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Abstract. The article considers the possibility of putting a synchronous generator into a com-
pensated mode by controlling excitation in the transverse axis. In this mode, the transverse
armature reaction is completely compensated by the magnetizing force of the transverse ex-
citation winding, the rotor torque angle is maintained at zero level, and the transverse com-
ponent of the load current vector is its active component. It is shown that introduction of a
positive feedback in the transverse excitation axis on the active component of the load current
is sufficient in order to provide for this mode. At the same time, only proportional control
of the generator’s armature voltage needs to be implemented for the direct excitation axis.
Abandoning feedback on the reactive component of the armature current enables a more ef-
ficient damping of electromechanical oscillations in the system. As revealed by the study of
the equation of dynamic equilibrium of the generator, oscillations of the rotor torque angle
are damped at the use of the specified control method and at a loading angle below the critical
value. The ratio of the magnetizing excitation forces and the transverse axis armature reaction
has been analyzed, which allowed obtaining an analytical dependence of the feedback coef-
ficient for the active component of the load current on the inductive resistance of the armature
phase and geometric data of the generator.

Keywords: synchronous generator; direct and transverse axis excitation; transverse armature
reaction; active load current.

AmnoTauis. [IpoBeneHo aHaTI3 MOXKITUBOCTI 3a0€3IEUCHHS CKOMIIEHCOBAHOTO PEXKIMY poOOTH
CHUHXPOHHOTO TeHEpaTopa MOIOBKHBO-TIONIEPEYHOr0 30y/DKEHHS 32 PaXyHOK pEryTIOBAaHHS
B [TOTIEPEYHI OCi 32 aKTUBHOIO CKJIAJI0BOIO CTPYMY HaBaHTa)KCHHsI. 3aIIPOIIOHOBAHO (hopMyity
JUTS @aHATITUIHOTO BU3HAYCHHSA KOC(]IMi€HTY 3BOPOTHOTO 3B’SI3KY 32 aKTHBHOIO CKJIAIOBOIO
CTPYMY HaBaHTQ)XCHHS 3 METOI0 MONEpPEeYHOI peakiii SKops Ta MIATPUMKH KyTa BHIIBOTY
poTOpa piBHUM HYJIEBI.

KurouoBi ciioBa: cHHXpOHHHIT reHepaTop; MOAOBKHBO-TIOIepedHe 30y/DKeHHS; MoIepedHa
peaxIist sIKopsi; aKTHBHUI CTPYM HaBaHTa)KCHHSI.

AnHoTtanus. [IpoBeieH aHaIM3 BO3MOXKHOCTH OOECIICUCHHUsI CKOMIICHCHPOBAHHOTO PeXHUMa
paboTBI CHHXPOHHOTO F'eHepaTopa MpoJI0IbHO-TIONIEPEYHOT0 BO3OYKACHHS 3a CUET PEryInpo-
BaHMs B TIONIEPEYHON OCH 110 aKTHBHOM coCTaBIsitoIIeii Toka Harpy3ku. [Ipeanoxena Gopmy-
Ja JUTs aHAJIMTHYECKOTO ONpeaeseHns koddduuueHTa 00paTHOI CBS3U 10 aKTHBHO COCTaB-
JSTFOIIEH TOKA HATPY3KH C [EJTbI0 KOMITCHCAIINH TTOTIEPEYHON PEAKIMH SKOPSI ¥ TOICPIKaHUsI
yIiia BbUIETa pOTOPa PaBHBIM HYIIIO.

KnroueBble cJ0Ba: CHHXPOHHBIH TeHEpaTtop; IPONOIBHO-TIONEPEYHOE BO30YKICHUE;
MOTePeYHasi PEaKLHs SIKOPS; aKTHBHBII TOK HArpy3Ku.
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Problem statement. In comparison with single-axis | pensation mode, it has a remarkable feature: the rotor
excitation machines, synchronous machines with direct | torque angle § (which is basically the phase shift angle
and transverse excitation have higher stability and con- | hetween the resultant vector of the direct axis EMF E,

Fr‘fllabﬂit_y [1]. Through Co_ntr"l in the transverse axis, | and the voltage resultant vector {J) under any load is
it is possible to regulate active and reactive power sepa-

rately, which in turn ensures a more effective oscillation
damping in the electric power system [2] and enhances
the dynamic characteristics of the machine itself [3, 4].
From this point of view, of particular interest is a com- | s crucial for effective damping of the rotor’s mechanical

pensated synchronous machine (CSM). In the full com- | oscillations.

equal to zero (8 = 0) [5]. In this case, control in the trans-
verse excitation axis has the largest effect on the magni-
tude of the generator’s electromagnetic moment, which
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Latest research and publications analysis. The
load angle ® is the angle between the total EMF vec-
tor £, and the voltage vector U. In a synchronous ma-
chine with single-axis excitation, & = ® in the steady-
state mode. To the contrary, at direct and transverse
excitation, transverse axis control generates an addition-
al displacement of the I’i"z vector relative to the rotor, thus,
generally 6 # ®. An uncontrolled non-salient pole ma-
chine has the critical load angle ® = 90° [6]. Yet, related
publications indicate that the transverse axis excitation
control makes it possible to ensure static stability of the
machine’s parallel operation with other generator sets re-
gardless of the ® value [7]. This phenomenon eliminates
the problem of static overload of a synchronous machine.
In other words, static overload of a synchronous machine
theoretically becomes equal to infinity.

As a result of synthesis of the transfer function of
an excitation controller providing invariant load current
regulation [8], it has been established that the excitation
current has to vary as a function of the direct component
of the armature current in the direct axis and that of the
transverse component in the transverse axis. At the same
time, analysis of the operation of a compensated syn-
chronous generator (CSG) providing for a high-power
network [9, 10] has revealed the possibility of a substan-
tial increase in the static stability limit due to the intro-
duction of a positive feedback on the rotor torque angle
in the transverse control axis and a derivative signal on
the rotational frequency. Analysis of the single CSG op-
eration with a static active-inductive load [11] confirmed
the results obtained earlier and substantiated the necessi-
ty of introducing a negative proportional feedback on the
armature voltage in the direct excitation axis. It has also
been rendered that the direct axis excitation control on
the direct component of the stator current largely wors-
ens the static stability of the CSG operation [7].

THE ARTICLE AIM is to elaborate on the possibil-
ity of putting a synchronous generator with direct and
transverse excitation into the compensated operation
mode by controlling excitation in the transverse axis on
the active component of the load current.

Basic material. The essence of compensation boils
down to balancing the transverse armature reaction with
excitation along the transverse axis of the inductor. This
corresponds to the following condition:

=—Fpg M

Here, Faq = F“a is the temporal complex or the spa-
tial vector of the magnetizing force (MF) of the CSM ar-
mature reaction; F' = F P is the same vector (complex)

of the MF of the CSM inductor’s transverse winding.

F _+F, =00rF
q Jq aq
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Hence, there is no resulting magnetic flux along the
transverse axis of the inductor and, consequently, no
EMF of the armature reaction along the transverse axis.

The paper considers the problem of putting a CSM
in the full compensation mode under varying loading.
Thereat, it is necessary to answer the following ques-
tions:

1. What is the key parameter for achieving this goal?

2. How to compensate for the MF of the armature
winding generated by alternating 3-phase current with
the use of direct current of the inductor winding?

3. How does the electromechanical process of the
generator entering the full compensation mode occur?

4. Which equipment is necessary for achieving this
goal? In other words, what is the structure or function-
al diagram of the controller providing a solution to the
problem?

Let us proceed with these questions in the above or-
der. Thus, which parameter is decisive for achieving full
compensation?

For this purpose, let us present the vector diagrams
of a synchronous machine for stresses, EMFs, currents
and magnetizing forces drawn up in the inductor axes
for two cases: a) the machine is not compensated; b) the
MF of the armature reaction along the transverse axis of
the inductor is compensated. The diagrams are shown in
Fig. 1.

It is known that the generator current and its phase
with respect to voltage depend exclusively on the magni-
tude and nature of the load. The load itself is constantly
changing in the course of operation. Consequently, the
process of compensation is to be continuously adjusted.
The question remains: what is the easiest way to achieve
the full compensation mode?

Let us turn to the vector diagrams in Fig. 1. They
clearly indicate that the active and reactive currents do
not depend on the degree of compensation at a con-
stant load (triangles of currents are highlighted in the
diagrams). At the same time, the components of the load
current along the inductor axes and, consequently, the
MF and the EMF of the armature reaction are all func-
tions of the d angle.

In the case of full compensation, the active compo-
nent of the load current is the current that generates the
transverse armature reaction. If it is compensated by the
current of the inductor’s transverse winding, the trans-
verse flux of the armature reaction and the transverse
EMF of this reaction disappear. As a result, the voltage
vector U will coincide in phase and space with the main
EMF vector E .~ The rotor torque angle & will become
zero regardless of the magnitude of the load. It follows
from the above that the active component of the load
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Fig. 1. Vector diagrams of a synchronous generator with direct and transverse excitation

current is the key parameter ensuring that the generator
starts operating in the full compensation mode.

The next question is: what is the way of compen-
sating the MF of the armature winding generated by the
alternating 3-phase current using the direct current of
the inductor winding? The apparent theoretical answer
is formula (1). In practice, it is achieved with the fun-
damental spatial harmonics of these magnetizing forces
qu and ﬁaq being equal in magnitude and opposite in
phase. Our next step is to show how this happens.

In Fig. 2, (yn) is the zone of so-called small teeth
on the pole pitch of the inductor. This is where the main
excitation winding is located. It is assumed that the com-
pensating winding will be located in the large tooth zone
(1-pm.

The university course on electrical machines touches
upon the question of equivalence of the excitation wind-
ing MF and the armature winding MF. Particularly, it
draws a comparison between the fundamental spatial
harmonics of the magnetizing forces of these windings.

Fig. 2. Inductor with the zones of main and compensating
windings

56

Generally speaking, if the wound part of the induc-
tor’s pole pitch occupies the angle (yr), the amplitude of
the fundamental harmonic of the MF will be expressed
as follows [12]:

F :8~sin(yn/2)

Bl 2
T Y

F,=k,F,.
Here, k. is the shape coefficient, F, =w. i is the excitation
winding MF on one pole, ws is the number of winding
loops, and iB is the winding current.

Being equivalent to the specified value of the arma-
ture reaction MF, the value of the excitation MF F_ is
calculated from the equality of amplitudes of their fun-

damental harmonics:
Fa = kf ’ Fsa

The latter expression allows calculating the factor of
reduction of the armature reaction MF to the excitation
winding MF:

__ Ty
- 8-sin(yn/2)”

1

ky

If the compensating winding is to be considered, the
area fort its placement on the pole division of the induc-
tor is defined by the angle (1 — y)n. Therefore, the reduc-

a

tion factor is as follows:

_Bp 752'(1—Y)
F,,  8-sin[(l-y)m/2]

aq

The magnetizing excitation force equivalent to the
transverse armature reaction is calculated with the help
of the following expression:
kg,

F .
p 1

BgD

=k F =
aq- aq

s @

For a compensated machine, l,=1,=lcoso.

Having calculated the MF of the compensating
winding through the active component of the load cur-
rent, we can proceed to the question: how will the elec-
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tromechanical process of the generator entering the full
compensation mode occur?

Let us assume that condition (2) is satisfied (at this
point not accounting for how it has been achieved). The
generator is not yet compensated and is in a state cor-
responding to the vector diagram shown in Fig. 1,a. As
the diagram apparently indicates, the inequality & > 0 in-
advertently leads to the dependency I, <1 hence, the
armature reaction MF Faq will be less than F, = F_.
That is, there appears an excess MF Fes aligned in the
positive direction of the transverse axis. The magnetizing
force qu generates a magnetic flux, which in turn cre-
ates the EMF E_ and together with £, forms the resultant
EMF E,. Along with the voltage vector, the latter con-
stitutes the load angle ® = (A + 6 + ¢) and forms the
electromagnetic power:

EZ
Xa

sin(®).

In the initial steady-state mode, the mechanical pow-
er P and the electromagnetic P_ are balanced, which
corresponds to the equation of dynamic equilibrium giv-
en below:

=P

Mex

2
ij O+P,

Itis evident thatat P = P_, the rotor acceleration
(p?®) is absent and the angle ® = const.

According to this condition, the value of E  de-
pends only on the active component of the load cur-
rent, which is defined by the values of the active load
and the voltage U. However, the angle @ _ is greater than
the angle ® which corresponds to the given steady-state
mode (®, =& + O ). The positive value of the & angle
leads to an increase in the generator’s electromagnetic
power and, as a consequence, the braking moment. As a
result, the rotor speed will get a negative increment, and
the angle ®_ will decrease until it reaches the value © .
A negative value of the § angle will result in a decrease
in the braking moment, acceleration of the rotor and an
increase in ©, to the value of @ .

Thus, the increment of the braking electromagnetic
moment at Faq + qu is such that the angle ® tends to reach
a given value of ® , which corresponds to zero of the ro-
tor torque angle (6 = 0).

Let us now turn to the fourth question: which genera-
tor parameters can be measured or established based on
the catalog data? First of all, these are current, stator phase
reactance, and voltage from the active current sensor that
is proportional to the active component of the load current.

Accordingly, using formula (2) we obtain the MF of
the transverse excitation winding, which is equivalent to
the MF of the transverse armature reaction. In this for-
mula, =1 and the factor of reduction of the transverse
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excitation winding MF to the transverse armature reac-
tion MF (taking into account possible placement on the
rotor) is calculated as follows:

 (1-7)

] sini(l_y )n

— B _
F
aq

K
aq

In the absence of armature winding data, one can
employ the phase reactivity; its value is easily either es-
tablished experimentally or taken from the catalog [12]:

2
(koﬁi Wj .
p

The quantities included in this formula are well
known, so there is no need for explanation. Let us multi-

ply x, by I *(m /n*):
e

m 2
[ZJ xa [a
T

This allows calculating the MF of the armature reac-
tion along the transverse axis of the inductor:

Ko Dl

ks ku 3.,

x,=2mf

o DIl
ks ku S,

2
12

a

m \/E k06 W]

T p

m ksk, S,

=1, [ 5x,
a TCZ afp'()DZb‘

F
aq
as well as the sought-for MF of the transverse excitation
winding as a function of the active component of the load
current I :

2
b (l—y) m ks kp Sy,
F = o =———-1 (¢),
BG? Qsi ‘l_yin aT[2 fMODlES a()
smi2
orF, .= k.1(D);
k nz (I_Y) < x m k5 kp 653
(2 _ a 2 ?
85in12y n S Dl

where k_is unit conversion factor.

The control action is ultimately the voltage across
the transverse excitation winding. Its value is established
using the considerations below.

The output voltage of the active current sensor (JIAT)
is calculated as follows:

U}lAT(t): knp Ia(t)’

where knp is the reduction factor depending on the sensor
circuit.
The MF of the transverse excitation winding is equal to
U
Bg

F

BgD

=W
Bg

k
=k, Ia(t):k—cUﬂAT(t),

Bq np

whereof the control action is equal to
k

c
krlp
where W, is the number of loops in the transverse excita-

tion winding, and - is its active resistance.

=ks Uz;/AT

©),

.
Bg

—-U

W, aar(©)

U, ()=
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CONCLUSIONS. 1. The compensated mode of
operation of a synchronous generator with longitudinal-
transverse excitation can be achieved when the magne-
tizing forces of the transverse reaction of the armature
and the transverse excitation winding are equal; in this
case, the rotor torque angle is zero. 2. To provide full
compensation in the entire range of possible operation
modes, it is necessary to introduce feedback on the ac-
tive component of the load current in the transverse ex-
citation axis. In the direct excitation axis, only propor-
tional control of the generator’s armature voltage needs
to be implemented, which makes one abandon feedback
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on the reactive load current, thus increasing the level
of static stability of the generator operation. 3. Analy-
sis of the equation of dynamic equilibrium showed that
oscillations of the rotor torque angle while setting the
new operation mode are damped at the control method
under consideration and load angles not exceeding 90
electrical degrees. 4. There was obtained an analytical
expression for the feedback coefficient in the transverse
excitation axis on the active component of the load cur-
rent. The coefficient depends on the inductive resistance
of the armature phase and the geometric data of the
generator.
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