPH 10 ISBN 978-3-949059-85-8
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It is known that the magnetic induction in the gap under a pronounced rotor
pole has a trapezoidal shape. The EMF induced in a conductor has the same shape. If
it is necessary to create a sinusoidal EMF, then the pole tip is shaped in such a way
that the induction distribution curve would be close to sinusoidal [13]. This is
facilitated by the bevels of the rotor pole tips [2].

MONOGRAPH 11 ISBN 978-3-949059-85-8
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CHAPTER 2
VECTOR DIAGRAMS AND EQUASIONS OF STEADY-STATE MODES OF
THE SYNCHRONOUS MACHINE

%

2.1. Vector diagram of a nonsalient pole synchronous generator

To analyze the work of electric machines with permanent magnets, we will
construct spatial and temporal vector diagrams of E. M. F. of the synchronous
generator in the received symbols. The direction of the rotor spinning is assumed to
coincide with the direction of the vectors rotation in the temporal diagram, that is,
counterclockwise. The position of the rotor is shown at the moment when in the
phase U1-U2: the current has the maximum positive value. As is known from the
basic course of electric machines, the three-phase current of a direct sequence,
passing through a three-phase winding, creates a rotating with a synchronous speed
constant according to the magnitude of m. f. of the armature reaction F,,whose value
is 3/2 times higher than the maximum value of m. f. of one phase [14]. At the same
time, at the moment when the current in any of the phases has the maximum value of
rotating, the m. f. of armature reaction coincides with the direction of m. f. of this
phase. Consequently, the vector F,, of m. f. of the armature reaction should be
directed vertically upwards.

E. M. F. E. in the phase Ul, induced by the flow of the rotor @, had a

maximum value at the moment when the pole axis coincided with the phase plane.
Then the elongated axis of pole d turns to the angle v of electric degrees and only
then the current in phase a reaches a maximum [15]. Therefore, under the present
conditions, the current in stator / reveals a phase lag behind E. R. S. E by the angle v,
equal to the angle between the axis of the rotor d and the plane of phase Ul. If, by
combining the temporal diagram of flows, currents, and E. M. F. with the spatial
diagram of M. F. of flows, equally direct the common for both diagrams the vector of
the rotor flow @, then the vector of m. f. of the armature reaction F,, coincides with
the current vector / (the phase in which the latter is at the moment the maximum, that
is, with current) in the phase U1. Since, (in addition), both of these vectors rotate with
the same synchronous velocity, then their coincidence will continue at all subsequent
moments of time [16].

Vectors of MLF. and the excitation winding flow Fr and ®; have the same

direction, which coincides with the positive direction of the longitudinal axis d. Thus,
in the space the angle between the vectors of m. f. of armature reactions F,, and m. f.
of the excitation winding Fy is 90 + y e. degrees. The geometric sum of m. f. vectors
of the excitation winding and the armature reaction has a direction depending on the
ratio of absolute values of the given m. f. and from the angle y between them. The
latter alters with the change in the nature of the load. In nonsalient pole machines, the
magnetic resistance is minimal in the direction of the longitudinal axis d and maximal
on the lateral axis ¢, so that when changing the nature of the load to avoid different

MONOGRAPH 12 ISBN 978-3-949059-85-8
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magnetic resistances, the m. f. of the armature reaction is decomposed into the
longitudinal F,;and lateral F,,components. It follows that

Frqa = Ey cos(90°+¢Y) = —F, sing (2.1)
F g = F, cos(180° + ) = —F, con ¢, (2.2)

where 90° + 1 is the angle between the vectors F,,and the positive direction of
the longitudinal axis dj
180° + y is the angle between the vectors F,and the positive direction of the
longitudinal axis gq.

I; = —Isin, (2.3)

I, = —Icosy. (2.4)
The sign - in formulas (2.1) - (2.4) suggests that the longitudinal and lateral
components of the current and M. of the armature reactions will have negative values
in case when the latter are directed toward the negative directions respective the
longitudinal and lateral axes d and ¢q. The angle y with the inductive nature of the
load should be taken with a plus sign, and at a capacitive one with a minus
sign [17].
This is especially emphasized by the fact that some authors [18], following
R.G. Park, lateral and longitudinal components of the current and M. F. of the
armature reactions are considered positive when they are directed according to the
corresponding axes to the negative side. In this case, in formulas (2.3) and (2.4) they
get a plus sign on the right side. Longitudinal and lateral m. f. of the armature
reaction Fgand F,,create, respectively, the longitudinal and lateral flows of the
armature reaction and diffusion flows that induce in the stator winding the
longitudinal and lateral E. M. F. of the complete armature reaction Egzand Eg,.
Effective values of these E. M. F. are considered to be taken with the opposite sign of
the voltage drop in synchronous inductive resistances x; and x, respective the
longitudinal and lateral axes, that is, it is assumed that

Eqq = —jXalq,
Eqq = —jxql, (2.5)
where [; and [are the effective values of the longitudinal and lateral
components of the stator current:
E. M. F. E qand E,, reveal a phase lag behind the currents Izand [, at an
angle of 90 °, and therefore the right side of formulas (2.5) 1s multiplied by-j.
Similarly, one can accept the E. M. F. E. vector equal and opposite to the
voltage drop in the active resistance of the stator phase, that is, one can put it as

follows:
E.= —I,. (2.6)

MONOGRAPH 13 ISBN 978-3-949059-85-8



Al
7 e
Study of steady-state modes of a synchronous electric machine %

Arranging geometrically the vectors E. M. F. E. Ey4, E4,, and E;, we obtain
the voltage vector of the generator U, (2.1), that is,

U.=E+Eq +Eq +E; (2.7)
or, taking into account (2.5) and (2.6),

Uy = E — jxgly — jxgly — I (2.8)

The voltage vector of the network U, which the generator is connected to, is
equal according to the magnitude and is opposite to the generator voltage according
to the direction, that is

U=—E +jxgly + jxgly + I (2.9)

The resulting voltage vector of the network U can be decomposed into two
components Uzand Ugdirected on the longitudinal and lateral axes of the

rotor [18]. It immediately follows that

Ug; = Ucos(90° — §) = Usinéd
(2.10)
Us =Ucosé

where 0 is the angle at which the voltage of the machine operating in this case
as a generator lags behind E. M. F. E.

2.2. Vector diagram of a nonsalient pole synchronous motor

The vector diagram of the synchronous motor for the moment when the current
in the phase U has the maximum value. In this case, the spatial and temporal
diagrams are combined in exactly the same way as in the vector diagram of the
synchronous generator discussed above that is, the vector of the rotor flow @in both

diagrams coincides [19]. The rotor flow created by a constant magnet is induced in
the stator winding E.R. S. E, which lags behind this flow by 90 °. The current in the
motor has a direction approximately opposite to E. M. F. Depending on whether the
synchronous motor is overexcited or underexcited, the current will reveal a phase lag
behind E. M. F. by the angle that is, respectively, slightly smaller or greater than
180°.

The case of overexcitation is taken when the synchronous motor is fed from the
network by capacitive current, ahead of the network voltage and lags behind the
phase from E. M. F. by the angle ¢ that is less than 180 °, but greater than 90 °.

Using the rule of the right hand, one can determine the direction of E. M. F. in
the phase U. In this case, E. M. F.E. has a direction from the end of the phase to the
beginning. The current in the motor will have a direction opposite to E. M. F., i.e.,
from the beginning to the end of the phase. In this case, as we arranged in Sections 2

MONOGRAPH 14 ISBN 978-3-949059-85-8
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and 1, the direction of m. f. of the phase a will be negative, that is from the center
downward.

Since the diagram is plotted for the moment of time when the current in phase
a has the maximum value, then m. f. of the armature reaction F,will coincide with
the negative direction of the axis of the given phase [20].

As in the case of the vector diagram of generator, we decompose the vectors of
m. f. F, and the current / into the longitudinal and lateral components. The
longitudinal components of m. f. of both the armature and current reactions are
directed toward the negative direction of the axis d and therefore have negative
values in this case.

We deduce:
Fpnqa = —E,siny (2.11)
I; = —Isiny (2.12)
Fpnqg = —Fmcosy (2.13)
I, =—Icosy (2.14)

As can be seen from the comparison (2.1) - (2.4) of (3.1) - (3.4) formulas for
the longitudinal and lateral components of the current and m. f. of the armature
reaction in the case of the generator and the motor are absolutely identical [21].

Longitudinal and lateral m. f. of the armature reaction creates, respectively, the
longitudinal and lateral complete flows of the armature reaction, which induce in the
stator winding e. m. f. E;; and Eg,, the levels of voltage drops in the synchronous
inductive resistances of the stator winding on the longitudinal and lateral axes, taken
with the opposite sign, i.e.

Eqa = —jxalg (3.5)
Eaq = —Jxqlq (3.6)

We similarly deduce
E, =—I, (3.7)

Adding geometrically E. M. F. E, E4, E4, and E,., we obtain the voltage of the

motor U, that is
Uy =E+Eq +Eq+E; (3.8)

The vector of the network voltage U, which the motor is connected to, by the
magnitude is equal, and by the direction is opposite to the voltage of the motor, that is
U=-U,=—-E—Euq—Eqq —E, (3.9

or, taking into account (3.5) - (3.7)

MONOGRAPH 15 ISBN 978-3-949059-85-8
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U=—E +jxgly + jxgly + I (3.10)

When the motor is running, the voltage vector U,does not lag behind, as in the
case of the generator, from the vector E. M. F. E., but is ahead of it by the angle 6.
Considering 0 in the generator mode as positive and in the motor mode negative, for
vector projections of the motor voltage we obtain expressions identical with the
formulas (2.10) for the generator [23].

2.3. The equation of the constant mode of the synchronous machine
for currents and voltages

Designing the polygons of E. M. F. and those of the voltage drops of both the
generator and the motor on the longitudinal and lateral axis of the rotor, it is easy to
obtain the following basic equations of the steady-state mode of the nonsalient pole
synchronous machine:

Uq =F +jxd1d + T'Iq, (41)
Ud = _quCI + rld

These equations can also be obtained with (62,98), putting p = 0 and 2 = 1.
Having solved these equations, we obtain for the longitudinal and lateral components
of the stator current:

x,(Uy —E) + 71U,

@ T2+ x4%q
4.2)
|- r(Uq — E) —xqU,
q T2+ x4xq
Taking into account (2.10), we rewrite the last formulas in the form:
[, = Xq (Ucos§—E)+rUsins (4 3)
d— r24+xg%q )
I _1(Ucos6—E)—xqUsind
a= r2+x4xq
If we accept r = 0, the formulas for currents will take the following form:
I %Ucosé’—E (44)

d

—%siné‘
I, = —Lsins
*q
According to (33.3), between the basic units of voltage, current and resistance
there is a ratio:
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UB = EB = ZBIB, (45)
. = Up __ ZpUp
b7z T z3

Dividing (4.1) into (4.5), and (4.2), (4.3) and (4.4) into (4.6), we obtain the
same equations in relative and physical units. At the same time, the data in the
equations in relative and physical units will have exactly the same form.

2.4. E. M. F. for lateral resistance

When solving many practical problems, the idea to introduce the notion of E.
M. F. E,, compatible with the lateral synchronous inductive [24] resistance or,
briefly, E. M. F. in accordance with the lateral resistance appeared to be attractive.
Under E. M. F. E,,, they understand such a theoretical E. M. F., which should be
induced by the flow of permanent magnets of the rotor in the stator winding in this
steady state, as if the longitudinal synchronous inductive resistance of the machine
x4 equaled its lateral synchronous inductive resistance x,.

We’ll determine the link of E. M. F. E,,with other magnitudes of the stator
winding [25].

Accordingly, we will construct a vector diagram of the synchronous generator.
Let the positive direction of the d-axis pass to the left and the g-axis down from the
origin of the O coordinates. Then the E. M. F. vector of the stator £, lagging from the
d-axis by 90 °, will be directed upwards. Suppose from the vector £ the vector of the
generator voltage U, lags by the angle J, and the vector of current / lags by the angle
y. The longitudinal and lateral components of the current are expressed respectively
through I;and I,.

We’ll determine under the given conditions that value of E. M. F. of the stator
winding, which would be necessary to be induced in it by the flow of permanent
magnets of the rotor, if x; equaled x,, that is, we will determine the vector E. M. F.
Esq-

From the end of the generator voltage vector U, we construct in parallel with
the vector of current / the vector of the voltage drop in the active resistance of the
stator winding r/. The perpendicular BC from point C on the vector E. M. F. E under
the given conditions is equal to the voltage drop jxgl,. If x41is equal to x,, then

putting off the segment from the point B upwards
BG =jxdld (51)

we obtain the vector OG that is equal to that E. M. F., which under these
conditions would have to be induced in the stator winding by the flow of permanent
magnets of the rotor, or, in other words, we obtain E. M. F. E,,.Thus, E. M. F. E,is
depicted on the vector OG [26].

The vector of the valid E. M. F. of the stator winding £ is determined, putting
up the segment BA from the point B equal to the voltage dropjx,;1;. Then
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GA = j(xq + x4)1q (5.2)
and
E =Ey+j(xq+x4)la (5.3)
where
Exg =E —j(xq+x4)la (5.4)

Since all the three vectors included in (5.4) are located on a single line, the
equation can be written in an algebraic form as

Exq =F+ (xd — xq)ld (55)

Here E,, and E are always positive values of the modules of corresponding
vectors, and I;1s the longitudinal current of the stator, which has in the given diagram
under the inductive load the negative value. Therefore, between the first and second
members (in 5.5) there is a plus sign, but not a minus one. The hypotenuse ABCG

=7 _ Xqlg _
CG = ok Xql, (5.6)

that is equal to the voltage drop across the resistance x, from the full current /.

We continue the hypotenuse CG to the intersection with the horizontal vector AH.
The hypotenuse of obtained at that A4 HG will then be equal to

= GA  (xg—xg)la _ _
GH = 5 =~ = (xq —x4)1 . (5.7)
In the same AAHG the catheter
AH = GHcosY = (xq — xg)14. (5.8)

It follows from this [26] that the vector E. M. F. according to the lateral
resistance Ey,is equal to the geometric sum of the vectors: the voltage U,., the voltage
drop in the active resistance r/, and the voltage drop jX,I in the resistance x,from the
full current, that is

Exqg = U+ (r+jxg)ll (5.9)

Expressing the vectors included in the last equation by the corresponding
complexes and denoting
r+jx, =2, (5.10)

with (5.9) we obtain the following expression for E. M. F. according to the
lateral resistance
Exq=U-+2, (5.11)
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To solve certain problems, the vectors jx,Iand jx,I, are advisable to be
represented in the form of the following sum:

jxgl = jxqql + jxI, (5.12)
Jxqlq = jxaqlq + jxslg.

The vector E;in this diagram, which is equal to the sum of the voltage vectors
U, the voltage drop in the active resistance rl, and the voltage drop in the inductive
diffusion resistance x/ is that internal E. M. F., which induces in the stator winding
by the resulting flow, generated by m. f. of the excitation winding Fr and m. sf. of the
armature reaction Fy,.

The projection of the vector of the internal E. M. F. E; onto the lateral axis of
the rotor g, denoted by Ej, , is that E. M. F., which induces in the stator phase by the
magnetic flux produced by the algebraic sum F;; of m. f. of the excitation winding
Frand m. f. of the longitudinal armature reaction Fp,4. Since the saturation, to a large

extent, affects the value Ejg , it should be taken into account when solving practical
problems, using E;, . The vector xs41, is equal according to the amplitude, and is

opposite according to the direction to E. M. F., which induces in the stator phase by
the magnetic flux, created by m. f. of the latral armature reaction F,,; .

In nonsalient pole machines [27], the magnetic flux of the lateral armature
reaction passes a significant part of the path through the air, so the resistance of the
rest of the path (in the magnetic circuit) and the effect of saturation on the magnitude
Xrqlqcan be neglected without making a big error. It turns out that

Evo = Eig — Xaql, (5.13)

Here 1;is the longitudinal current of the stator. At inductive loading, the
numerical value I;is negative, but with capacitive load is positive.

The value E;;is determined by the actual characteristic of no-load operation,
respectively, of the algebraic sum F;; of MLF. of permanent magnets Frand m. f. of

the longitudinal armature reaction F,,,;. The last position is conventionally written in
the form
Fid = Ff + Fmd — Eiq.

If, the current of excitation at the change of current /;remains unchanged, then
Fi4, consequently, E;, and E,,will uniquely depend on the stator’s longitudinal

current /.
Knowing the characteristic of no-load operation, m. f. F; and the inductive

resistance of amature reaction x,,, one can construct the dependence E. M. F.
according to the lateral resistance E,,from the stator’s longitudinal current Iy, as
recommended by the method of D. A. Gorodskyi.
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Let’s construct in relative units the characteristic of no-load operation.

Voltage U, and E.M.F.E. for no-load operation are identical and equal to

E.M. Eyq,.

Let’s find m. f. of the excitation winding in relative units F,r = Ob and any
values of the longitudinal current, for example the nominal I,;. Let’s calculate the
longitudinal n. s. of the armaure reaction F,,,,;with this current and put it to the left of

point b in the form of segment bc. On a perpendicular from point 3, we put the
segment cd, equal to X.qqliqa. Through points b and d we draw a direct line to its
intersection with the axis of the ordinate at the point k. According to the characteristic
of no-load operation, the segment ce is equal to e. m. f., which corresponds to the
difference of n. s. F,;q = F,f — F,nq,that is, the segment ce is equal to the lateral
component of the internal e. m. f. E.iq-

Since the load has an inductive character and the current I, ;is negative, then,
according to (5.13), by expressing ef = X,q4l.q = cd, we obtain the ordinate cf,
which will be equal to E. M. F. according to the lateral resistance E,,,with the taken
longitudinal current of the stator I,;. Similarly, E. M. F. can be found for the lateral
resistance with the same m. f. . and for any other longitudinal current [28]. The
construction of the curve E,; = f(l.q, however, can be simplified. To do this, the
corresponding ordinates of direct line kb, conforming to the construction X,qql.q,
should be added to the ordinate characteristics of no-load operation, and thus
construct the kfa curve. The ordinates of this curve will be equal to E. M. F. E,, in
p.u., and the abscissas counted from point b as from the origin of the coordinates, will
be equal to the longitudinal current I, ;. The magnitude for the longitudinal current is
determined from the following conditions: at point » we have I,; = 0; the segment
bc = I,; and segment bO are equal to such a longitudinal current, at which m. f. of
the longitudinal armature reaction F,,,41s equal to m. f. of the excitation winding
F.f.The curve E,zq = f(I,q) isused in the calculation of the stability of saturated
nonsalient pole synchronous machines [29].

Example of e. m. f. application according to the lateral resistance

It is given: voltage [30] on the clamps of the generator U,; the current strength
I; the power factor cos ¢; the active resistance of stator winding r; the unsaturated
value of the longitudinal synchronous inductive resistance x; the lateral synchronous
inductive resistance x.

Determine: the percentage increase in voltage at load drop 4u%, the excitation
current /.

Graphic solution. Let us direct the voltage vector U, horizontally. At the angle
¢ to the voltage vector U, we construct the current vector /. From the end of the
voltage vector D in parallel with the current vector, we construct the vector of voltage
drop in the active resistance r/. Then, from point C perpendicular to »/ plot the vector
J xgl of the voltage drop in the resistance x,. The end of the last vector will be
connected with the point O. Vector OG is E. M. F. E,; On the continuation of the

vector Ey,we construct the vector G4, equal to j(xd — xq)Id.
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The OA vector will be equal to the unsaturated value of E. M. F. E,;,;, induced
in the stator phase by the flow of the rotor.

According to the rectified characteristic of no load operation, we determine the
current of excitation Ir = Oa , corresponding to E. M. F. E,,, = aA.

The actual E. M. F. E. in the stator phase with the excitation current I through
saturation will be less than E,, , by the value of AB.

The percentage increase in voltage at load dump is found by the formula
—100%

r

Au% =

Analytical solution. Let us direct [31] the vector of voltage U, along the axis of
real values. In this case, the complex expressions for the voltage and current will take
the form

O

U, = U,
f=1Icosp—jlsing =1, +jl,,
where 1, I, is the active and reactive components of the current.
The complex expression for the voltage drop in the imaginary resistance of the
machine Z,can be represented as

Zyl = (r+jx,)Us—jl) = (rly + xg1,) +j (xgly — 7I.) = DG

The complex expression for E. M. F. according to the lateral resistance E,,will
obviously have the form of

Exg = (Ur + 7Ly + x401) + j(x4ly — 71,) = 0G

The module of the vector E. M. F. according to the lateral resistance E,gis
equal to

Eyq = J(UF + 7Ly + xg1)" + Cegly — 71,)2
U. +rly + x40
Exq

cosd =

and

b=9+0;
then the longitudinal component of the stator current is

I; =1siny

The unsaturated value of e. m. f., induced in the stator phase by the rotor flux,
is equal to
Epi =Exq = (xg — xq)la
Further, the solution to the problem is identical as in the graphical method.
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2.5. Vector diagram of unsaturated nonsalient pole generator

In a nonsalient pole machine one can accept x; = xgzand x,q = Xg4. At the

same time, E. M. F. according to the lateral resistance E,,will be equal
toE. M. F. E.

In a nonsalient pole machine [32], the magnetic resistance to the main flow will
be identical in all directions, which makes it possible to find the value of the inner E.
M. F. E, for the proper expression of no-load operation in accordance with the
geometric sum F; of the winding m. f. for excitation Fr and m. f. of the armature
reaction F,,.

The vector E; lags in phase from the vector of m. f. F; by 90 °. Neglecting the
active resistance of the stator winding, the diagram can be presented in a simplified
form. From the simplified vector diagram we will determine that E. M. F. of the
stator winding

E = \/Urz cos? @ + (Upsing + X,1)? (6.1)

If the terminal voltage and the generator current are equal to their nominal
value, that is, if U, = U and I = I then, dividing both parts (6.1) into Uy, we obtain
for E. M. F. of stator windings in p. u. such an expression:

E, =/cos? ¢ + (sing + x,4)2 (6.2)
where
I
@d=%§ (6.3)

1s a synchronous inductive resistance on the longitudinal axis in p. u.

2.6. Vector diagram of a saturated nonsalient pole generator

In saturated nonsalient pole synchronous machines after the summation of m. f.
of the excitation winding Fr and m. f. of the armature reaction Fpaccording to the
resultant m. f. F; they find the saturated value of the internal E. M. F. Ej, using the
real no-load characteristic. We denote the relation of the unsaturated value of the
internal E. M. F. Ej,, to the saturated by its value E; the coefficient ,,, that is

Epw  MD
EE. _ND ©

U

The coefficient a,is greater than unity and depends on the value of m. f. F,
that is, from the position of point D. With increasing the saturationa ,,
increases [33].
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The inductive resistance of the armature reaction on the longitudinal axis,

taking into account the saturation x4, Will obviously be less than the unsaturated
Xad
a,’

After these preliminary remarks, we turn to the construction of a vector
diagram of a saturated nonsalient pole synchronous generator.

Vector m. f. of the excitation winding F is constructed on the & (7.1) axis in

the positive direction. At the angle of 90° + 1 to it, in the direction of the lag, we plot
a vector of current /. From the end of Frin parallel to / we construct the vector of m. f.

of the armature reaction F,,. The closing vector will be equal to the resultant m. f. F;,
the active pension system of the machine. M. F. F create a magnetic flux @;, which
induces in the phases of the stator internal E. M. F. E;. Knowing F,we will find the
saturated E; and unsaturated E;,,,values of the internal E. M. F. and, consequently, the
points D and B, respectively, according to the actual and straightforward no-load
operation characteristics[34].

From the end of the vector E,, perpendicular to the current, we construct the
vector jx,qI, where x,;1s the unsaturated value of the longitudinal inductive
resistance of the armature reaction. The closing vector E,,is the unsaturated value of
e. m. f. in the stator winding.

To construct the voltage vector U.from the end of the vector E;, we put the
vector DG = jx,I perpendicularly the current downwards, and from the beginning of

the last vector we will construct the vector rl parallel to the current. The closing
vector U, will be the terminal voltage of generator. If we plot the vector j x;ﬂl =DC
u

from the end of the vector E; perpendicular to the current, then we find the vector

B — OC that is equal to that value of E. M. F., which would be induced in the

ay
winding of no-load stator, as if the saturation at no-load were the same as at loading,
that is would correspond to point N of the no-load characteristic.

If M. F. of the excitation F will be greater than M. F. F;, which takes place
during the non-operating run, then the coefficient a,will be greater than at loading,
and therefore the true value of E. M. F. E at load dump will be less than OC [35].

one, the value of the same magnitude by a,, times, i.e. X4q, =

2.7. Active power of the nonsalient pole synchronous machine at the assumption
thatr =0

Neglecting the active resistance of the stator winding, let’s assume the vector
diagram of the synchronous generator.

The power of the synchronous generator, provided to the network, is equal to
P = 3UlI cos ¢ , where U = U,, or according to

P = 3Ulcos(yp — &§) = 3U(I cosy cosé + I sinsind).
Since, in addition, according to
Xqlg = Usiné,
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xqly = E — Ucosé,

then

U ‘ U (8.1)

P = 3U(—sindcosd + —sind — —sindcosd)

Xq Xd Xd

or
2
P=sins + (i — i) 2 sin26 (8.2)
Xd Xq Xd 2

The expression for power could also be obtained proceeding from the vector
diagram of the motor. The first component of the power in the natural expression
(8.2) 1s proportional to E, and hence the rotor’s flux. The second component of power
is due to a difference in the values of inductive stator resistances on the longitudinal
and lateral axes of the machine.

In nonsalient pole machines x; = x4, hence, the second component of the
power in (8.2) is equal to zero. The moment in watt-radians is numerically equal to
the power and therefore expressed by the same formula (8.2). Expression (8.2) for the
moment of rotation and power in the steady state is equal to the previously obtained
in a different mode expression (44, 60) [36]. The expression for power and moment
in p. u. can be obtained by dividing (8.2) into the baseline power and the moment

2 (8.3)
P= My =53 () =5 U

where U, 1s the basic unit for effective values of voltage and E. M. F., if at
that U = U—Z, then the power and moment in p. u. are equal to

E

.. 1( 1 1
sind + —( —
Xsd 2

Xeq  Xsd

P.=M, =

) sin26 (8.4)

2.8. Reactive power of an unsaturated nonsalient pole synchronous generator at
R=0

The vector diagram of an unsaturated nonsalient pole synchronous generator
while neglecting the active resistance of the stator winding has the form shown
in 6.2.

According to the rectangular AOAB at U. = Uwe have

E? =U?%cos? @ + (Using + x41)?
or
E? = U?% + x2I? + 2x4UI sin ¢.
Let us express the reactive power in terms of Q, i.e.

Q = 3UlIsing,
then
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E2 = U? + x31% + = 24Q. (9.1)
Let us express the reactive power through the voltage U, E. M. F. E and the
angle ¢. For this purpose, from the point C, we drop the perpendicular CD onto the
vector E. M. F. E.
With 4ADC and 40DC we have:

Xqlcosyp = Usin§,
x4l siny = E — U cosé.
We reduce to the square and sum up the last two equalities
x5I? = U%? + E? — 2EU cos 6. (9.2)
Substituting (9.2) into (9.1), we obtain

(9.3)

EU U?
Q =3—cosd —3—.

Xd Xd

Dividing the last expression into the base power (8.3), we obtain for reactive
power in p. u. the expression

.U U2 (9.4)
Q. = . cos o a2

For the similar nonsalient pole machine, the active power in physical and
relative units will be in accordance with (8.2) and (8.3) and is equal to

P =gin 6, 9.5)
Xd
or
P, =2%sins. (9.6)
Xxd

2.9. Active and reactive power in accordance to the dissipation resistance

The power of dissipation resistance is understood to be the power of a machine
that it would develop if the inductive resistance [37] of dissipation and the active
resistance of the stator winding were equal to zero, and the saturation coefficient at
no-load was equal to the saturation coefficient under load. Given these conditions,
obviously, the following equalities (7.1) will take place:

Ur‘ == Ei
EHH
E=2 (10.1)
5 == 6i
Xd = Xad
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The saturated value of the synchronous longitudinal inductive resistance in this

case will be equal to xc;ﬂ
u
Substituting the corresponding values from (10.1) into (9.5) and (9.3), we
obtain the following expressions for active and reactive powers [39] according to the

dissipation resistance:

P, = i gin 6; (10.2)
Xad
and
. 2
Q; = Lmbiog s, = 2% (10.3)
Xad Xad
in p. u. will also have the following form:
p,; = ZmPigin g, (10.4)
Xxad
_ EwuEsi E*ziali
Q*i = HCOS 51' - Tad (105)

where x,,4 are the unsaturated values of the inductive resistance of the
armature reaction in p. u. The reactive power on the clamps of the machine Qwill be
less than the power Q; by the unity of the reactive power of dissipation 3x/? , that is

Q = Q; — 3x,I? (10.6)
and the power of the machine according to the dissipation resistance seems to
be equal to

S; = 3E;l = ,Piz + Q7 (10.7)

2 _ PP+0Qf

and [“ = G50
(10.9)

PP+Q}
Q=0 - "5 s

If we neglect the loss of active power in the active resistance of the stator
winding, we can equate the active power on the clamps of the machine P of the active
power according to the dissipation resistance P; , i.e. it is possible to express

P = Pi
2.10. Experimental determination of parameters of steady-state modes of the
synchronous machine

The value of parameters of synchronous machines is appreciably dependent on
the methods of their determination. Here is a brief description of the measurement
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methods that give the value of parameters that are suitable for use in the equations of
most transient processes of the synchronous machine.

1. The active resistance of the phases of the stator » and the excitation winding
7¢ can be measured at a constant current by the method of ammeter and voltmeter.

2. The resistance of the excitation winding Z of the machine without a damper
winding can be measured by the method of ammeter and voltmeter at alternating
current of nominal frequency [40]. The winding of the stator in this case should be
opened, and the rotor is stationary. The fully inductive resistance of the excitation
winding is calculated by the following formula

Xg = foZ—er. (11.1)

In most cases, without making a big error, one can equate the inductive
resistance xr of the full resistance Zg, that is, to assume x¢ = Z.

3. To determine the resistance of the mutual induction of the stator winding
with the winding of excitation x,, the following method can be used. With an open
winding of the stator and the rotor spinning with the synchronous speed, the constant
current [r passes through the excitation winding, and the phase voltage U is
measured.

Then

X, = m = Y2U (11.2)

If I

4. The resistance of mutual induction of the excitation winding with the stator
winding on the longitudinal axis xs,0f the machine without a damper winding can be
defined as follows.

With an open winding of excitation and a stationary rotor a constant three-
phase current of direct sequence passes through a stator winding [41]. Further, the
effective values of the current in the stator / and the voltage on the clamps of the
excitation winding Uy are measured.

Then

Xgy = U (11.3)

5. Synchronous inductive resistances on the longitudinal and lateral axes
x4 and x, are very simply and accurately determined by the method of sliding.

The stator winding with a closed excitation winding is supplied with a reduced
voltage of normal frequency fed from an independent current source. The rotor is
spinning at a speed close to the synchronous one and then the excitation winding of
the machine is opened. In a nonsalient pole machine, if there is a slip, the magnetic
resistance to the flow generated by m. f. of the stator will change, while the
inductance and current of the stator change accordingly [42].

Since the external voltage source has a finite power, then the voltage applied to
the winding of the stator does not remain constant, but fluctuates with the stator flux,
and also the minimum voltage on the clamps Uy,;, corresponds to the maximum
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current in the stator I,.,y, and vice versa. The maximum of the stator current
corresponds to the coping of the stator flux with the lateral axis of the rotor, and the
minimum of the stator current corresponds to the coincidence of the stator flux with
the longitudinal axis of the rotor. Therefore, the inductive resistance should be
calculated according to the formulas:

Xg = —max (11.4)

31min

;

Umin

31max

The highest U,.x, Imax and the smallest Uy, Linin the effective values of the
voltage and current can be directly calculated by means of devices or determined by
oscillograms.

2.11. Equation for the stationary rotor current

Example 1. Currents passing through the stator winding of a synchronous
machine without a damper winding, the data of which are given in Table. 111,1:

i, =0,98-,/2sint,
i, = 10,65 - /2 sin(t — 93°) (12.1)
i, = 10,65 /2 sin(t + 93°)

The excitation winding is short-circuited. The rotor is stationary. The
longitudinal axis of the rotor composes with the axis of phase a the angle 6,; = 90°
(12.1).

The equation for the current of the rotor irin a steady state [43] is to be
composed.

Solution. For a machine without a damper winding with a short-circuit
excitation winding (Uy= 0) equations (15.21) and (14.42) take the following form:

i+ -2 =0 (12.2)
Yt = Xeif + Xalg (12.5)

replacing in (12.2) the derivative by the expression from (12.3), we obtain
rip + = (X¢ig + Xgaiq) = 0 (12.4)
To determine the direct-axis component, constructing the vectors of the stator

current, we use the formula (18, 6), which in axes d, g has the following form
ig = %[ia cos B,4 + ipcos[0,5 — 120°] +i.cos(8,4 + 120°)]. (12.5)
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Substituting in (12.5) the expressions for currents from (12.1) at 8,4= 90 °, we
obtain
iq = 2[10,65 - \/2sin(t — 93°)cos (—30°) + 10,65 - y/2 sin(t + 93°) c0s210°| =
= —123-V2cost

Substituting the last expression in (12.4) we obtain the following differential

equation:
xp <L+ 17y + 12,3 22 sint = 0 (12.6)

Assuming that the initial conditions are equal to zero, that is, assuming that
with t = 0 also i;= 0, we write (12.6) in the operational form:

. . p
pxsie(p) + reif(p) + 12,3 - \/2x, Tp2
from here
i = — . b
ir(p) = =123 2% Gy (12.7)

Let us expand the resulting operational expression initially approximated,
putting 77 = 0. Then
(D) = —123 -2 —Ta__
if(p) = —12,3 ﬁx(l Ty

but the origin of this operating expression has the form

ir=12,3- V2L cost — 12,312 L2
Xf Xr

Consequently, in case of 7 = 0 and a «sudden» passage of currents (12.1)
through the stator winding, the excitation current will consist of two components,
namely the periodic and constant ones [44].

If there is an active resistance excitation in the winding, the constant
component will be attenuated and in the steady state the current of excitation will be
equal to

ir =123" z%“cost =12,3-V2=cost = 31,5-V2cost  (12.8)
To take into account the effect of the active resistance 7y on the magnitude of

the excitation current, it 1s necessary to expand the operator expression (12.7). Let us
use the expansion theorem for this purpose.

Let’s put:
M(p) = p,
N(p) = (rs + pxp) (1 + p?),
C=—-12,3V2xg,.
here

N’(p) = 3x¢p? + 2pr¢ + X
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The roots of the equation N(p) = 0 will be:

1 . .
pr=—"d=—— po=v-1=j, p3=—j.

On the basis of the expansion formula [see (26), annex 6] we will put:

o] _%_I_ elt e It
if=C|l5——=e Ta . — =
rf + x? 2(rs —x¢)  2(jre + X¢
or
t
. Cx - Cr ] Cx
szz—fze Tao + ——L-sint — ——L cost. (12.9)
rf+xf rf+xf rf+xf

By trigonometric transformations, one can also deduce for ir the expression

. CXf _TL C
e
Tf + xf
where
t i
8Pr = Xt

In a steady state, the first decaying part in equations for irwill be equal to zero.
On the basis of (12.9) and data presented in tables 111.1 for the excitation current in a
steady state we will write

12,3 -\ 2xs,1
——fafsmt+

2 2
T¥ +xf

12,3 - V2xs,17

cost
2 2 4
TF + Xf

or
ir =—1,127-V2sint + 31,45- V2 cost (12.10)

The equation for the excitation current, obtained experimentally (oscillogram),
has the following form

ir =30,2-V2cost (12.11)

From the comparison of equations (12.8) and (12.10) with each other and with
equation (12.11), it follows that neglecting the active resistance has little effect on the
magnitude of the steady value of the excitation current.

The estimated value of the current in the rotor winding, calculated atry = 0,
differs from its experimental value by approximately 4.3%.

Example 2. The conditions of this example differ from the conditions of the
previous one by the fact that the longitudinal axis of the rotor coincides with the axis
of the phase a, that is, the angle 8,4 = 0 (12.2), and in the stator phases the following
currents flow:
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i, =11,3-/2sint,
ip = 5,65 -4/2sin (t— 180°) , (12.12)
i, = 5,65 /2 sin(t + 180°).

It is necessary to compose an equation for the current of the rotor ir in a steady
state.

Solution. Substituting in (12.5) the expression for currents from (12.12) and
0,4 = 0°, we obtain for the longitudinal component the representation of the stator
current vector

ig = 11,3\/5 sint.

Substitution of the obtained expression for i; in (12.4) results in a differential

equation
Xf % + el + 11,3+ \/Exfa cost =0.

Transforming this equation into an operating form, we obtain for the excitation

current
2

p
(rs + pxe) (1 + p?)
As shown by the solution of the preceding example, the active resistance of the
excitation winding can be neglected. Then, based on the last equation we obtain

if(p) = —11,3 - V2x¢,

Xfa p
; 1+ p?

Taking advantage of (12.5), and the data of the table 111, 1, we obtain for the
rotor current the equation of the form

X 9,7
ip=-11,3-vV22L%sint = —11,3V2 ——sint = —28,9 - VZ sin¢
Xf 3,79

The equation of the curve of current in the rotor winding, obtained for the
conditions of this experiment from the oscillogram ir = —27,6 - V2sint. The estimated
value of the current at ry = 0 differs from the experimental one by 4.7%.

if(p) = —11,3-V2

2.12. Equation for phase voltages and currents

Example 3. The machine parameters are shown in the table 111.1. The stator
winding is open. The rotor is stationary and its longitudinal axis coincides with the
axis of phase a (12.2). The current of 60 Hz, which varies according to the equation
given below, passes through the excitation coil.

ir = 7,65-V2sint (13.1)

The equation of the voltage curve U, on the clamps of the phase a in a steady
state is to be derived.
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Solution. According to the conditions, we have:

ig =ig(p) = iq = iq(p) =1 =0;

(13.2)
Qad = 0, L2, = 0.
In addition, according to (13.1), (13.2), (14, 44) and (15, 19):
p
If(p) = 7,65 . \/El+p2 ; (133)
Yo = Xoip = 0; (13.4)
d
. Yo
= — = 0.
Uy =Tlg + It

The steady state value of the stator voltage does not depend on the initial value
of the excitation current, therefore, according to (14, 42), it is possible to accept:

Wa(0) = x451£(0) + x4iq(0) =0, (13.5)
l~|—’q (0) = xqiq (0)

having in mind (13.2) - (13.5), according to (62.96) we obtain:

uy(p) =u, =0, (13.6)
u,(p) = u, =0, (13.7)

using the formula (13.5), we find the origin of the last expression
uy = 7,65 \/fxaf cost =7,65-vV2-6,43cost = 49,2 -2 cost (13.8)

in relation to the voltage of the stator phase a and the axes d, ¢ the formula
(18.7) has the following form

Ug = Ug COSOgq — Uy Sinbyy + Ug (13.9)

In conditions of this problem, the instantaneous value of the phase voltage a
will be equal to
Uy, = Uy = 49,2 -2 - cost, (13.10)
Equation derived experimentally

u, = 47 -2 cost. (13.11)

The difference in the experimental and calculated values of the voltage
1s 4.5%

In this example, the equations in the operator form do not give an advantage.
Using the equations in the classical form, we would solve the problem more easily. In
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fact, bearing in mind (13.1) and (13.2), with (15, 15), (14. 42) and (15. 19), we
obtain:

ug =2 ug =0, (13.12)
up = 0; (13.13)
Vg = Xqrls (13.14)

from (13.12) and (13.14) it follows
dj
ug = xafd—tf. (13.15)

The substitution of value i¢ from (13.1) into this equation gives
Ug = 7,65 V2x,s cost =49,2-v2cost (13.16)

Substituting the voltage components from (13.12), (13.13) and (13.16) into
(13.9), we obtain

u, = 49,22 cost (13.17)
In this case, only the transformer E. M. F. induces in the stator winding.
Example 4. The machine parameters are shown in the table 111.1. The rotor

rotates at a constant synchronous speed. The stator winding is open. The current
passes through the excitation winding

ir =77 *V2sint (13.18)

The equation of the curve of voltage variation of phase a is to be derived.
Solution. Under the given conditions we have:

id = iq = iO = 0; L. — 2 = 1. (1319)
In accordance with (14, 42) and (14, 44):
l.le = xafif, lIJq = 0, l.lJO =0 (1320)

Taking advantage of the last equations, we obtain from (15, 15) and (15. 19):

dyd
Ug = L|Jd:
(13.21)
U,O == O

from (13.20) and (13.21) we have:
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d.
Ug = xaf d_li];,
(13.22)
Ug = Xarly
taking into account (13.18), we rewrite (13.22) in the form of:
Ug = 7,7 \/Exaf cost,
(13.23)

Uqg = 7,7 % \/Exaf sint.
The rotor spinning takes place according to the equation
020 = 0, = t+ 0.

If the initial angle 6,.yis equal to zero, then 6,,; = t and the formula (13.9) for
this case will take the following form

Ug = 7,7 % V2x4p(cos? t — sin? t) = 49,5 * /2 cos 2t. (13.24)
The equation of the voltage curve of phase a, obtained from the oscillogram,
u, = 47,5 * V2 cos 2t. (13.25)

The experimental difference with the calculation performed is 4.2%.

Example 5. The rotor of the synchronous machine spins with a constant
synchronous speed. The stator winding phases are short-circuited. An alternating
current passes through the winding of the rotor

ir = 26,5 V2sint (13.26)
The equation of current in phase a and in a steady state, neglecting the active
resistance of the stator » winding is to be derived.
Solution. In accordance with the condition, we have:

r=0; a=—=0; a,=—=0; (13.27)

Xd Xq
aa=20=1 i =0, ug=uz;=uy,=0.
To implement the solution, we use the equation (62,106). Since the value of
the stator current does not depend on the initial conditions, we consider the latter to
be equal to zero, i.e.

ir(0) = 0; Pa(0) = g (0) = 0. (13.28)
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Substituting (13.27) and (13.28) into (62.106) we obtain:

ia(p) = —Kair(p), iz(p) =0.
Or
ig = —Kaip, ig=0 (13.29)

according to (62,17) and (62,75) at @y = a; = Ouand 2, =1

Ad=1+p2'
(13.30)

xaf

K; =—;

d X

then

= - = 26,52 L 13.31
ld——zlf—— , x—dsmt. (13.31)

If the rotor spins according to the equation 8,4 = t, then for the problem at
hand the equation (18.7) for the instantaneous value of the current in phase a will
take the form of

X
i, =—26,5" \/Exif sintcost = —4,8/2 sin 2t.
d

The equation of the current curve in phase a, obtained from the oscillogram,
has the form of
ig = —5-V2sin2t.

The difference of the experiment with the calculation performed is 4%.

2.13. Equation for the voltage on the excitation winding when negative-sequence
currents pass through the stator winding

Example 6. The machine parameters are shown in the table 111.1. The rotor
spins at a constant synchronous speed of &r = 1 . The excitation winding is open.
Symmetrical three-phase negative-sequence currents pass through the stator winding:

lgop = Imp Sint
ip2 = imz Sin(t + 120°), (14.1)

le2 = lma Sin(t — 120°),
where
i, = 3,95 V2.

The equation for voltage on the clamps of the excitation winding in a steady
state is to be derived.

Solution. Under the terms of this example i = 0.

Then, for the voltage and flux linkage of the excitation winding in accordance
with (15.21) and (14.43), we can write the following equation [44]:
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Ayt .
Ur = d_q; Vs = Xfqlaz,
from which
dig

where i;,1s the longitudinal component of the stator negative-sequence
current.

Considering 6,, = 8,4 =t and substituting the equations (18.6) for the
currents from (14.1), we obtain

2
gy = §im2 [sintcost + sin(t + 120°) cos(t — 120°) + sin(t — 120°) cos (t + 120°)]
using formula (8), we find
idz = imz SlIl Zt.

Substitution of (14.3) into (14.2) gives
Ur = 2Xfqlmp COS2t = 2% 9,7 % 3,97 * V2 cos 2t = 76,6 * V2 cos 2t.

The equation for voltage on the clamps of the excitation winding, obtained
from the oscillogram, has the form of

ur = 77,5 * V2 cos 2t.
The difference of the experiment with the calculation performed is 1.2%.

2.14. Determination of transient and super-transient resistance

In (62.18) there is operator p, hence, the longitudinal inductive resistance of the
stator winding in the transition modes is a certain function of time.

In the theory of the operating calculus, it is proved that the original value can
be obtained at the initial moment by putting in the image p = oo. Thus, the formula
for the transient resistance of the stator winding on the longitudinal axis can be
obtained from (62.18), dividing the numerator and denominator of the second term
into p and putting p = oo, then

xd' = Xq — xa;’(_;cfa. (151)

The resulting formula is absolutely identical with the previously derived one by
other means (28.3). Formulas for super-transient resistances of a synchronous
machine with a damper winding will be deduced from (66.15) and (66. 30), putting
into them p = oo.

Then

X xld—le ax +Xx X1md
xd” = Xqg — fm md7fm? 7/ am Xad» (152)
XfX1d—XfmX1md
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%

X X
xy” = x, — —244 (15.3)
q *1q

The formulas obtained for super-transient resistances on the longitudinal and

lateral axes for the ideal machine are completely identical with the previously derived
by other means formulas (29.3) and (29.4).

2.15. Buildup of three-phase short-circuit current of a synchronous machine
without a damper winding

Let’s determine the equation of the current buildup curve in the stator winding,
the clamps of which are short-circuited, if the rotor of the machine spins at a constant
speed £, and a constant in magnitude voltage Uy is suddenly applied to the clamping
of the excitation winding.

Since the winding of the stator is short-circuited, then the longitudinal and
lateral components of the voltage u,4 and u, are equal to zero. One can neglect the
active resistance of the stator winding and assume the short-circuit current to be the
reactive current, that is to put

g = —lm Ig =0 (16.1)
where i,,,1s the amplitude of short-circuit current
Since i; = 0 and there is no excitation winding on the lateral axis, then the

cross flux and the lateral flux linkage are also equal to zero. Here, equation (15. 15)
will have the following form:

d
=0, 2,54 =0 (16.2)

since 2, # 0, then
Yy =0 (16.3)

in addition, the equation (62.90) takes the following form

0 = GoqUy + xa(P)ia(p). (164
From (16.4), (62.35), (62.18) and (14.31)
. xanf 1 1

—_f —*% (16.5)

) m ) .
rf Xqg+PXqaTqdo Xa+p0Xa Tdo

ia(p) =

Expanding the last operator expression, we obtain for the amplitude of short-
circuit current the expression

t
b = —ig = L. (1 —e Td'), (16.6)

where [, = x—m is the shot-circuit current final value, and
d
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T, = 3;—de0 is the constant time of the excitation winding with the short-
d

circuited winding of the stator.

The minus sign in the formula (16.6) indicates that the shot-circuit current is
directed toward the negative values of the d axis and, consequently, to the fact that m.
f. of the armature reaction in event of short circuit has a direction opposite to m. f. of
the excitation winding.

It also follows from the formula obtained that the shot-circuit current at
sudden application of the excitation voltage increases in an ideal machine under the
exponential law with a constant excitation winding time in case of a closed-coil stator
winding T4, equal to the time constant of the short-circuit current transient
component.

Let’s write the equation for the excitation current. If the active resistance of the
stator winding is assumed to be zero, then according to (16.3) and (14.42)

Ya = Xqpiy + xqiqg = 0.

Hence from (16.6):

. Xd . Xq -t
lr = —Eld = ImKE<1 — e td);

t
if = If (1 - e_?‘,>,

where If 1s the constant value of the excitation current.

or

2.16. Increase in current of a three-phase short circuit of synchronous machine
with a damper winding

Repeating the considerations given in §16 for the shot-circuit current of the
machine with a damper winding at a sudden application of the excitation voltage one
can be obtain the operator equation (16.4), in which the expression for x4(p) and G4
will have a more complex form of formulas [44] (16. 17) and (66.18). In this case,
instead of (16.5) we obtain:

1+pc

tmic(P) = Em (17.1)
where
a=x"gTaoT" 40,
b =x4(Tao + T1q0) — Xaa (Tfm + Tlmd); (17.2)

¢ =Tig0 — Tima-

The roots of the denominator of equation (17.1) are equal to
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pra=—nt [(2) - (17.3)

2a — 2a a

The amplitude of the short-circuit current according to the formula (26) given
in the appendix 6, can be expressed by the equation

(1+p,c)ePlt (1+pzc)ep2t]

p1(2ap1+b)  p2(2apz+b) (17.4)

. 1
lmg = m[g"l'

2.17. Voltage recovery after short circuit clearance of a synchronous machine
without a damper winding

Let’s define the equations of the curves of excitation current variation and the
voltage buildup on the clamps of the stator winding of the synchronous machine
without a damper winding after the clearance of short circuit, if the rotation velocity
and voltage [45] interruption remain unchanged and equal, respectively & = 1.

At the initial moment (at constant three-phase short-circuit), a purely reactive
current passes through the stator winding, if the active resistance of the latter is
neglected, the maximum value of which is

iq(0) = =y (18.1)

iy (0) = 0. (18.2)

at this

The flux linkage of the excitation winding at the initial moment
Yr(0) = xply — Xpalimuo (18.3)

where If 1s the initial and constant values of the excitation current.
All the time during the transition process

After short-circuit disconnection
id = iq = ld(p) = lq(p) = 0. (185)
Vg =%x4ig =0 (18.6)

In this case, the equation (62.108) for the excitation current will take the

following form
us pY£(0)
(1+pTao)ry  (A+DPTao)Trf

The origin of the last equation
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s (0) )

ir=1 (l—e T_dO)
f f Tdorf

or, taking into account (18.3),
t

ip=lp— ’;L:‘Ime‘ Tao, (18.8)

Initial values of the stator flux linkage:

g (0) = x,iy(0) =0, (18.9)
Ya(0) = x4rly — Xl (18.10)

Under the conditions of this problem, the equation (62.98) for the stator voltage
will take the following form:

Xaf|Us+pWs(0)]
(1+pTgo)Ty

ugs(p) = (18.11)

Ua@) = {=a(0) + 2Ly = o), (18.12)

(1+pTgo)rf
where

ug = = f(t) = po(p),

(18.13)
f(®) = o).
Origins of the last equations:
_ —2\ | XepWp(0) L
uq—Em(l—e TdO)-I-TfT TdO
Ly xg
10151 75) 2O, g0
_d o En gt xaplp (@ ot
Ug = Ef(t) = ae Tao — T2

From (18.7) and the last-mentioned formulas, the instantaneous voltage value
on the clamps of the phase a is identical

t t t
u, = (E,, — xd'ImK)TLdoe Tao coS O,y — [Em (1 —e TdO) + x4 L€ TdO] sin 6,4. (18.16)

The first member of the right-hand side, equal to the transformer E. M. F., can
be neglected and assume that u,, is the amplitude u,,of full-phase voltage. Then

t t
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The curves of amplitude variation of the phase voltage u,, ~ u, and the
excitation current i¢ are shown in Figure 18.1.

In a steady-state mode, that is at ¢ = oo the amplitude of the phase
voltage U,, = E,,;, and at the initial moment, that is at the first moment after

switching off the short circuit
Uto = x4 Ly (18.18)

Thus, after short circuit disconnection, that is after the current of the stator, and
hence, the m. f. of the armature reaction suddenly decrease to zero, the voltage
U,, suddenly increases to x;'[,,,, (18.1).

At the moment of current interruption in the stator, in the excitation winding
there is a free current inception, which has a direction, as is evident from (18.8),
opposite to the steady current of excitation .

As a result of the formulas (18.8) and (18.15), the free current in the excitation
winding and the voltage on the stator clamps varies according to the exponential law
with a single time constant T;,0f the excitation winding with an open winding of the
stator.

2.18. Voltage recovery after short circuit clearance of a synchronous machine
with a damper winding

Let’s define the equation of the voltage growth curve on the stator winding
clamps after the short circuit clearance if the excitation voltage remains unchanged,
that is, if Ur = Ur(p).

As already mentioned above, if neglecting the active resistance of the stator
winding, the constant short circuit current [, will purely be reactive, 1. e.

ldgoo = —Imws  Iqg =0, (19.1)
in addition, at short circuit according to (16.3) the longitudinal and lateral flux
linkage is equal to zero, 1.e.

Pa(0) =Yg (0) = 0. (19.2)

Interruption of the short-circuit current can be replaced by the current passing
through the stator winding, which is equal to the latter in magnitude and is opposite
in direction, that is, the opening is equivalent to the current gain:

Aig = Ly = Aig(p)
(19.3)
Aig = Aiy(p) = 0.

According to (19.2), an increase in the flux linkage after short circuit clearance
is equal to the full values of the latter, i.e.

Mg =g A = (19.4)

MONOGRAPH 41 ISBN 978-3-949059-85-8




Study of steady-state modes of a synchronous electric machine

In addition, since uy = const, then Auy = 0.

Substituting the corresponding magnitudes from (19.1) - (19.4) into (66. 38)
gives:

Ya (@) = xa(P) o Yqg =0, (19.5)

where x;(p) is determined by (66.17).

We disregard the attenuation of free current in the excitation winding, that is,
we put in (19.5) and in (16.17) 17 = 0 and T3y = Ty, = 0.

Then

-
Pga(p) =2 PXd_doyp (19.6)

1+pT” 40

where "T"” ;4 1s determined by (16.21). Hence,

t
Yg = [xd, — (xg' —x4")e T"do] Ly - (19.7)

In view of the free current attenuation in the excitation winding with an

approximation sufficient for practice, one can consider
t

t
Yg = [xd — (xqg —xg")e Tao—(xq" —x4")e T"do] Ly - (19.8)

Substituting (19.8) and (19.5) into (15.15) and neglecting the transformer E. M.

F., we obtain
t t

= ttg = [sta = Gt = x4 e 0 = (g’ = xg"Ve T e (19.9)

2.19. Increasing the voltage of a synchronous machine without a damper
winding

Let at constant synchronous rotor spinning speed and no-load operation the
constant voltage Ur be suddenly applied on the clamping of the excitation winding.
We deduce the equations of the curves of excitation current increase, transformer E.
M. F., and E. M. F. of the spinning and voltage on the stator winding clamps under
zero initial conditions.

From the present conditions it follows:

g = iq =iy =ig(p) = iq(p) =ig(p) = 0; (20.1)
Ya(0) = 9,(0) = ¢r(0) = 0; (20.2)

Wa = Xasis (203)

ur = ur(PUs; 244 = 2, = 1. (20.4)
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Substituting the corresponding values from these equations into (62.108) for

the excitation current, we find
1

I’f(p) = 1+pTqq If’ (205)
where the fixed value of the excitation current
_ U
I = - (20.6)
The origin of excitation current
t
I’f = If (1 —e TdO). (207)
The amplitude of the fixed value of E. M. F. in the stator winding

The substitution of the expression for i from (20.7) and (20.8) into (20.3)
gives for the longitudinal flux linkage

Yy =En (1 - eTtm) (20.9)

Since the lateral rotor axis has no windings and the lateral constituent of the
stator current is equal to zero, then there will be no lateral flux and lateral flux
linkage, 1. e. at all-time transient and steady modes

Y, = 0. (20.10)

According to (16. 2) — (16. 5), (20.9) and (20.10) the projections plot the
vectors of transformer E. M. F. and E. M. F. of spinning on the axis d, ¢ equal to:

d E., __t
— _ﬂ ___m Ta
©rd dt Tw' ©
(20.11)
__Gwa_
rd dt ’
€gq = -!-adq—’q 01
(20.12)

Since e, and e, are equal to zero, the plotted vector of the transformer E. M.
F. will be directed on the axis d, and the plotted e. m. f. vector of spinning on the axis
g, 1. e.
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e—Td) = €rd = €,
(20.13)

—_— = o
€gd _]qu = J€sm,

where e, €;m are the amplitudes of E. M. F.
The amplitude of full phase E. M. F.

em = /e?d + ez .- (20.14)

According to the last-mentioned formulas, the vector diagram of the
synchronous generator with the growth of the stator voltage has the form shown
in 20.1.

The instantaneous e. m. f. values in phase @ can be found from equation
(18.7):

eq = €qC0Sbl,4 —e,sinbyy + e, (20.15)

At 6,4 =t and since e, = 0, the instantaneous values of both transformer and

spinning e. m. f. in phase a are equal to:
t

€qr = —ﬁ";e_T_docos t,
(20.16)

t
eqs = Em <1 —e TdO) sint.

The curves of amplitudes variation and instantaneous values of transformer and
spinning E. M. F. are shown in 20. 2 and 20.3.

Since the stator current is equal to zero, then there is no voltage loss in the
stator winding and therefore the phase voltage equals to the sum of E. M. F. with an
opposite sign, that is

t

t
Uy = f—me Tdo cost — E,, (1 —e TdO)Sil’lt. (20.17)
dao

The magnitude of the time constant of excitation winding with an open stator
winding Ty, expressed in radians, has the value of several hundreds, therefore the
first constituents of transformer E. M. F. in the stator winding at instant application of
the voltage constant on the clamping of excitation winding can be neglected, and only
the E. M. F. of spinning can be used, i. €. we can put [47]

t
u, = —E, (1 —e TdO) sin t. (20.18)
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2.20. Enabling two-step excitation voltage

Let us derive an equation for stator voltage and excitation current of the
synchronous machine without a damper winding under the following conditions. The
stator winding is open, the rotor is spinning with the velocity of 2. = 1, the rotor
rings are fed by excitation voltage Ug;, when the time interval t; is over, this voltage
is instantly increased to U,.

In this case, one incomplete transient process is replaced by another one. At
this, one cannot use the equation of P. Park to investigate another transient process,
since the initial conditions are not equal to zero. Also, one cannot use similar
equations to increase the magnitudes, since the mode preceding the second transition
process was unstable. The problem can be solved by applying the principle of
imposing, or by applying the equations of § 62, valid for both transition modes.

From the given conditions it follows:

lg =g :id(p):iq(p)zo Ye =0, (21.1)

In addition, if t = 0 we have i (0) =0, <, g =0,and with 0 < t <t

when , t > t,

U,f = uf(p) = UfZ = rfIfZJ (213)
where If;, If, are excitation currents established at intense ugjand ug,.

The first transient process takes place in the time interval from 0 to t; of the
radians according to equations (20.7), (20.9) and (20.17). The final values of
magnitudes of the first transitional process, the levels of initial values of the
corresponding magnitudes of the second process, are determined from the
expressions:

i72(0) = Iz (1 —e %). (21.4)
$a(0) = Epy (1 7o), (21.5)
Wr2(0) = x£ir,(0) = x715y (1 —e E). (21.6)

For the second transition process, the equation (62.98) will have the following
form:

_ Xaf|Upa+pWis2(0)]
Ug2(P) = = Loty (21.7)
Xaf|Uf2+pWr2(0)
Uar(P) = {1 (0) + L0l 2138)
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The amplitude of the fixed value of E. M. F. of the stator in the second

transient process

U
Emz = Xafr_ff2 = Xarl- (21.9)

After expanding the operator expression (21.7), we obtain

-ty X O t -ty
T'deo

Substituting here the expression for Y5, (0) from (21.6), we have

t—tq1 t

Ugz = Emz — (Emz — Eml)e_m - Emle_ Tdo, (21.10)

To expand the operational equation (21.8), we represent it in the following
form

d
uq2(p) = pe2(p) = afz(t) ’ (21.11)
where
Emz pxaflIsz (0)

1+pTyo (14 pTeo)7F

p(p) = — Wg2(0).

The origin of the last expression

Ct=ty x t t1
Ful) = By — (1- ¢ a0 |+ 2242 -0
T'deO
or
t—t; Tt
fo®) = Epy — (Emz —Emp)e Tdo —Epje Tdo —i4,(0) .
Then according to (21.11)
E E t—tg t
Ugy = fz(t) = Zm2=Pmt 0" Ty 4 Bt T Tyq (21.12)
Tao Tao

Using (20.15), (21.15) and (21.10) for the instantaneous voltage value on the
clamps of the phase, we obtain

Bl 51 _t
Ug T [(Emz ml)e Tao + Emle Tdo] cos Qad -
ao
_th __t
- [Emz —(E,;;, —Ej)e Tao —E, e TdO] sinf,, . (21.13)

In these formulas, time ¢ and the time constant T, are expressed in radians. For
machines of normal execution of value Ty, in radians is equal to a few hundred, so
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the first member of the right-hand part in (21.13) - the transformer E. M. F. - can be
neglected and consider

t—tq t

U, = —|Epy — (Epyy — Ejpp)e Tdo — Emle‘%] sinf,,. (21.14)

The equation of the curve for excitation current variation is found in (62.108),
which in conditions of this problem will have the following form:

ir(p) = [Ufz + P‘IJfo(O)]

(1 + pTyo)ry
the origin of the excitation current

_ t—tq 0 _ t—tq
lf2 =If2 1_8 Tdo +l|}f2—()e Tdo
T'f + TdO

or
t—tq t

i = Ipp — (Ifz - If1)€_m - If1e_m . (21.15)

As follows from the comparison (21.14) with (21.15), the excitation current
and the amplitude of the phase voltage vary by one law. The curves for changing the
amplitude of the phase voltage up, ~ ugof the excitation current are shown in Figure

21.1.

2.21. Increase in the voltage of a synchronous machine with a damper winding

Let a synchronous machine with a damper winding and an open winding of the
stator spins at a synchronous speed. On the clamp of the winding, a constant voltage
is suddenly applied. We deduce the equation of the curves of the excitation current
and voltage increase on the clamps of the stator winding under zero initial conditions
[48].

From the given conditions it follows:

lqg = iqg = io = ig(p) = ig(p) = ix(p) = 0;
(22.1)
uf(p) = Uf; Ws(0) =0; L|—'q = lI"q(p) = qu(o) = 0.
At zero initial conditions and iy = 0 equations for the longitudinal flux linkage
will have the following form:

l/)d (p) — 1+p(T1d0—T1ud) XafUf . (222)

TaoT qop?+(T1a+Tgqo)P+1  Uf

Using the decomposition theorem, we expand this operator equation.
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Let’s denote

M (p) =1+cp,
(22.3)
N (p) =ap?+bp+1
where
¢ = Tigo — Tima,
a= TdoT”do, (22.4)
b == TdO + Tld
N’ (p) = 2ap + b.
(22.5)
The roots of the equation N(p) = 0 are determined from the expression
b b\? 1
pa=-2% (5) -3 (22.6)
Since
Uy
xaf— = xaflf = Em,
Ui

then according to formula (26) in appendix 6 for the origin of the longitudinal
flux linkage, we can write the equation:

(1+pyc)ePtt (1+ch)ep2t]

Va = Em [1 + p1(2ap1+b)  p2(2ap;+b) (22.7)

If the roots are real, then, as it can be seen from (22.6), both of them are
negative, at that p; is much higher than p,. Thus, as follows from (22.7), in the
period of E. M. F. rise the longitudinal flux linkage consists of three components:

a) the constant E,,,b) rapidly fading, directly proportional to e?1¢

c) slowly decays, directly proportional to eP?.

If one neglects the diffusion of excitation and damper windings and, that is to
put it

Xf = Xfwr X1d = X1md »
Tqo = TfMl Tia = Thma (22.8)

TaoT a0 = TaoTra — TruT1va = 0.

then equation (22.2) in the operator and the original form will take the
following form:

(p) =E .
Valp ™14 (Tyo + T1a)P

(22.9)
ba®) = En (1 - e—)
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Since Y, = 0, then the amplitudes of transformer and spinning E. M. F. in
accordance with (16.2) and (16.5) will be equal to:

E,, __t
er =€yg = —7————e TaotTia,
Tao + T1a

(22.10)

t
¢y = ew = —pa =~ (1= THTi )

Since e, and e,y are equal to zero, the projections depicting the vector of a
complete E. M. F. of the stator winding on the axis d and g will be:

€q=€rq = €1 ,
(21.11)
eq = qu = €.

At no-load operation ug = —eq, Uy = —eq therefore at 6,4 = t, when using
(20.15), (22.10) and (22.11) for the instantaneous value of the voltage of phase a, we
obtain

t t
Em

= e Tao*Tid cost — Ep, (1 —e Tdo+T1d> sint. (22.12)

q =
Tqo+T1d

Like in a machine without a damper winding, the transformer E. M. F.
compared with E. M. F. of spinning is minimal, and therefore the first components in

(22.12), without making a severe error, can be neglected, that is, to assume that
t

u, = —E,, (1 — e‘Tdo+T1d> sint (22.13)

Consequently, in the absence of diffusion in both the excitation and damper
windings the growth of the phase voltage occurs as well as the growth of E. M. F. of
spinning under the exponential law with the time constant, which is equal to the sum
of the time constant of excitation and damper windings with the open winding of the
stator. At zero initial conditions and i; = 0 of equation (66. 9) and (66. 10) for
excitation and damper currents will take the following form:

(r1q + px14) Ur
A

. px15U
I’ld(p) = - A (fp)f )

If (p) =

where A(p) is determined by the formula (66, 11).
If neglecting the excitation and damper windings, that is, if we take the
equalities (22.8), then

A(p) = [(Tqo + Tyg)p + 1]ryreg
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and
' (p) 1+pTig
i = :
rip 1+ (Tqo + Tia)p f
(22.14)
i () = PX ¢l
4 [1+ (Tqo + Tra)PIr1a
Expanding the last two operator expressions, we deduce:
t
. T -
xiplf -t
o= T, Tgo+T
bid (Tdo+T1d)r1de . (22.16)

As follows from the curves of both currents i and i;; shown in 22.1, in the
absence of diffusion of the excitation and damper windings, acting on each other like
bifilars, instantaneous increases in the currents in the latter at the initial moment are
caused by the magnitudes:

T1d
24l = 14—,
(22.17)
X
Al 1/

2.22. General operating expressions for currents of a sudden three-phase short
circuit of a synchronous machine at n = const and Uy = const

An analytical study of a sudden three-phase short circuit of a synchronous
machine in the general form taking into account the active resistance of windings,
even at constant speed of the rotor, presents significant mathematical difficulties.

To simplify analytical research, there are usually a number of assumptions
made. In a number of cases, these assumptions are not only reflected in the accuracy
of calculations, but also distort the actual picture of transition process at short circuit
of the synchronous machine. For example, the formulas for short circuit currents do
not reflect the slow spinning of the magnetic field created by the so-called aperiodic
components in the stator, and do not have approximately twice the frequency.

In an effort to avoid these disadvantages, a combination of assumptions has
been applied that make it possible without unnecessary complications of calculations
to take into account both the active resistances of the machine and the load and obtain
formulas that reflect the physical process of the short circuit of synchronous machine
as well as suitable for practical application in calculations [49].
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Let us consider the case of a three-phase short circuit stator winding of
synchronous machine, which operated until the moment of short circuit in a steady-
state mode of symmetric loading. We assume the rotor spinning speed as
synchronous, and the excitation voltage as constant in all terms of short circuit. Under
accepted conditions, equations (66.43) will be valid for increasing the stator currents.

In case of a sudden three-phase short circuit, the phase voltage of the network
and, hence, the longitudinal and lateral components i. b. of the voltage u,; and
ug suddenly drop to zero.

If before the short circuit the constituents 1. b. of the stator voltage were U, 40
and Upqo , then the effect of short circuit, as is known, can be obtained by sudden
application of phase voltages on the stator clamp that form I. B. which are equal to
—Umdo and —Upyqo-

At the same time, currents in phases at short circuit can be found by adding the
currents Iinqo and Ipqo , those that existed before the short circuit, with currents A iy
and Aig, caused by the sudden application of voltages —Up, 40 and —Usy 0.

Thus, to describe the short circuit currents, the following formulas can be
written:

ig(p) = Aig(p) + Imqo,
(23.1)

iq (p) = Alq (p) + Iqu'
As 1n the case under consideration:

Auy(p) = _UquJ
(23.2)
Auq(p) = _Uqu-
then from (23.1) and (66.43) we obtain:

. _ _Z'qudO"'Xq(p)Umqo
ld(p) - Zanqﬁ_l_Xd(p)Xq(p) + mdo » (23‘3)

Z,dUqu - Xd(p)Ume iy
Z,Z) +Xa@)X,(p) T

iq (p) = -

The amplitudes of currents of the steady-state mode preceding the short circuit
can be determined on the basis of (4.2) by the following formulas:

rUme + xq Uqu - qum

Imao =

)

T2+ xq%g
(23.4)
rUmq() + xXqUmao — TEm

mq0 — )

T2+ x4x,
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At no-load operation, the flux of the rotor @rinduces in the stator phases the e.
m. f., whose vector E lagging behind from @, by 90°,is directed in the negative
direction of the ¢ axis (23.1). The voltage vector on the clamps of the stator winding
U, at no-load operation, being equal to and opposite to the vector of e. m. £.E | is
directed to the positive side of the g axis
So, at no-load operation
Unao = 0
Ungo = Em (23.5)

Imao = Iqu =0

where E,,is the positive scalar value equal to the amplitude of E. M. F. in the
stator phase.

Under short circuit at no-load operation, the formulas for the stator currents
will be obtained by substituting into (23.3) the values of voltages, currents and
resistances from (23.5) and (16.42); then we obtain:

Xq(p)Em
Xa(0)Xq@)p?+[Xa(0)+Xq(@) |rp+7r2+X 4(0) X4 (D)’

iq(p) = — (23.6)

[de(p) + r]Em
Xa(®) - X,(@)p? + [Xa(@) + X,(@)]rp + 12 + X4 (0) X, ()

iq (p) =

Finding the origins of the longitudinal and lateral components i. b. of the
current iy and ig, it is possible to determine the instantaneous values of the short

circuit current in the phase a by formula (18.7), putting into it 8,, =t + 6, iy =
0 and replacing the index x by d, that is,

iq =igcos(t+ 0y) —igsin(t+ 6p). (23.7)
2.23. Equations for short-circuit currents of a synchronous machine without a
damper winding

Joint solution at n = const u, Uf = const

If the rotor has only an excitation winding, located on the longitudinal axis,
according to (62. 18)

+pxg'T
Xo(p) ==, (24.1)
X, (p) = x,. (24.2)

The denominator of operator expressions (23.3) and (23.6) in this case equals
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D(p) = 24T Ny, (24.3)

1 +pTd0
where

N(p) _ p3 + (xl + xd+er0> pz n [r(xd+xq+er0) n 1] p + r4+xqXq . (24.4)
q

xXd'Tdo XqXd'Tdo Xqxd'Tdo

Taking into account (24.3) and (16.42), we write (23.3) in the following form:
. _ (1+pTd0)[pxq"'r)Ume"'qumqo]
ta (p) N Xq%q'TaoN(p) + Ime ’

(24.5)
[Xq'Taop?+(xq+7Tq0)P+71Umgo—(¥a'PTa0+Xa) Umdo
Xqxq'N(p)

In the last two equations, the second items of the right-hand parts are the
currents of the steady-state mode before the short circuit.

Steady currents at short circuit can be found by putting into the indicated
equations p = 0. In this case, taking into account (23.4) and (24.4), we obtain:

xqEm

hama = = 1 e (24.6)
I _ rE,,
kmd T2 XaXq

If we put the active resistance of the stator winding equal to zero, we obtain a
well-known formula for the steady short-circuit current

Em

[, =—I = —,
Km Kkmd xq

(24.7)
The instantaneous value of steady-state short circuit current in phase a, taking
into account the active resistance of the stator winding, has been found, substituting
the expressions for currents from (24.6) into (23.7):
. Em :
oo = = T [x4 cos(t + 8y) — rsin(t + 6] (24.8)
To expand the operating items of the right-hand parts of equations (24.5), we
can use the expansion theorem. Finding three roots p;, p, and p; of the cubic
equation (24.4)
N(p) =0 (24.9)

So, taking into account formula (24.6), we obtain the following expressions for
currents:
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n=3
i, = _ﬂ — Hica e Pnt
7 24 x x XqXa PnTaoN (Pn) ,
qitd =1 q d Pnldo Pn
(24.10)
P = TEm _ yn=3 Kid Pt
q r24x4%q =1 ppxgxa TaoN (D)

where
>KKd = (1 + pan())[(I' + anq)Ume + XquqO]r
>K1<q = [pnxd,TdO + (Xd + erO)pn + Iq]Uqu - (and,TdO + Xd)Ume .

The difficulties of practical use of the obtained equations are to determine the
roots of the cubic equation (24.9) and the complexity of algebraic transformations,
especially when solving a problem in general form. The numerical solution of
equation (24.9) is simpler and can be performed in the following sequence [49]. Let’s

denote :
r xXq+1rTg
a=_—+4-,
Xq Xd'Tdo

b=1 r(xq+xa+rTqo) 2411
T XgqXd'Tdo ( )
_ r?+xqXd
XgXd'Tdo
Then the equation (24.9) will take the form
pP+ap*+bp+c=0 (24.12)
To solve this cubic equation, we introduce the notation:
a2
m=—?+b, (24.13)
2a® ab
173773 7F¢
Then, we’ll consider the expression
f+£~¢@£—@+)ai{—f+®3 24.14
PELEPTIE SYRPELS 27 3 ' (24.14)

Obtaining positive numerical values for both parts of this equality
(after performing the shown actions) is provided with

a2
-Z+b>0. (24.15)

If the active resistance of the stator winding is zero

MONOGRAPH 54 ISBN 978-3-949059-85-8



Study of steady-state modes of a synchronous electric machine

(r=0), To“;:l( ~d )Zibzl.

Xd'Tdo

Since in normal-execution machines T dO is small in radians, and x d / (x d ")
usually does not exceed 10, inequality (24.15) is valid, and therefore

q2+m3>0
4 26 '

This inequality takes place in valid machines at r # 0. Let’s determine the real
values of the radicals:

3 2 3

_ a9, |9 m

S A TR
(24.16)

_s3[ 9 |¢* my

N e Y

In these formulas, the subjective expression in the square root is positive and,
therefore, the square root itself is material. For u; and v;, values that satisfy the

condition must be taken
m

U = —7, (24.17)

so by defining u,, one can define v, by the formula

v = ——— (24.18)

3u1.

The roots of the cubic equation (24.12) have the form:

a
p1=u1+v1—§,

1 .3
P2 = _E(u1 + v1) —§+]7(u1 — V1),
(24.19)

1 a 3
p3 = _E(ul + ) —g—]_(lh — ).

2
From the obtained expressions it follows that one of the roots is real, and the
others two are imaginary related. As it is proved in the theory of the operative
calculus, in this case the originals of the functions i d and 1 q will each have three
components:
a) stable non-exhausting, b) aperiodic, decaying with constant time
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T =——=——"_, (24.20)

a
P1 Uty —3

c¢) periodic, decaying with a constant time equal to the value of the inverse
actual part of the roots p 2 and p 3, that is,

1
L
T, =

1(u1+v1)+1a' (24.21)
2 3

Thus, the components 1. B. of the short circuit current can be represented in the
following general form:

t t
ig=A14 +A,5e Td + Azze Ta' cos(wyt + @gy),
(24.22)

t t
ig =A1q +Azze Td + Azze Ta cos(wit + ¢p),

where A4, Azq,Azq, A1q) Azqr Asg W, Pa,1 @q are constants dependent on
machine parameters and initial conditions. At the same time, in the machines of
general industrial execution w, = 1.

Substituting the expressions fori_d and i_q from (24.22) in (23.7), we obtain for
the instantaneous value of the short circuit current in the phase the expression

g = [Ald cos(t + 6y) — A4 sin(t + 90)] +

t
+e_T_d'[A2d cos(t+6,) — Ayq sin(t + 00)] +

1 -5
+§e Ta [A3d cos(t — wct+0y — @g) — Azg sin(t— wyt + 6y — (pd)] +

t
+%e_T_a’[A3d cos(t + wit + 60y + +@4) — Azg sin(t+w,t + 6y + <pd)]. (24.23)

Consequently, the phase short circuit curren. has four components:
a) constant short circuit current of nominal frequency determined from (24.7)
and equal to

iKoo = AldCOS (t + 90_A1q (t + 00) ) (2424)

sin
b) transient short circuit current with rated frequency, fading with constant time

Ty

t

Ai = [Azq cos(t + 8,) — Ayg sin(t + Ople a; (24.25)

c¢) practically the aperiodic short circuit current of the crystalline state with a
frequency close to zero and fading with a constant time T a'
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ia = {Asqcos[(1 — w e+ 0y — @] — qusin[(l —wJ)t+ 6, — wq]}%e_T_a' (24.26)

d) periodic short circuit current of practically double frequency (1 + ® k) o c,
fading with constant time T a'
t
io = {Azqcos[(1 + w )t + 0y + @q] — A3qsin[(1 + +w )t + 0, + wq]}%e_T_a' (24.27)
Equation withr # 0, r; = 0, n = const i Us = const
Let’s expand the operator expressions (24.5) for the stator currents at the short
circuit three-phase of a synchronous machine without a damper winding at no-load
operation, accepting during the short circuit the rotor speed to be synchronous, the
excitation voltage constant, the constant time of the excitation winding T_dO 1s equal
to infinity and, consequently, r f = 0. The last assumption will allow us to simply
determine precisely the constant time of the winding of the stator T a 'with a short-
circuit excitation winding and an equation for the aperiodic component of the short
circuit current. At given conditions at the time that preceded the short circuit

Iqu = Imao =0

and with T dO = oo on the basis of (24.1) and (24.2)

Xq (p) = xq:
(24.28)
Xa(p) = x4'.
Formulas (23.6) will take the form:
I,md
ld(p) = - ) )
p? +rxq+—x,dp+(1+ r’ )
qud qud
(24.29)
) I T+ pxg’
l p = - - ) )
K xq 2+rm _|_(1_|_ T‘2>
p XgXq' p XgXq'
where
I, =2 (24.30)
Xd

is the amplitude of the transient short circuit current. The roots of operator
denominators in (24.29) are equal to

P12 = —qg tjwyg, (24.31)

where
= |q - (ea)’ 24.32
o= J1-Gd) (2432
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_ Yetxa 1 (24.33)

o 2xgxq’ T

)

Aq

In most cases it is quite possible to take ® k = 1 with the accuracy that is quite
sufficient for practice. At this

P = _aa, +j9
(24.34)
P2 =—a; —J.

Using the formula of decomposition [see (28) in appendix 6] we obtain:

ig = igo + 2 /Aﬁ + BZe %at cos(w,t + @g4),
g = lgoo T 2 /Af, + B2e™%a* cos(w,t + @),

Where {400, i500 are fixed short circuit currents
)
qud

(24.35)

o~

)

lgeo = md»

Crz 4 XqXq
(24.36)

lgoo = ———— ' 1a-
qeo 2 md
T4+ XqXq

Neglecting the influence of the active resistance of the stator winding on the
values A d,B d, A q,B ¢, ¢ dand ¢ g, we find for them the values:

I,md
Ay = ——24
2
(24.37)
Bd =0 ,
A, =0
q )
(24.38)
Em
By=—5—;
q 2x,
Qg = 01
(24.39)
0q = —90°.

Substituting the expressions for currents and their constants (24.36) - (24.39) into
(24.35), we obtain:
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’ t
g = —I'md(# —e Td coswyt),
T4+ XqXq
(24.40)
. rXq’ Xqg' -
ig = —I'ma( +—e Ta sinwgt).

2 )
T4+ XgXqg  Xq

Substituting the resulting expressions for 1 d and i_q in (23.7) and taking into
account (24.30), we find for the instantaneous value of the short circuit current in
phase U the following expression

X
i, =—E — 9 cos(t+6)) ————sin(r + +6,)| -
a m{!rz +qud' ( 0) TZ +qud' ( 0)]

1 1) -t
— <E + E) e Ta' cos[(w, — 1)t + +6,] +

+ (L — L) e_TLa’cos[(a)K + 1)t + 90]} (24.41)

2Xxq 2xq

The accuracy of calculation of the members of the obtained equation is
notidentical: while the first term in the curly brackets is determined taking into
account the active resistance of the stator winding, the coefficients in round brackets
before the other two terms were determined at r = 0. At the initial moment, the short
circuit current, calculated by formula (24.41), will be equal to zero only if in the
whole of this formula we put r = 0.

From the expression (24.41) it follows that the short circuit current in the phase
a of the synchronous machine without a damper winding, r f = 0 and T d0 =
consists of three components. Let us consider each of them.

a) Symmetrical non-damped short circuit current of the steady-state nominal
frequency mode

Ueoo = — E—m [xq cos(t + 6,) — rsin(t + 90)] (24.42)

T24+xgXq

orwith r=0

y E
o = ——cos(t +6,).
Xd

In the actual machines, the active resistance of the excitation winding is not

equal to zero, and therefore this component will fade to the value of the steady-state
current, which is determined by (24.8).

Subtracting from (24.42) the equation (24.8), we obtain an expression for the
transitive component of the short circuit current in the phase U, taking into account
the stator’s active resistance, but ignoring the attenuation [50]:

AQy = — - taaxd)Em g cos(t + 8¢) = rsin(t +6,)]. (24.43)

B (r2+xqxq’)(r2+xqx
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Atr=0

) 11
A = — (; - x—d) E,, cos(t + 8,). (24.44)
In the real machine, the transient short circuit current component fails with a
time constant T,’, the value of which is determined below.
b) Current determined by the expression
t
'wqg = — (L + L) Ene Ta cos[(w, — 1t + 6], (24.45)

2xq  2xq’

fades with a time constant T d '(24.33) and changes with a very small
frequency, which is equal to (24.32)

2xgxq’

o \2
Wia = (W — Do, = j 1- (M) r2—1|w, = 0. (24.46)

Thus, the current i’,, is practically aperiodic and its variation with frequency
®_Ka is usually not taken into account.

¢) symmetrical, attenuating with the time constant T,  current of practically
double frequency

, 1 1 -t
V' =—|z=———)Ene Tacos[(w; +Dt+6,] =

2xq 24
1 1 -t
~ — (E — m) Eme Ta COS[Zt + 90] (2447)

The equation atr # 0, v _f =0, n = const and U _f = const
As it turned out in section 23, it was considered that the effect of short circuit
on no-load operation can be obtained by attaching to the stator clamps the voltages

—Unao =0, —Ungo = —En. (24.48)

Substituting these values forvoltages, as well as comparingr = 0, I,,,4500 and
Lpgo = 0 in (24.5) and (24.4), we obtain in this case for the short circuit current the
expression:

. 14PT0)Em
la(p) = - (p3+dc(z'pzipd:()ld')xd'Tdo ’
(24.49)
i(p) = — (xq'pTao + Xq)PEm ,
(P2 +ag'p? +p+ ag)xgxs Tao
where
a =—=—2_ (24.50)
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We find the roots of the cubic equation
Nip)=p3+a;p>+p+a; =0. (24.51)

We’ll introduce the designation:

d
=—-——+1,
mTT3
2 2
qzﬁads +§ad .

At the same time according to (24.16) and (24.18)

P = —ag,
D, = ], (24.52)
p3 = —J

1+ 1 1
T2
(24.53)
1 + Tzdo = Tzdo,
we deduce:
1 ( 1 1) _t 1 | g
= —|— _— d — —
ld xd xd; xd e xd;COS m »
(24.54)
En .
ig = ——sint.
Xq
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The instantaneous value of the current in phase U will be found by substituting
expression (23.7) iy and i, from (24.54):

, 1 1 1) .t
o =—Ep Ecos(t +6,) + (—— —)e a cos(t + 6y) —

)

Xd Xd

— (L + %) cos 6, + (L — ZL) cos(2t + 90)]- (24.55)

2xq xXd

As it can be seen from the last expression that with the admitted assumption r
= 0 the short circuit current consists of four components:

a) the fixed periodic short circuit current.; b) fading with the time constant T’
of the transient periodic current; ¢) the constant current component; d) non-disipative
current, which varies with double frequency.

The last two components are damped, since rs = 0 (according to our
assumption, the active resistance of the stator winding is zero).

A complete expression for the current of a sudden three-phase short circuit

From the consideration of the preceding cases we can conclude that the general
expression for the stator current in case of sudden three-phase short circuit of the
synchronous machine without a damper winding includes the following four
components:

a) fixed symmetrical non-damped short circuit current of synchronous
frequency i,.,, which is determined by (24.8);

b) transient symmetric component Ai,' of synchronous frequency, decaying
with the constant time T,;’, determined by (24.43);

c) practically aperiodic current i'y,, fading with the time constant T,’,
determined by (24.45);

d) the symmetric current i’ is practically of double frequency, fading with the
time constant T,’, which is determined by (24.47).

Formulating equations (24.8), (24.43), (24.47) and (24.45), for the current of
phase a, we obtain the following expression [51]:

Em

e =lgoo T AL+ +iyg=——"
K Koo K K2 Ka T'2+qud

X

t
xXq(xq —xq)Epe Td

><[xqcos(t+90)—rsin(t+90)]—(rz_l_x )+ xx )x
qtd qtd

1 1
X [xq cos(t + 6,) — rsin(t + 90)] — (g — T) X
q d

_t 1 1
X Tq' — 4+ —| X
Ee Td cos[(w,+ 1)+6,] + <2xq + 2xd,>
t

X Eme Td cos[(w, — 1)t — 6] . (24.56)
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In this equation, the values T d', T a' and o k are determined, respectively,
by formulas (24.50), (24.33) and (24.32).

The accuracy of expressions for individual members in equation (24.56) is
uneven. The coefficients in round brackets in the last two terms were determined in
the assumption r = 0. Therefore, at the initial moment, the short circuit current while
calculating it by (24.56) will be equal to zero only if in all terms we put
r = 0. Then, formulas (24.56) and (24.32) will take the following form

: Em 1 1 S
i, = ——cos(t+6,) — (— - —) Ene Td cos(t+6,) —

Xd Xa  Xd
1
- <E - E) Ee Ta cos(2t + 6,) + (—q — ;) Ee Ta cos B, (24.57)
w, = 1. (24.58)

Equation for the excitation winding current

We find an equation for the excitation current at sudden short circuit of the
synchronous machine without a damer winding at n = const i Uy = const.

To simplify the solution, we accept rs = 0.

Substituting in (62,119) the expression for iy (p) = Aiyz(p) with (24.49) and
Aus(p) = 0, we obtain for the free current in the excitation winding the equation:

Nif(p) = Epy L2+ P . (24.59)

m xfxqg  pitag’pi+ptag’

The denominator of the second fraction in the last expression can be
represented as a cubic equation (24.51), whose roots are determined by (24.52).
Expanding the operator expression (24.59) under the assumptions (24.53), we deduce

t
Em xfa T Em xfa
Alf = * ;e Tqg — x—d_ * x—fCOS(t + gﬂf), (2460)
where
tg or = ag’ . (24.61)

The second periodic component of the free current in the excitation winding is
induced by the flow generated by the aperiodic currents in the stator. In a real
machine, these currents, the flow, and the corresponding component of the excitation
current are damped with the time constant T,. Taking into account this and (24.34),
equation (24.60) takes the following form:

t
. , X -= ,
Aip = I, xL;‘e T4 — ], ff“e T cos(t + ¢f). (24.62)
ull current of the excitation winding at short circuit

t

ip = Ip + Dip = Ip + Iy Loe T — [,/ L2e “7e cos(t + 0r); (24.63)
f xf
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it consists of a steady current of excitation i, aperiodic current, fading with the time
constant Tz’ and a periodic current fading with the time constant T,,".

2.24. Equation for short-circuit currents of a synchronous machne with a
damper winding

Equation for ryz4 # 0, Tg # 0, r= e = 0, n=consti Uf = const

At short circuit o the synchronous machine with a damper winding in the
expression for the short circuit current a new, so-called, super-transitive component
appears (in addition to the constituent current of the machine without a damper
winding). In determining the latter for simplification, we consider

r=20, rr =0. (25.1)
Then formula (66, 17a) will have the following form

Xd'+pxq"T" 4o
1+pT" 4o

xq(p) = : (25.2)

and formula (66.34) for x_q (p) remains unchanged.
Substituting values x,(p), x4(p) ir and r from (66,34), (25.2) and (66,42), we
deduce:
,  p(xg" +pxg"T" )
B 14+pT"40

d

)

(25.3)
7= p(xq +pxg Tig)
9 1+ pTy, '

Substituting the corresponding statements from (25.2), (66.34) and (25.3) into
(23.3) and taking into account the lack of current at the initial moment, we deduce:

Nig(p) = iy () = L+ Tao g
alP) = 1q\P) = 1+ p2)(xg" +pxg"T"q0) ™’

(25.4)
p(1+pTiy)

B 1+ pz)(xq’ + pxq”qu) m

Aig(p) = ig(p) =

The roots of the equations composed of denominators of the last expressions are:

Xd Xa'T1q 1 ’
pld = - 12 a2l = - »_ 0 = - ”» = _ad )
Xa T go Xda X 1d Ty
(25.5)
P2 = ps = —J
Xq 1 ”
plq = - 12) = - » = _aq )
Xq Tiq Tq
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(25.6)

(25.7)
1+T"5 = T" 4,

From (25.4) - (25.7) we find the following original expressions for currents:

] 1 1 1 _t 1
ig =—E, —+<———,>e Tq —Fcos(t+<pd,

Xd Xa  Xa d
(25.8)
. E xq — xq _% t +
= — R q — —
lq m xqunczl que an COS( (pq 4
where
. B TudOTdn 1
g(pd Tdu_I_Tndo )
(25.9)
14Ty, T,”
q 1q

Substituting the expressions for i i i, from (25.8) in (23.7), we obtain for the
short circuit current in phase a

o 1 11 t
i) =—E, {Ecos(t +6,) + [(a o E) e Ta" cos(t + +6,) —

x

— rlqe Tq sin(t + 90)] [— cos(py — —6y) — —sm(<pd 90)]

X qx
1 1.
— [E cos(2t + @4 + 6y) — —Kq,,sm(Zt + @4 + 90)]} (25.10)

The resulting expression for the short circuit current includes the following

four components.
a) Transient symmetrical undisturbed current

i = —i—;’f(t +6,). (25.11)

In a real machine, this current decays with the time constant T;" up to the value
of the steady-state short circuit current
b) Supertransitional symmetric component, fading with the time constant
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” xd 124
Ty = FT do s
d
(25.12)
x ”
T ” — q T

q y g

Xq
t . t
. 1 1 - Xg —X —= .
A = — [(g — E) e Ta'cos(t+6,) — qux”g rige T¢sin(t + Ho)l En. (25.13)

The second term in square brackets is small compared to the first one;
neglecting them, we will write

t
Biy” ~ — (= — =) Eme” ™ cos(t + 6). (25.14)

c¢) Aperiodic current
1 1.
e = [E cos(pg — 6y) — ?q,,sm((pq —6o) Em] (25.15)

In a real cmachine, this current decays with the time constant
d) Symmetrical double-frequency current

Vg = [i cos(2t + @4 + 6y) — %sin(Zt + ¢, +6)) Em.] (25.16)
d Xq

In a real machine, the dual frequency current fades with the time constant T,,.

Equation withr # 0, 17 =14 =114 = 0,U; = constu n = const

To determine the time constant of short circuit currents attenuation of aperiodic
and dual frequencies we find the equation for short circuit current at

Tr =T = X140 =0

(25.17)
Tgo =Tig =T1q =
in this case formulas (66.17a) and (66.34) will take the form:
Xd (p) = xd” ’
(25.18)
Xq (p) = xq” .

Substituting the values x d (p) and x q (p) from (25.18) into (23.6), we

deduce:
1 E.,

p?+2a,’p+dx;”

iq(p) = —

)

(25.19)
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. r+pxg” Epm
lq (p) == 2 ” ”» ”»n
e+ 2a,"'p+dx;"x,
where
x 124 + x 124 1
2a," =5 F-r=2—;,
Xq Xq T,
(25.20)
r2
d=1+——.
xq X4
The roots of the equation
N(p) = p?+2a,'p+d =0, (25.21)
will be
pro=—a a2 —d=—a," tjw,’ (25.22)
or, taking into account (25.20)
b \2
_ x"+xq" . _ [*d —%q
P12 = qu,,xd..r +j |1 <—2xq”xd" 7‘) ) (25.23)
where
O P L 25.24
o= 1= () (229

The original currents will take the form of formulas (24.25)

To simplify the calculations, we neglect the influence of the active resistance
of the stator r on the values of coefficients Ay, By, Ag, 1By, that is, in determining
these coefficients we will assumer = 0; «a,” =0; p, =j, p, = —J.

At the same time, the originals of short circui currents will have the following

form:

' xq” 1 -
g === —— 4+ —¢ “atcoswit|E,,,
T4+ Xq Xq Xq
(25.25)
. r 1 o
g =|— ——e “a‘sinwt|E,.

2 124 ”»
T4+ Xq Xq Xq

Substituting the expressions fori_d and 1 _q from (25.25) into (23.7), we obtain
for the instantaneous value of the short circuit current in phase a

m

i = —[Xq” cos(t + 6,) — rsin(t + +90)] W
q *d
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1 1 S

+ <2xd,, + 2xq”> Ene Ta'cos[(we — —1)t — 6] +
t

+ (L — L) Ee Ta'cos[(w, + 1)t + 6,]. (25.26)

2xq 2Xxq

Thus, the short circuit current of the synchronous machine in which the active
rsistances of the excitation and damper windings are equal to zero, with the above
assumptions, has the following components.

a) Symmetric undamped short circuit current of steady-state synchronous
frequency mode equal to

124 ) E
—xq"[cos(t + 6y) — rsin(t + 6,)] T;”__xd,,.

(25.27)

b) The current determined by the formula

t
(; + ;> E,e T cos[(w, — 1)t + 6,], (25.28)

2xq"  2xq
which attenuates with the time constant [see (25.20)]

1 _ zanxdn

T,” = (25.29)

and changes with a very small frequency, which according to (25.20) is equal to:

qunxdn

w_a N2
0" = (0" — Do, = Jl - (Mr> —1|w. = 0. (25.30)

"

c) Symmetrical, fading with the time constant T a
double frequency

current of practically

t
(L _ ;) Eme T cos[(we + Dt +6,].  (25.31)

2xq 2xq

Full expression for a sudden three-phase short circuit current

From the above cases, we can conclude that the current of a sudden three-phase
oscillation of the real synchronous cmachine with a damper winding has the
following components:

a) fixed symmetrical non-damped short circuit current of synchronous
frequency (24.8);

b) transitive symmetric component of synchronous frequency, attenuating with
the time constant T _d '[see Fig. (24.43), (24.50)];

c¢) The transient symmetric component of synchronous frequency, decreasing
with the time constant T d"and T q " [see Fig. (25.12), (24.13)];

d) practically aperiodic short circuit current, which can be considered as
damped with the time constant T a " [see Fig. (25. 28), (25.29)];

e) the symmetric current is practically of double frequency [see (25.31)].

Thus, the full short circuit current in phase a is equal to
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fa = —[xq cOs(t + 6y) — rsin(t + 6y)] m — x4 cos(t + 6,) — rsin(t +
xXq(xqg —x4")E -4 1 1 -t
+6,)] * o(a , @) e Ta — [(— - —) Eme Td" cos(t + ;) —
(12 4+ x4 ) (12 + x4%4) Xa"  Xq

%X g sinGe 4+ 60)| + (s + s ) Epe” e cos{(g — 1)t
-5 T e "4 sSIn e ‘a CoS|(Wy — -
xquué 1g&~m 0 zxdn qun m K

t

—6,] + (L — —L) Ee Ta'cos[(w, + 1)t + 0,]. (25.32)

2xq 2xq

If we assume the active resistances of windings to be equal to zero in all terms
and factors, except for the time constant, then the last equation will take the following
form:

] E 1+<1 1) ‘T_t’+<1 1) Ty (t+9)+( - +
= — _— —_— d _— d
lKa m xd xdl xd e xdn xdl e COos 0 Zxdn

t t
+ L) E, e 7d cosf, + (L _ i) E, e 7@ cos(2t + 6,). (25.33)

2xq 2xq’ 2xq”

Equations and the time constant of currents in excition an damper windings

Let’s find the operator equations for currents in excitation and damper
windings at a sudden short circuit of the synchronous machine at no-load operation
and determine the time constant therefrom, with which the free currents in these
windings attenuate.

We will continue to consider for all the time of short circuit the rotational speed
and the excitation voltage to be constant. In this case, AU = 0,, and we write the

formulas in the following form:

2 —_— -_—
Bip(p) = PRI i ), (2534)

. P?(XfaX1f—X1adXf)—DPX1adTf « .
iy (p) = I DTy ()

(25.35)
PXiaq

By (p) = ———22—
1 Tiqg + PX1q

Aig(p),

To simplify, we assume that r = 0; then equations (23.6) will take the following
form [53]:
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. _—— Em

ia(p) = (1+p?)xqs(p) (25.36)
E., |

ig(p) = ;

A+ pDx,(p)

Substituting in (25.36) the values X;(p) and X,(p) from (66,17a) and
(66. 34), and the expressions obtained after this into (25.34) and (25.35), we have:

Aif (p) — _ pz(xflxlad_xfaxld)_prarld Em , (25.37)
]-Hfl
: _ pz(xfax1f—x1adxf)
Aiyq(p) = = i Em, (25.38)

where
M =1+ PZ){xfx'mxd”PZ + [xd (xfxld + xldrf) — Xad (foTm +

+x1Mdrf)]p + xdrfrld}.

_ pleaqu
(1+p?)(xg+pxq"T1q)

Aty () = i1a(p) = (25.39)

The solution of the equations obtained and the determination of the time
constant of free currents in the excitation and damper windings can be greatly
simplified. To do this, when calculating the free current in the excitation winding and
its transient time constant, T;  should be neglected by the currents in the damper
winding, assuming they are rapidly damped, that is, assuming r;; = o0, and when
calculating the current in the damper winding and its super-transient time constant
Tyq" consider the free current in the excitation winding non-damping, that is 1y = 0.
These assumptions will not cause big errors, since in most synchronous machines, the
super-transient time constant T;” is small in comparison with the transient time
constant T;’.

Assuming in (25.37) r_1d = o, and in (25.38) r_f= 0, we obtain

. _ p
Alf(p) o A+p?)[p(xaxf—xqaXfum)+xary] xfaEm'

(25.40)
p(xfaxlf - xladxf) E

Aiy(p) = — L .
aip (1+ pz)[prx’ldxd + (xdxf - xadfo)rld] "

Then, using (28,4) and (62,15), we have

. Em Xfa 14
Air(p) = -2 —, 25.41
f p Xd Xf (1+p2)(p+Xd,7(}do) ( )
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or

Aif(p) = e 4 (25.42)

xq' x5 pP+ag'pi+prag’

where a_d 'is determined by (24.50).

Comparing (25.42) with (24.59), we come to the conclusion that under
assumptions made, the excitation current is determined by one and the same equation.

This result could have been anticipated in advance, since putting r;; = 0, we

thus would remove the damper winding from the machine.
From (25.40) and (28.4) we find

. _ E_mxladxf_xfaxlf 14
ha(p) = xg  xpX'yg pi+ag’pit+ptag”’ (25.43)
where a;” is determined by (25.5)
Comparing the obtained equation with (24.59), we write for the origin of the
current in a damper winding on the longitudinal axis the expression similar
to (24.60)

Em X1adXf—XfaX1f p
_n ) 3 no2 » (25'43)
Xd XfX'1d p°+ag pet+ptag

ha(p) =
where [,,,” = %, tgpq = g’

The roots of the equation, compiled from the denominator of equation (25.39),

are equal to
1 Xq

pl = _aq = - » = - » )
T"1q Xq Tiq

p2=+tj, pP3=—J.
Taking advantage of formula (28), given in appendix 6, for expanding the
operative expression (25.39), we will put the following

t

— x1aqE_m _ aq e_m + 1 COS(t + (plq) . (2545)

iy —
q » »n2
X1q Xq 1+a’; 1+a"‘2]

”

Assuming 1 + a”; + 1 and taking into account the attenuation of the aperiodic
short-circuit current, we have

t t

— Hag Fm —aq”e_m =e T cos (t+ @q,)|, (25.46)

i
1q X1q %"

where
tg Vg = —T4". (25.47)
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2.25. Changes in the voltage of a synchronous generator without a damper
winding under sudden load on

Approximate solutions (without taking into account the active resistance of the
stator winding and load)

At sudden load on, the voltage of synchronous generator is subject to a rather
sharp change, which can adversely affect consumers. To determine the voltage
change at load on, we make the following assumptions:

1) rotor speed is constant and equals 2.,.;

2) the load on occurred at no-load operation of the generator, i.e. 1;(0) =
1,(0) = 0;

3) the active resistances of the stator winding and cos ¢~0.9+0.8 are neglected
(26.1);

4) the inductive load resistance x;, is staedy;

5) transformer E. M. F. in the stator is neglected, that is, we suppose that

aa _ Mg _ (26.1)
dt dt )

Under the above conditions and assumptions, the respective positions and
equalities will take place.
At the initial moment, the vector diagram has the form shown in Fig.

23.1. At this
U
uq(0) = 0; uy(0) = Epy = Upo = Xgfl; = xafr—]{; (26.2)
Equation (15. 15) will have the following form
Ug = —2,Yg
(26.3)
Uq = 2 Ug
the load current will be purely reactive, i.e. short circuit
ig=0, ig=—lip, (26.4)
where i, is the current amplitude.
Since there is no damper winding, then
Yg = xqlqg = 0 (26.5)
and, according to (26.3) u; = 0.
Thus,
Ug = Uy = 2. Py, (26.6)

where u,, is the voltage amplitude of the network.
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The voltage drop in the inductive load resistance can be determined by
(87. 14) by putting
ix(0) = iy(0) = 0,
(26.7)
Lrx = Rgd = -

If the values px,i,(p) and px,i,(p) are neglected comparing with
2,xly(p) and 2,0, (p), then in the axes d, g the system (27. 14) will take the
following form:

ULag (p) = 01
(26.8)

upa(p) = 2rx,.x04(p).

The voltages on the clamps of the machine and the network are equal, but
opposite in the direction, that is

Ug = —Ug, (26.9)
or according to (26.6) and (26.8)
Up = Ug = 2, Ug = —2,.X0g; (26.10)
therefore
l/)d = _xLid. (2611)

Equation (62.90) under conditions of this problem will have the following form

—x1iqg(D) = Geaur () + Xqa(P)ig(p) + PGP (0); (26.12)

From here
. __ Geaus(@)  pGcalys(0) _ . .
iq(p) = ke atEa®) ig1(p) +igo(p), (26.13)
where
. Geauf(p) Xafur(p)
i = — = — , 26.14
dl(p) xp+Xq(p) Tf(xl"'xd')Tdo(P"'ﬁ) ( )

Y, (0) is the initial flux linkage of the excitation winding that is equal to
In accordance with (62. 18), (62. 35) and (26.2)

: _ _POa¥s© _  Umo _P_
lao(p) = — - > = e — (26.16)
L
where
) +Xd'
T 4 = ’;LH’Z Ta0- (26.17)
From (26.16) we have
t
. Umo 7
lag =~ € dL, (26.18)

MONOGRAPH 73 ISBN 978-3-949059-85-8



At
7 e
Study of steady-state modes of a synchronous electric machine %

In the absence of the excitation regulator and the constant excitation voltage
U, the formula (26.14) will have the following form

Umo 1

lar(P) = — T (26.19)
T'gy,
From here
t
. — Umo T
ig1 = p——— (1 e dL). (26.20)

From (26.13), (26.16) and (26.20) for the stator current we find the expression
ig=ig1 +igo=—Uno [ SR s S TaL]. (26.21)

xptxg  (xp+xg)(xp+xg’)

Substituting the last expression for i; into (26.10) with &, = 1 gives for the
network voltage amplitude the equation:

) __t
Uy = —Xyig —Umo[ f—FaXada T'aL]. (26.22)

xptxg  (xp+xg)(xp+xg’)

The network voltage in this case varies by curve 1. 26.2. 3 (26.22) at t = 0 and
t = oo we deduce:

X1
Uy = mumﬂ )
(26.23)
U=—2t 1y
Cx xg M

As follows from the last formulas and 26.2, an instantaneous voltage drop
occurs at the initial moment of load on

AUy =22y (26.24)

X1+xq

Subsequently, the voltage continues to decrease with the time constant 7°;; to
a constant value equal to Uy,
The maximum voltage drop will then be equal to

Xd

AUy = Unno - (26.25)

XL+Xa

The regulator increases the excitation voltage according to the rectiliniar law
Let the excitation controller increases the excitation voltage at the load on by
the following law

Uf = UfO + AU,f = UfO + UfOkBt ) (2626)

where k, is the constant in magnitude velocity of the excitation voltage
increase. Let’s rewrite the last equation in the operator form:
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k U
ur = (p) = Upo + pf°. (26.27)

Substituting this value us(p) into (26.12), we obtain for the stator current in

addition to the components iz, and ig; the third component iz,, whose operator
expression has the following form

. kBGCdeO kaanfO
() = _ , (26.28)
d2 [xL+Xa(®)]Ip (xL+xd')<p+T.LdL)pr
or
kaanfO 1 d
Pigz(p) = g = gglaz
2 (xL+xd)xfp+,L dt 92
dL
From here
digo _ kaafT'dLUfO (1 _ e_T’_fiL) (26 29)
dt (xp+xq)xys ' .

Integrating the last equation, we deduce

kBUmO

t
iy = [t — Ty (1 —e T'u)]. (26.30)

Xp+xa

The voltage of the network is found from the equation

U = X2 (Igo + ig1 t ig2) = (Umy + Xpig2) 2. (26.31)

t t
Um = Umo {K1 + Kye Tar+ Kk, [t —Ta (1 —e T'dL)]}, (26.32)

where
X1

X, + X4

K

)

(26.33)
_ (xq — xq)xy,
(xp +x)(xp +x4")

K;

If the controller operates only after the time t; of the radian after the load on,
then in the last right-hand member (26.32), taking into account the presence of the
controller, # should be replaced by t — ¢;;

Then

S _ttu
um = mo {Kl + Kze T'dL+ + KlkB [t - tl - T,dL (1 —e T'dL)]}. (2634)

The last equation completely coincides with the Andersen’s formula derived by
another way.

When using this equation, one should take #-t; = 0 in the time interval from 0
to tl .
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In. Fig. 26.2 the curve 3 corresponds to the equation (26. 32), and the curve 2
is the voltage component due to the controller action.

As can be seen from curve 3, the voltage u,, at the beginning decreases, at the
time t,, the latter reaches the minimum value, and then begins to increase infinitely.
The latter is due to the fact that when the equations were deduced, we neglected the
saturation and adopted the law of increasing the excitation voltage as rectilinear.
However, this assumption has little effect on the magnitude of maximum voltage
failure AU,,,,, of its onset t,,,.

To find t,, and AU,,,,, we take the derivative from u,, (26.34), equate it with
zero and solve the equation derived with respect to time [54].

Where 26.2

) __t
ty =T g In [(xxd;"d te T'«u]. (26.35)
L

+xa)ksT a1,

Substitution of the expression for t,, into (26.34) enables to define U,,;,and
gives the following expression for the maximum voltage failure in relative units:

AUinax =1 = Uipin = 1 =

) __t
— L {kB [T'dL In (ﬁ te T'u) - —tl] + 1} (26.36)

XL+xq (xp+xg)ksT ar

In self-excited synchronous generators, the excitation voltage usually has two
components, one of which can be taken directly proportional to the voltage, and the
other one as the generator current, that is

U.f = kuum + kll‘m , (2637)
where u,,, i,, are the amplitudes of voltage and current;
k., k; are coefficients of proportionality.
If neglecting the active oscillations of both the generator and the load as well
as the transformer E. M. F. in the generator and the load, then, as shown above

Uy = Uy, Iy = —lg. (26.38)

At the same time, considering (26.10),
Uf = kuuq - kiid = —(.!.-,-kau + ki)id = _kuiidi (2639)

where
kyi=k +xk,2,.. (26.40)

At the initial moment of idling
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uf(O) = kyUpmo = Uso, (26.41)
where
ky, = L2 (26.42)
Umo

The coefficient k;can be determined from the condition of obtaining a given,
for example, nominal voltage of the network U,,, at given nominal current i,,, and
cosp. Then from (26.37)

k; = M, (26.43)

Iy

where Uy, is the excitation voltage, which provides the nominal stator voltage at

the current of [,,,,.
Substituting the expression for (26.39) into (26.12), we obtain—x,i;(p) =
—Geakyita(P) + Xg(0)ig(p) + pGeqaPr(0),
where
pGcaWs(0)
xp+xq(P)—kuiGeq'

iq(p) = — (26.44)

Substituting here the values X; (p) and y;(0) from (62. 18) and (26.15) and
taking advantage of (62,15), we will deduce

ig(p) = — —Lme (26.45)
(xp+xq )(P+T.—ui)
where
T, = "L*’;ﬁixadeO. (26.46)
XL+Xd—T
Then
t
. Umo _T'_ui
la == o€ : (26.47)

The equation for the network voltage will have the following form:

t

U pe Tui (26.48)

X%

Unp = =X & 1lg = X txg

Y . .
If T’,; > 1, that is, if u;xaf < x, + x4, then u,will change in curve 26.3.
f
Reduced at the initial moment of switching on instantaneously by magnitude

AUy =1, (26.49)

xp+xq’

then the voltage drops to zero with the time constant T,;.
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. .~ kyix . o
If T’,; <1, that is, if “; Y > x, + x4, therefore, the generator has a fairly
f

strong compounding, then the network voltage in the absence of saturation will
change along curve 2, increasing infinitely. In the presence of saturation, the voltage
in this case will increase in curve 3.

If
Ty
kui = (xL + xd) ]
xaf
then
) . X
T'y=0 1 Uy = xL+I;cd'Um0'

In this case, the voltage does not depend on the straight line 4.
Let’s assume that in the compound synchronous generator, the excitation
voltage consists of two components, one of which is constant and equal to Uy, and

the other, k;Ut,,, is directly proportional to the load current, that is,
Ur = Upg + kilpy. (26.50)

When there is a purely inductive set of load and we neglect the active
resistance of the stator winding, the following equality is true (26.38).

Then

The degree of compounding & can be determined by the following formula

hy = L1 (26.52)
where Up, is the excitation voltage corresponding to the given voltage of the

network at the given load current [,,,,.
Substituting ur from (26.51) into (26.12), we deduce

—x1ia(D) = Gea|Uro — kita®)] + Xa(®)ia(p) + pGeabs(0),

where
GeaUfo+pGeaWs(0)
xp+Xq(P)—kiGeq

ta(p) = — (26.53)

Substituting here values X;(p) and y¢ (0) from (26. 18) and (26.15), using
(62. 15) we deduce

ig(p) = ——PTadlmo (26.54)

, 1
(xp+xq )<p+T—i,)Tdo
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where
xp+xq

e Tap. (26.55)

XL+XxXq T

Ti, =

We find the load current equation by defining the original of equation (26.54),
namely

t t
iy =— A@ —e T'i) — Um0y (26.56)

kix )
Xp X g af xp+xg

'f

According to (26.10) and (26.56) at ».,. = 1 is the network voltage

t t
= S T— R Lo T
tm = Yo xS (1 ¢ ) * X +xg ’ (26.57)
or
) xL<xd_ki:;1f>_xd' ot
um = mo Lk'x f kixaf Ti . (26'58)
XL+Xq (xp+xq")(xp+xq— v )
Att=0
X
UtO = XL+l.;Cd' Umo . (2659)
Initial instantaneous voltage failure
o
AUtO == Umo - Ut'O == XL+—dxd'Um0 . (2660)
kixq ) . . . .
If x; — :C L = x,’, then the voltage will change in a straight line 1 26.4
f
kixq . kixq )
If x; +x4 > Zaf § X4 Zaf > x4 the voltage changes along the curve
2264
kixqf kixqr ) .
When x; + x4 > — but x; — < x4, the voltage will change along the
f
curve 3 26 .4.
kixq . . .
Ifx, +x4 < : L and there is no saturation, then the voltage will grow along
f
the curve 4 26 .4.

The controller increases the excitation voltage according to the exponential
function law.

Case 1. Let the excitation controller increase the excitation voltage at the
inductive set of load according to the following law

t t
uf = Ufo'l‘AUf (1—8_71_,3) = Uf—AUfe_T_B (2661)
where
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The same equation in operator form

o (26.62)

P+TB

Substituting this value u;(p) into (26. 12), we deduce

~x,ia(P) = Geg [Uf ~ AU; pfi] + Xy ()ia(p) + PGoalis (0); (26.63)

lg(0) = igo(P) +ig1(p) + ig2 (), (26.64)

Where i;,(p) is determined by (26.16),

From here

GeaUys Em

lg1(p) = — = - , (26.65)
“ x,+Xa(p) (XL+xd')<P+T.LdL)
B pAuchd PAE,
i — == ,  (26.66
a2(p) bt xa@(p47s) (o) (P ) Gt Tao (2660
where
Uy
Em = _xaf = Ifxaf,
Ui
(26.67)
AU
AEm = _xaf = Alfxaf
Ui

Expanding the operator expressions for currents, we obtain [55] for i;; and
[40 €xpressions similar to (26.20) and (26.18), and for i,

t t
AE,,T, - -
[ = mB Tg — T'qr . 2 .
‘a2 T G ) (T ap) (e € ) (26.68)
Entire load current
E __t U __t
id=— i 1—e Ta —Lo,e T'dL-|—
X, + Xg4 X, + x4
Am Ty (e‘ To—e T'_Zu). (26.69)
(L +xq@)(Te=T q1)

Network voltage

t

X X X x1 T, AE. -

L [ Ly -2 F 4 LTs m,:le TaL _
XL+xq (oL +xq@)(Te—T g1

Uy =

Xp+x4 m xp+xq
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S UL NP (26.70)

(eL+xq)(Te—T gL

or

t t
t e -
U = AE T'qre TdL-T,e Ts
Uy = 2> + K,Uppe TaL + —2 12— —-»5 |
XL, +Xqd X1,+Xq4 T qL-Ts

The time when the voltage takes the minimum value is the same

t

_ TTaL {t_l —1n [e_T'_dL _ (Xg—xq")Umo (T'dL_TB)]} . (2671)

t. =
M Ta-Ts (Ts (xp+xg)AEm \ Tgy,

Case 2. Let the excitation controller increase the excitation voltage at purely
inductive set of load by the respective law
The last equation in the operator form
p

Ty

Substitution of this value us(p) into (26.12) gives

~2,1a(P) = Gealo 521 + Xa@)ia(p) + PGeats(0),  (2674)
Ty

From here
. _ pPGceaUfo _ PGcaVs(0) 26.75
‘a(p) itxa®(p—7)  xtXa®)’ (26.75)
or
. Umn Um
iq(p) = — ——2m0 v (26.76)
(P—T—B)<P+ﬁ)Tdo (ep+xq’) <p+T'_dL>(xL+xd )
Expanding this operator expression, we deduce
T vt .t
. A - 7 =
lg = —Uno [(xL DTt T ) <eT e dL) + el dL]- (26.77)

Substituting this valuei, into (26.10) at »,, = 1 for the network voltage gives

(xL+xa)(Ty+T q1) xp+xg  (op+xg) (Te+T qr)

t
t “Ta -
Uy = Umo{ Kila o7y 4 [ A Mle ]e TdL}. (26.78)
Refined solutions (taking into account the active resistance of the stator
winding and the load)
Unlike the previous cases, we will not neglect the influence of the active load

resistances 7, and the stator winding ». We will keep considering as previously the set
of load at idle operation and the rotor spinning speed to be constant [56].
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To solve the problem in question, we will use equations (26. 37) to increase the
magnitudes. Let us neglect the transformer E. M. F., that is, we will accept

pAY,(p) = pAY,(p) =0.

Substituting an increase in the flux linkage from (66. 38) into (66. 37), we
deduce:

Augy(p) = rhig(p) — 244X, ()AL, (D),
(26.79)

Augy(p) = 1Aig(p) + 244 Xa(P)Aig (D) + 244G qBus (D).

The voltage drop in the active r,and inductive x; load resestances in
accordance with (26. 25) under zero initial conditions in the axes d, g are equal to:

uzd(p) = (rB + pr)id(p) - -!-adeiq (P),

(26.80)
Uzq(P) = (15 + px1)iqg(P) + LaaXxpia(p).
Neglecting the transformer E. M. F., that is assuming
pxLia(P) = px iqg(p) = O, (26.81)

and replacing the magnitudes with their increments, we will rewrite the last equations
in the following form:

Au,q(p) = 1,814 (p) — 24q%, 014 (P),
(26.82)
Au,q(p) = 1,804 (p) + 2qq%, 014 (P)

The sum of the stator voltage increase and the voltage drop in the load is equal to

Aug(p) + Auyg(p) = 1:Aig — 244X, (P) Al (D),

(26.83)
Auq (p) + Auzq (p) = rrAiq — 244X, ()i (p) +
+244Gcalus(p),
where for machines without a damper winding
Xza = X, +Xg,
(26.84)

_ xp+xg+p(xp+x4)Tqo

Xa(@) = Xq(p) +x, = 1+pT g
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Xzq (p) = Xzq = XL T Xg,
(26.85)
r,=1r+r,,

— Xaf
Gea = it (26.86)

The load on can be considered as the short circuit of the generator that posssses
the resistance 7, x,, and x,4.Under the given conditions, the load on occurred at

idle operatin, therefore
ug(0) =0, uq(0) = Upo;
(26.87)
Aid == idl Alq == iq.

Before the generator short circuit equivalent to voltage application:
Auy + Au,y =0,
Aug + Auyg = —Unpp.
At the same time (26.83) will be rewritten as:

2ia(p) — -’-adxzqizq (p) =0,
(26.88)
20aXz2a(P)ig(0) + 1,i4(P) = —Umo — 244G calus(p).
From here
xzq’-z UmO + xzq’-Z ad chAuf (p)

rzz + xzq 22 adde (p)

iq(p) = —

)

(26.89)
Tz UmO + 7244 chAUf (p)

TZZ + xzq 22 adde (p)

iq (p) = -

or
lq(p) =ig1(p) +iz2(p),
iq(p) = ig1(p) + ig2(P),

where
xzq-"ad(l + pTdO)UmO
bz(l + pT'zd) ,

in(p) = —
(26.90)
rz(l + pTdO)UmO
bz(l + pT'zd) ’

iql (p) =-—
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xzq’-Z ad ch (1 + pTdO)Auf (p)

R N R B
(26.91)
i (p) = _Tz!adch(l + pTq0)Aus(p)
e P bz(l + pT’zd) ,
here:
o= 7+ xqu'zdv'-zad _ —Z,T
i rzz + xquzd-"zad a0 bz a0
b, = (r+n)%+ (o, +x,) (x, + x5)22, (26.92)

b, = (r+1)%+ (3, +x5)(x, + x5)22.

Excitement voltage is constant. If the excitment voltage under load on is

constant, then
Aus(p) =0 u ig(p) = iga(@), ig(@) =ig1(p)-

Equation (26.90) in its original form has the following form:

t

lg1 = —24aUmo );qu 1+ ng_m ) (26.93)
where
_ by L (xp+xq)(xa—xq)2%qq
K3 = b, o (r+rB)2+(xL+xq)(xL+xd')g2ad’ (26'94)
or
__t
lq1 = =gy — (g1 — lar)e Tz,
(26.95)
. rz .,
igg = i 1,
q1 xzq’-ad d1
where
1

Iy = Xzq®ad Umo b_»
z
(26.96)
, 1
Lagl = Xzq®ad Umo b_’
z

From (26.80) and (26.81) for the module 1. B. of the load voltage vector we will
find the expression [57-60]:

j : )2 - .2
Un1 = \/(TBldl - xL-,‘adlql) + (Tqul + xL!.adldl) (2697)
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where 2.,; = 1 and taking into account (26.95) we deduce:

ZyZyg .
Umpm1 = x_qldl' (2698)
zq
where
Z, =1+ x?%,
(26.99)
Zyq = \/(r + 12 + (o, + xq)2
as t = 0 according to (26.95) and (26.98)
Igto = Va1, Upo = Ki'Upyo
where
P (26.100)

2 )
T7+Xzq% 7d

If neglecting the active stator resistance and the load, then at 1 = 0 according to
(26.95), (26.96), (26.85) and (26.98) we deduce:

gy = gy = —20
dto T T xy
U - Xy _Xg X, — x4
t0 — xL + xd; mo — xL + xdy mo »
or
Ut() == Um() - xd,i,dl. (26101)
Instantaneous voltage failure at load on
AU,y = xL’i—dxd Upo = X3'1' 41 - (26.102)
These formulas are identical as the previously deduced (26.23) and (26.24).
If a purely active load is enabled, that is, if x; = 0, then putting » = 0 is
deduced

Ty [rBZ +x7

UtO == rBZqud'Umo . (26103)

IfinB.0. 7, = 1 and x,, = 0,7, then

1,22
140,7x4’

Unno - (26.104)

Uo =
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Thus, in some cases, in our example, at transient inductive resistances in o. €.
less than 0.31, the the active load on may be accompanied by an instantaneous
increase in the voltage. Further, the voltage will decrease to the set value

U; = KyUpo,
where
 Z,7,

Ky =———.
2
TS+ XzqX2q

If =71, =0 we will deduce for U; expression (26. 23).
If x; = 0 and r = 0, we will deduce

Ty |12 +x2

U, =

Uso. (26.105)

Te+XgXq

The excitation voltage increases according to the rectilinear law. In the
presence of a voltage controller, as it follows from (26.89), in stator currents, in
addition to the components determined by (26.90) and (26.93), there will further be
components determined by (26.91).

If the excitation voltage changes by the law as follws

U,f = UfO + kaOt,
then
A'U,f = kaOt

and

Aug(p) = ’“;ff’, (26.106)

Then taking into account (26. 86) and (26. 2):

i ( ): _ kxza-"zadUmO
d2 p (1 + pT;Zd)p bz )
(26.107)
i ( ) - _ krz-’-adUmO
@ P (1 + pT’zd)p bz
From here
__t
lza = _kxquzadUmO t — T’Zd(l —e Tz ;
(26.108)
, Tz .
lzq B xzq-'-ad faz

where t’ = t — t;, and t; is the voltage controller action time [60-62].
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Module i. B. of the machine voltage due to the controller action will be
determined by the formula similar to (26.98)

i (26.109)

The module of entire 1. B. of the machine voltage equals

ZoZp0 . )
Uy = Uy + Uy = Uy = qu (igqy +igp) (26.110)

or

t t
Uy = K420q0Unmo {(1 + Kse T'zd) + ke, [t' — =T ,4 <1 —e T'zd>]}. (26.111)

Equating the derivative of the right side of the last expression to zero and
solving the resulting equation, we find the time of the minimum voltage onset

.
t, =T 44 ln( ;(3 +e T'zd). (26.112)

KT zq
Substituting this expression into (26.111) for the minimum of machine voltage
ate 4 = 1, we deduce

v
Umin = {1 + [k <T’zd In k;{.g t+e T’Zd> - t1]}ZBb_Zzqum0- (26.113)

zd

Excitation voltage increases by exponential law. Let the increase in the

excitation voltage be expressed by the equation
t

Aup = AUf(1 —e Ts) (26.114)
where AUy defines the voltage limits equal to

T, is the time constant of the curve of exciter voltage build-up.
In the operator form equation (26.114) has the following form

1

Aup = AUf T (26.116)
Substitution of this value Auy into (26. 91) gives
. — xzq»‘ZadAEm
l2(P) =~ o S aeprn. (26.117)
where
AE. — xafAUf .
m rf )
From here
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t t
e Trio1,eTs
gz = —xquzadAEmbi<1 _ Leae 0 The ) (26.118)

z T'Zd_TB

Entire longitudinal current at 2,4 = 1
id = idl + idZ .
Formula (26.98) is also valid for entire voltages and the current, i.e.

_ ZpZzq .

Uy = ig, (26.119)

Xzq
or
t t

-t e Tzd-Te Ts
<1+K3e T'zd)um0++<1—”de The )xadAEm.

Uy = Ky24q

T'za—Ts
(26.120)
Time to achieve the minimum voltage
. t1 )
= Ll My | eTa — g, Ymo (Tza T
= g2 {TB In|eTza — K, AEoo( e )]} (26.121)

The generator is self-excited. By the proper choice of the circuit and elements
of self-excitation system of the synchronous generator, it is possible to achieve with
greater or lesser accuracy the direct proportionality between the excitation voltage Uy

and E. M. F. E,,,, induced in the stator by the excitation flow, that is, we can deduce
Ur = kyEn. (26.122)

This provides the best way to maintain the voltage constant or the specified
staticity of the external characteristics of synchronous generator.

From the vector diagram of a nonsalient pole synchronous machine and
formula (4.1) it should be

E = Uq — xdld — T'Iq. (26123)

Taking one law of excitation votage regulation of the excitation voltage in
steady and transitional modes, neglecting the value of rl; in the last formula and
substituting it into (26.122), we deduce:

U,f = kuuq — kiidr (26124)
where

k; = kyxg. (26.125)

At idle operation, the excitation voltage
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Uso = kyUno » (26.126)

where U,,,is the stator voltage amplitude at idle operation.
Increasing the excitation voltage at load on

Au]c = uf — UfO = kuuq - kiid - kuUmO' (26127)

According to (89. 4) 1.B. of the machine VOlt&ng equals and is exactly

opposite to 1. b. of the load voltage -, therefore

uq = —uzq
and
Aup = —(Uso + kyyg + kiig). (26.128)

Substitutition of the value u,, from (26.80) into (26.128), taking into account
(26.81), gives

Aus(p) = —[Ufo + kyitg(p) + kyniiyg (p)], (26.129)
where
ky =k +k,x 2.4 (26.130)

Substituting the values Aus(p), x,4(p) and G4 from (26.129), (26.84) and

(62.35) into (26.88) and solving the deduced system with respect to currents, we
have:

ia(P) = i1 (p) + ig2(p),

(26.131)
iq(p) = ig1(p) + ig2(P)
where
i ( ) — _xzq UmO-’-ad(1 + pTdO)
arip (acs + pT'zd)bz ’
(26.132)
2
. xzq-!- adUmO
l = 5 )
@ (p) (acs + pT zd)bz
i ( ) - _ (1 + pTdO)rzUmO
a P (aCB + pT’zd)bz
(26.133)
1,2,qU
iqz(p) — z>ad¥Ymo

(aCB + pT’zd)bz
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Inputs into equations for currents of magnitude b,, T’ ,; and a, are determined
from the following expressions:

b, = TZZ + xquzdg-zad»
(26.134)
b, = rzz + xqu,zd-!-zad

T,y = ’;—ZZ'TdO, (26.135)

Xa
Aoy = 1 — Zr’; (kuryty®aq + kuiXzq2%0q).  (26.136)

b

Let’s determine a, as the self-excitation coefficient; at k,, = k; = 0 we obtain
Aeg = 1.

Expanding the operator expressions (26.132) and (26.133), we deduce the
following equations for currents:

zq2adUm - a'CBt
igy = _ﬂ%(i_kl{we T'2d ),
(26.137)
lgz = —xzq&adumo (1 — e_%t)
bzaca
. rzUmO —Lep g
g1 = — b, (1 + K.,e Tz ),
(26.138)
, T2%qd UmO — epy
o = Rl )
bzaca

where
Kp=slo— =22~ (26.139)

) - ) .
T'zq Acp b, Acp

From the comparison (26.137) and (26.138) should be:

igy = &:—;didl , (26.140)
[y = —2—i 26.141
lg2 = Xrqtad La2- (26.141)

Module i, b. of the load voltage in accordance with (26.80)

Uy = JUlzq + U = \/ (ryiq — stzadiq)2 + (ig + st,adid)z. (26.142)
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Substituting here the values of currents from (26.131) (26.140) and (26.141),
after a series of transformations we deduce

ZpZzq

Xzq2ap

where Z,Z,, are determined (26.99)
From (26.131) and (26.137) at synchronous rotor spinning velocity, that is at
2,4 = 1 for the entire longitudinal current we have

_ Gcs

iy = —%e Ted. (26.144)

Substituting this value of current into (26.143), we obtain at &,; = 1, the
following equations for the amplitude of the machine voltage:

23224 —Zeny
U = — Upoe Tzd, (26.145)
zZ
or
Jr§+fo(rB+r)2+(xq+xL)2 _ Qcpy

Uu =
m (rg+1)2+(xqg+x1) (X' g+x1)

(26.146)

At the initial moment, the voltage decreases to the magnitude

/r§+fo(rB+r)2+(xq+xL)2
Ui = Uno- (26.147)

(rg+1)2+(xg+x) (X' g+x1)
Initial voltage failure

ZyZ,
AUty = Uno — Uyo = (1 = bz,") U o (26.148)
If = > ( and, thus a.; > 0, that is, if the coefficients k,, and k; are ultimately

T'za
small, and compounding is weak, then u,, will change according to curve 1. Fig.
26.3. Changing at the initial instant of switching on almost instantaneously by the
. : T
value AUy, then the voltage drops to zero with the time constant —2%,

aCB

If a; <0, that is, if k, and k;are sufficiently high and the compounding is
powerful enough, then the network voltage in the absence of saturation will change in
curve 2, increasing infinitely. In the presence of saturation, the voltage in this case
will increase in curve 3, seeking a stable final value [63].

If a.; = 0 and, consequently,

PTy kyryry + (ki + kyxp)xg, (26.149)

xaf

That voltage will be constant and will be equal to Uz, (.26. 3, line 4).

MONOGRAPH 91 ISBN 978-3-949059-85-8



Study of steady-state modes of a synchronous electric machine

Let’s consider two separate cases.
1. If there is a purely inductive load on, then, substituting r, = 1, +r = 0 into
the previous equation, we deduce

. — 3 _ Umo - T'ui

im = —lg = € ) (26.150)

vt

=L T'yi
Un =15 € (26.151)

where
Tui = — "z Tao - (26.152)
xXp+xqg—

The value of current and voltage at the initial moment:

_ Uno
Io =~ - (26.153)
Upo = ﬁUmO = Upyo — %410 (26.154)
Initial voltage failure at load on
AU, = ﬁumg = x,'l,. (26.155)

2. If there is a purely active load on, that is if x; = 0, then, putting into
(26.147) r = 0, we obtain for the voltage at the initial instant the expression similar to
the one previously deduced (26.103).

If in relative units 7., = 1 and x,, = 0,7, so for U, we deduce the expression
(26.104).

Thus, as with a constant voltage of excitation in self-excited generators, in
some cases the active load on may be accompanied by an instantaneous increase in
voltage [64]. In the future, the voltage will decrease or increase, depending on the
degree of compensation according to the sign and magnitude ;.

2.26. Algorithm for designing synchronous machines with permanent magnets

Let’s consider some variants of synchronous generators design excitable by
permanent magnets for autonomous electric power plants (AEPP). Calculation
algorithms of respective generators possess a number of features in comparison with
the known methods. The main of them is related to the search for the best options
according to the technical requirements for designing AEPP broadly as a single
system. In this case, as a rule, a considerable number of estimated variants of the
machine with different constructive performances is considered and the most rational
ones are selected from them for further in-depth processing (for example, with the
use of the corresponding CAD).

It is, therefore, an accelerated calculation of the main indicators of machines,
taking into account both traditional and specific constraints dictated by the
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harmonization of machne characteristics and AEPP in general. Of course,
preliminary estimates of the main machine indicators are to be supplemented and
refined on the basis of additional calculations of the electromagnetic, strength and
thermal characteristics of the macine on the basis of traditional methods.

Since the calculation algorithms should be relatively universal, a large role in
them is given to dimensionless parameters and indicators that have a visual physical
content and can be selected based on existing recommendations (far from complete
for AEPP electric machines) and on the basis of rather obvious intuitive engineering
representations .

Let’s consider the features of the calculated algorithms of machines with PM
in relation to synchronous generators. The calculation of synchronous motors can be
performed on a similar basis. Let it be necessary to carry out an approximate
calculation of the synchronous generator with PM on the given nominal values of
power S,,,,, of the number of phases m, voltage U ,,,,, of the power factor cos ¢ PM
parameters are supposed to be known (B, H., «, ).

It is possible to allocate four schemes of machine design for the imposed
capacity depending on the specification requirements.

In the first calculation scheme, the generator is designed under a known
primary drive with a fixed rotational speed n and is expected to produce the current
of given frequency f.

The second design scheme involves the operation of a generator with a
maximum permissible speed of the rotor u, and in accordance with the limiting
mechanical loads. The task u__ is related to minimizing the size and mass of the
generator.

The third calculation scheme, besides the task V},,,, involves fixing the
electromechanical constant T;, which characterizes the launch speed of the
installation.

The current frequency fin the second and third circuits is not strictly limited,
since in some cases AEPPs can operate with variables f (for example, in heating,
lighting and other loads) or contain consumers calculated for the frequency that is
determined during the design of the generator.

In the fourth design scheme of the machine the values n and T; are given. In

order to find the main dimensions of the generator in all cases, first they determine
the value Ej. In general, they can be calculated according to (2.23), (2.24) on the
basis of the relative magnetic conductors JIJIAg, and the parameters a and p;". At the
same time, the number of pole pairs is calculated as well-known. If the calculation is
based on the first scheme, then p = 60f/n. When using the second and third
calculation schemes, p is first given for general considerations, and then, if necessary,
Pop: is found by additional calculations (see §2.7).

Let us first consider the generator with tangentially magnetized PM on the
basis of REM (Fig. 2.33, a), which is used in AEPPs from tens to hundreds of
kilowatts. In this case u; = 1= 1, a = 0 and the calculation of Ej and 1" is carried
out according to (2.30) and (2.31). We first determine the relative magnitudes of the
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magnets for a fixed value of p, assuming that the diameter d of the inner sleeve, to
which the magnets adjoin, exceeds by A the diameter d, on which the extension of the
sides of neighboring magnets intersects. The relative index A*= A/D takes into
account the technological factors (usually A*~ 0,1...0,2). Since the nonmagnetic
insert of the outer cylinder adjacent to the magnet has approximately the same
tangential dimension as the magnet, then 7D — nd’ = 2pa,,7, from where d’ = (1 —
a,)D is the constructive coefficient of pole overlay (usually a, = 0,6...0,7 for
magnets based on REM).

Taking into account the ratio d = d’ + A= D(l —a,+ A*), the radial height of
the magnet is by, = 0,5(D — d) = 0,5(a, — A*)D.

Relative dimensions of the magnet are the height and tangential length,

respectively
by = by /(0,5D) = a, — A (27.1)
n(l—«a
L' =21y/by = (1—a,)t/by = M
p(a, — A7)
The basic values for by, and L* are selected n such a way to give a clear idea of the
form and location of PM. When determining b,,, the value A* may indirectly take into

account the thickness of the outer cylinder or bandage.
Th coefficient of rotor filling by magnets

Tow = 2p(2Ly)by/(2nD?/4) = 2(1 — ap)(a, — A*)  (27.2)

Now we can proceed to finding A§, A, Aje- Relative conductivity of the gap (per
one pole of the magnet), taking into account the scales

Ar= (0,5ugastl/8'"YH 1y /(B,byl), where the factor 0.5 takes into account that
one pole of the magnet accounts for half of the above mentioned.

After performing the necessary substitutions, we deduce

asm?(1—ay)

Ns = asnl’/(8pusé™") = 8(a, — A)uz6* p2
D T

where a4 1s the calculated coefficient of pole overlap;

" B . i .- " 5" . i )
W=7 ; = the relative permeability; & "= - Is the relative working gap;
oftc
8" = 71,6 is the constructive clearance.
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Figure 27.1 - Scheme of the algorithm for designing a synchronous motor with
permanent magnets.
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Conclusions

The monograph considered and presented various versions of electric motors
with permanent magnets. A comparative characteristic of electric motors with
permanent magnets and already studied synchronous machines has been carried out.
The mathematical apparatus was involved in the work, which reflects the operation of
engines with different parameters and in different modes. The calculations performed
using the mathematical apparatus showed that these types of electric motors deserve
increased attention and their further application in electric transport, as traction
motors. The obvious conclusion from the mathematical calculations made is that this
type of engine is more economical, with high efficiency, requires less time and

maintenance costs, and also has a longer service life.
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