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TOPICALITY OF THE THESIS

Feasibility of small local energy development identification is justified by specifications
through the range of its objects functionalities such as:

- Application of dispatching principles that are characteristic for high power

systems can not be ensured fully in this case;

- Priority of electrical power generation on the basis of compact electrical power

plants;

- No availability or poor application of emergency control or emergency

automation control systems;

- Domination of overhead power lines on wooden poles over cable lines;

- Heat utilization is not entirely applied and consequently low efficiency factor of

power plant is observed.

Under such conditions the tasks of effective control and management of compact
electrical power station (CEPS) - remain the most significant. Out of the diversity of these
tasks systems efficiency increase of generators synchronization and sub-systems of
compact electrical plants is one of the most topical.

The issue is described in the aspect that the existing synchronization systems are not
always capable to provide immediate and of respective quality of transition process
actuation of generators and subsystems of CEPS to parallel operation mode to network
but algorithm schemes and elements of these systems are obsolete technologically. The
tasks solution of synchronization systems efficiency increase could be achieved by
different methods including application of flexibly controlled technical devices of
deviation (changes) of active and reactive power.

Currently the attention to such technical hardware is dictated by intensive and
widely implemented concept of application of flexibly controlled power lines of
alternative current that in technical literature have acquired the name Flexible AC
Transmission systems (FACTS)*. In power industry the term FACTS covers a number of
technologies that enhance the reliability, capacity and flexibility of power transmission
systems. FACTS solutions enable power grid owners to increase existing transmission
network capacity while maintaining or improving the operating margins necessary for

grid stability.

*-G Davis - California energy commission, 1999 - ecourses.dbnet.ntua.gr.



As a result, more power can reach consumers with a minimum impact on the
environment, after substantially shorter project implementation times, and at lower
investment costs - all compared to the alternative of building new transmission lines or
power generation facilities.

Local, compact systems of power supply are interpreted as independent isolated
power supply systems of separate entities or residential areas incorporating
autonomous power plants and distribution systems of limited length. The consumed
power in such systems does not exceed 0,5-2 MW in rare cases 5-10 MW.

In several regions the power supply of industrial objects and residential areas is
provided simultaneously by autonomous power plants and centralized networks. Besides
the range of specific issues appeared due to integrated operation of a local system and
centralized network.

Autonomous power energy sources (APES), represented by several primary
motors - drives such as: diesel generators, gas combustion motors, gas turbine engines and
some other types, are not technically adequate to generate electrical power energy with
the parameters meeting the requirements of modern standards.

This doctoral thesis is focused on investigation and development of electrical
power engineering equipment for local power supply system’s providing efficient
operation mode.

The realization of extended implementation of local power supply systems requires
additional researches in the following trends:
- Investigation of methods how to improve efficiency of autonomous power plants
operation;
- Provision of efficient integrated operation of local systems with centralized
networks.

Having summarized all the above mentioned, the conclusion is obvious that there
are difficulties to reach the required efficiency of electrical power complexes for
production and conversion of electrical power energy and to ensure required level of
indicators characterizing its quality by specific consumption of primary fuel, stability of
frequency and voltage under the conditions of inconsistent consumption. The mentioned
indicators remain relatively low and require considerable improvement. Thus a
significant issue is identified as a development of local systems of electrical power

systems with efficiency improved by structural changes of generating part of autonomous
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electrical power plant, application of new methods of primary motor regulation,

application of power converting technique and provision of basic parameter of generating

voltage — frequency.

The solution of the mentioned problem would allow to reduce the costs of

electrical power generation and heat production, as well as to raise the stability of

frequency and voltage in more extended area of parameters of load and operation modes.

THE OBJECTIVE OF THE THESIS

The objective of the thesis is a development of effective algorithms and structural

functional schemes of precise synchronization systems for generators and sub-systems of

compact electrical power plants on the theoretical basis of automatic control of objects

relocation programming.

To achieve the objective the following tasks have been formulated:

Statement of effective task solution on control of precise automatic
synchronization for generators and sub-systems of compact EPP on the theoretical
basis of automatic control of objects relocation programming;

Development of an algorithm of adaptive control of the process of precise
automatic synchronization for generators and sub-systems of compact EPP;
Synthesis of basic functional units of generators synchronization adaptive systems
and sub-systems of compact EPP as the components of formed structural-

functional schemes.

SCIENTIFIC NOVELTY

Scientific novelty of the doctoral thesis reported and implemented for the first time:

— The tasks of effective system synthesis of automatic synchronization for
synchronous generators and sub-systems of compact EPP are identified and
solved;

— The method of compiling equations for compact EPP is developed based on
the Park-Gorev differential equations using the investigated system models for

design synthesis of structural components in principle;



the methodology is developed for the research of compact EPP with
synchronous generator, based on structural modeling approach using the Park-
Gorev element equations;

functional models of compact EPP with synchronous generator are developed,
that are incorporated into a united system; simulation is provided in relative
units where parameters of applied elements are expressed in their base unit;

the mathematical model is developed that allows studying the change of
synchronous generator parameters and generator load in different modes of

operation, including the interaction.

METHODS AND INSTRUMENTS OF THE RESEARCH

The following research methods are used in the thesis:

General theoretical research methods;

Structural modeling.

The following tools are used in the thesis:

the similarity theory, the theory of electrical machines, and mathematical
description of electrical machines;

Park-Gorev differential equations;

numerical integration methods for solving system of non-linear differential
equations;

the software FORTRAN, Microsoft Excel;

UNITROL 1000 equipment.



1. PROBLEMS OF CONTROL OPERATION MODES OF COMPACT
ELECTRICAL POWER SYSTEMS

Compact electrical power systems differ by their operation modes either as
independent or integrated with entire consolidated electrical power system.
There are three following groups:

— Parallel operation with integrated power system by direct link with allowable
output and input of capacity which is equivalent to full capacity of compact
power systems, including in the repair regime;

— Parallel operation with integrated power system by flexible link with allowable
output and input of capacity up to 30% of full capacity of compact power
system;

— Autonomous operation mode with no connection with integrated power
system.

Each group presents its own characteristics and consequently operation and
maintenance problems related specifically with control of compact power systems (CPS)
operation modes. Tasks of stability of the synchronous generator synchronization process

are formulated based on analysis of this issue.



2. MODELLING OF SYNCHRONOUS GENERATOR PARALLEL
OPERERATION

2.1. Specific features of mathematical modeling of electrical power plants

Mathematical models of alternating current generators should consider the effect of
current displacement in circuits of rotor representing rotor either by multi-circuit system
on the basis of synthesis of constant parameters either by double-circuit system with
variable parameters of equivalent circuit.

Mathematical models of valve system of excitation of synchronous generators should
consider switching processes in static converters.

Mathematical models of excitation regulators of generators must incorporate
requirements on multichannel of regulators, limiting characteristics of channels and
acceptable coefficients of regulation. It is required to observe frequency regulation of
rotor rotation of steam and gas turbines, as well as dynamic characteristics of energy
carrier sources.

Mathematical models of dynamic systems must be capable to alter designed assumed

conditions as well as parameters of network, machines parametres.

2.2. Simulation of synchronization process of combustion engine and
thermogenerator by application of mathematical model

For check of stability of any synchronization method it is necessary to determine
first of all allowable angular speed of rotor slip at the connected machine, and at exact
synchronization with restriction of an angle of switch-on and a limiting angle of switch-
on. For opinion about size of the currents proceeding in system during synchronization,
it is necessary to find an angle on which the generator deviates at switch-on, and also to
analyze the influence of superfluous moment changes, rotation frequency and excitation
on synchronization process.

For an estimation of synchronization stability the mathematical model is
developed. The model includes the synchronous generator model with use of the full
differential Park-Gorev equations and the primary engines differential equations.

It is necessary to have the voltage equilibrium equations of electric loops both on stator

and rotor and the rotor’s equation of motion in the differential form for the research of
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rotating electric machines transient processes, in particular synchronous generators. The
kind of these equations depends on a choice of coordinate axes positive directions and a
direction of a current in loops.

All the equations are written down in relative unit’s system "system X" or "per
unit system" there both the mutual induction reactances and magnetomotive forces are
equal among themselves.

The synchronous generator’s mathematical model in d-g-0 coordinate system is:
led
dt

u, = -Y, 0+i, R;

— 9q . .
u, = 7 +¥Y,0+i, R;

T

av,
u,= 7 +i, R, (2.1)

0= ¥, +i, R);
T

0=—2+;

dr

QRQ'

where W, ¥, -are the components of full flux linkages in d-g-0 coordinate system;

ug, ug — are the components of instantaneous values of phase voltages in d-g-0
coordinate system;

ig, 1, — are components of instantaneous values of phase currents in d-g-0
coordinate system;

Rq , R, - are the active resistances of phase windings (R; = R, = R in case of
stator symmetry);

usi, ¥, ,R, —are the components of voltage at excitation winding, current in

it, full flux linkage with it and active resistance of this winding correspondingly.
Flux linkages of all loops which have been written down in d-g-0 coordinate
system, contain only the constants independent on time of inductance:

¥y = Xl
VY, =X+ X 00, + X i
Y, =X i, +X,i,;
VY, =X i+ X, i, + X 4ip;
V) =X iy + X i+ Xpi
W, =X, +X,i,.

(22)

D>

Substituting (2.1) and (2.2), and resolving relatively currents derivatives, the
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modeling algorithm of the synchronous generator in alternating currents is recievied.

In the matrix form:

la g 0 0 0 0 Uy a, 4p a3 4y 4 lq B,
J I 0 0 0 0 0 U, ay Gy Gy Gy Ay I, B,
o iy |=10 0 QO 0 0 |x|u,|+|ay ay ay ay a5 |X|1 |+ By
I 0o 0 0 9, 0 U, Ay Ay Ay Ay Ay Ip B,
_iQ 1L 0 0 0 0 ¢ Uy | G451 a5, A5y Asy dss | | Lo | | B; |
or
d
E[ISG]:[QSG][USG]+[HSG] (2.3)

where elements of a matrix [A]:

a,=-R,0,, a,= an)Ql’ a3 =_RfQ3’ a, =-R,0,, a;= Xaqa)Ql;
ay =—0X,0,, a4y =—R0,, ay=—-X,00,, ay=-X,00,, a= _RQQS;

X X _Xj XsXa

a; =—R,0;, a; = an)Q3’ dy3 = _WRJ’" 34 :TdXD’ d3s = Xaqa)Q3;
' X X, X, X, - X

ay =-RQy, a, =X 00, a, :A—dde’ Ay = _WRD’ g5 = X 100y

X
_ _ _ _ _ q
as, =—X,005, a5, =-R,0;, ay;=-X,00, as,=-X,00;, as=- RQ'

Agq
elements of a matrix [Q,, |:
X, X, -X2 X X X X, X, X,
0 = - =, QZZ_Q§ Qy=——L—t; O =— —— Qs =——+,
Ad Ag Ad Ad Ag
A =X, X, X,-X,(X,+X,+X,-2X,,)
_ 2
Aq=X X,-X,,
elements of a matrix [B]:
X, X,-X: XX,
B, =Q,u,; B,=0; B3=$u3; B4=—Tdu3; . =0.
Equations system (2.1) is supplemented with the equation of motion:
do 1 . .
e (v, )] (24)
M
where M. - determine from prime mover’s mathematical model of internal

combustion engine;

Ty - the resulted time constant of a diesel engine in per unit’s system.
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It is necessary to transform a network voltage to d-g-0 coordinate system, Uy, Uy,
rotating together with a rotor of the synchronous machine, as shown in Fig.2.0 and

equation (2.5).

Og
®s i
e dS dg
-
US: ————— sd
) N
qg ;;"'f I ‘HHH_\E‘
o Ugd
Uzg ! i )
| Fig.2.0. Vector diagramm
|
e
q

U,=U,cos6-U,sino,

2.5
U,=U,siné+U, coso. (25)

Also it is necessary to consider the change of an angle J as function of a difference
of frequencies of rotation of coordinate systems of a network and the synchronous
generator.

Automatic speed regulators of synchronous generators’ prime movers are under
construction the usual regulators’ schemes. In direct action regulators the deviation of
rotation speed will be transformed to centrifugal mechanism’s coupling translational
motion and through the system of levers is transferred to the fuel pump rack. Such
regulators are applied to diesel engines of small and average power.

When compact generating installation of the small and average power is required,
the most suitable type of a drive are internal combustion engines which are more
economic, and, the main thing, are always ready to start-up in this connection a diesel
engine - generators can serve as reserve (emergency) sources of the electric power.

Static and dynamic properties of automatic control system of a diesel engine
operating mode are determined by properties of systems’ elements both the engine, and
an automatic speed regulator. The engine’s work under operating conditions develops of
set of the established and transitive modes.

The established mode, as is known, is characterized by that, as the adjustable
parameter, and the parameters describing an overall performance of the engine, remain
constant in time.

The engine’s work in the established mode is possible under condition of energy
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quantity equality, developed a diesel engine, to the energy quantity used by the
consumer, in this case the synchronous generator. If to replace this equality of energy
with the equality of the torgue mgi, and the generator’s torgue mey in static balance the

condition the established mode can be written down

my. +m,, =0 (2.6)

Thus it is necessary to take into account, that for the basic operating mode of the
synchronous machine it is accepted generator, and accordingly in the established mode
the electromagnetic torgue is characterized with "minus" sign.

If in system "diesel engine - generator" there is a surplus or lack of energy the
established mode is broken. Thus all change in time or only those parameters which
define an overall performance of a diesel engine. Thus the diesel engine - generator shaft
receives positive or negative acceleration, and the system passes to work in the unsteady
(transitive) mode. If J - the resulted inertia moment of a diesel engine and the
synchronous generator the dynamic balance condition describing an unsteady operating

mode of a diesel engine, can be written down according to Dalamber’s principle:

dw
J—=m, +m 2.7
dt diz em ( )
In per unit’s this equation will look like:
d
TMT?:MdiZ_'_Mem (28)

Due to existence of diesel engines’ various types: not direct and direct action, with
turbocharger and without it, considering a question of prevalence of those or other types
of diesel engines and comparing with their mathematical models, in work as initial
model is accepted the direct action diesel engine of with turbo — supercharding. The
differential equations’ system describing behaviour of a rotation frequency regulator of a

diesel engine, in Coshie form is following:

d’uP —k'

dr

%:—TL;[TKH%, vai(u, - &)+ (0-w,)) (2.9)
¢ _1(, _

E_T.(/up é:)

1

where T, —atime constant of a sensitive element of a rotation frequency regulator;
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T} — a viscous friction time constant of a rotation frequency regulator;

T; — a dash-pot time constant of a rotation frequency regulator;

u, —moving of regulating body of a rotation frequency regulator;

o0 — constant-error response of a rotation frequency regulator;

0; —temporary (additional) constant-error response of a rotation frequency
regulator;

¢ — a dash-pot moving of a rotation frequency regulator;

o — a rotation frequency regulator setting;

w — a rotation frequency of the synchronous generator with a drive from the
internal combustion engine (diesel engine).

The turbocharger turbine impact on dynamic properties of a diesel engine,
improving them, but only for the chosen operating mode. At change of optimum
conditions setting accordingly elements characteristics of diesel engine or turbo-
compressor are broken and teamwork’s quality declines.

The turbine impact on diesel engine work is taken into account by introduction of
the equation

dw, _ L(,u

-
=7 e er) (2.10)

where 7, -aturbine time constant;

@, - the turbo-supercharging turbine rotation speed .

The engine torgue of diesel engine My, is defined as
M. =n,u, (2.11)

where 7, - effective efficiency of a diesel engine.

Dependence 77, = f(/3) is submitted in table 1 as follow:

Tablel. Dependence’s n, = f (ﬁ) definition

e 1,13 1,09 0,96 0,46 0,4514

p 0 0,625 1,18 2,825 3,0

Graphically dependence 77, = f(/) is submitted on Fig.2.1.
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194 y = -0,0006x* + 0,0364x°> - 0,1945x? + 0,0424x + 1,1206

T R? = 0,9996
1

0,8 \
0,6

T

0,4

0,2

0

0 05 1 15 2 25 3 35
Fig.2.1. Dependence 7, = f (,B )and its trendline

Using computer technologies, according to the table the nonlinear regress equation
(trendline) is determined:

17, =-0,00065" +0,0364 8> —0,16455° +0,0424 3 +1,1206

A 2.12
ﬂ — qczkl — 'u_P’ qB — 0,8+0,2(0T ( )
45  9s
where q - of the supercharger air consumption;

q.., - the cyclic submission of fuel. It is equal to x, in relative units.

Restrictions are imposed on regulating body moving of a rotation frequency regulator:
-025<u, <11

After analysis of the received results from mathematical model in an operating mode, it

has been determined that 7, is rather small (1-5s). Thus in the given circumstances

allows to accept that 7,'=0.

Finally mathematical model for a diesel generator is:

d

Z” =—Tl—k[5-ﬂ,, +6,(u, ~ &)+ (0-o,)}

dg¢ _1( _

E‘Ti("f” £) (2.13)
daJT_L 3

dt _TT(ﬂp wT)

To show serviceability of the generator model with a drive from the internal
combustion engine (diesel engine) the analysis of a synchronization regime with a infinite
power network is carried out.

In Fig. 2.2-2.3 results of the generators switching on in a network with breaking

synchronization conditions are given. The beginning regime is the same in all the cases.
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In Fig. 2.4.-2.5. modelling results for cases of coming into a synchronous work are

resulted at a deviation from synchronization conditions with a shift angle 6 = +0,8 el.rad
and 6 =—-0,8¢l. rad . In first case maximal current is 5 p.u., and maximal moment 2.07

p.u.; in the second case maximal current 4.05 p.u. and moment: -3,6 p.u.

6 -
5
4 \ —0omeg ‘ ‘/ n \‘ ‘ ‘ ‘
3 I =8 04 %2 04 0.6 08 T el
2 4 —delt 0,011 ¢
1 _‘ 02
0 \é‘x T T T T 1 | ——Mem
5 o2 04 08 08 1 12 0:08
2 0,04 4
L5 -0,05
Fig. 2.2. Results of synchronization with Fig. 2.3. Results of synchronization with
mismatch angle & = +0,8 el.rad , moment, mismatch angle & = +0,8 el.rad ,
current, rotation frequency, shift angle in time. phase’s trajectory.
5 -
4 s
3 0,06 -
2 \\ ——omeg ;Ei
PRAE —delt 0,03 1
0 ‘ ‘ R p— 0,02 1
’ M %7 o4 06 o8 1 12 _‘s 0,01 1
T Ng
4 / p— : ‘ ; ; o — del
/ ] 0806640, o2-—6.4
3 o,
4 0,03
57 t,s.
Fig. 2.4. Results of synchronization with Fig. 2.5. Results of synchronization with
mismatch angle 0 =—0,8¢el. rad , moment, mismatch angle 6 =—-0,8el. rad ,
current, rotation frequency, shiftangle in time. phase’s trajectory.

In Fig. 2.6.-2.7. calculation results of a regime are resulted at nonsynchronous
switching with generator’s rotation frequency more than a network’s frequency w =1,05.
The analysis of curves shows, that the machine pulling into synchronism. Currents have
maximal size 1,45 p.u. The maximal size of generator’s electromagnetic moment is equal

-1,5p.u
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Fig. 2.6. Results of synchronization with
frequency @ = 1,05 , moment, current,

rotation frequency, shift angle in time.

——omeg
——delt

—S$

——Mem

AN
|
\/
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Fig. 2.7. Results of synchronization with

frequency @ =1,05, phase’s trajectory.

In Fig. 2.8.-2.9. is the opposite picture. Calculation results of this regime are

resulted with generator’s rotation frequency smaller than a networks frequency @ =0,95.

Thus it is visible, that the generator also is pulling into synchronism. Maximum size of a

current is 1,78 p.u., and maximal moment is 1,25 p.u.

A

N

N
=
)

AV

K DE 04 06 0,8 1
05 \

Fig. 2.8. Results of synchronization with

frequency @ = 0,95 , moment, current,

rotation frequency, shift angle in time

omeg
——delt

Mem

[}
|
w»

D
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D O P P D O
»» B

T T T T
01 0,2 0,3 0,4 0,5 (jﬁ

i

)

P

S 5 S
o O D

=
L

Fig. 2.9. Results of synchronization with

frequency @ = 0,95 , phase’s trajectory.

This case study proves the serviceability of the model. In all cases synchronous

generator is coming into synchronism.

On the developed program’s basis there is possible with high degree of reliability

to define synchronization conditions of generator with a drive from the internal

combustion engine (diesel engine). To determine possible deviation limits on rotation

frequency and shift angle of exact synchronization. Also the offered program allows to

estimate a size of stator currents and electromagnetic moment of synchronous generator.
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2.3. Simulation of synchronization process of two generators by application of
mathematical model

Less analyzed, and one of the most complex is synchronization process of
generators in autonomous power system. At that part a power system model containiny
two synchronous generators with primary engines is offered. The load is presented with
statically active — inductive load (Fig. 2.10.).

Mathematical modeling of synchronization process consists of two consequtive
steps:

- First step — SGI1 generator stationary condition calculation to active —
inductive load;

- Second step — SG2 generator connection without synchronization
conditions compliance.

For an estimation of synchronization stability the mathematical model is
developed. The model includes the synchronous generator model with use of the Park-
Gorev full differential equations and the statically active — inductive load’s equations.

The mathematical model of synchronous generator is represented on the basis of

Park-Gorev differential equations on active-induction loads in d-g-0 coordinate system.

_]ss

Fig. 2.10. Scheme of mathematical model. (1.- excitation; 2.- the engine; 3.- the engine

control; SS - load).
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Mathematical model of synchronous generator in d-g-0 coordinate system:

u, = ‘21;" -Y,0+i,R;

u = dq+‘I’d o+i, R;
T
ay,
up=— i Ry
(2.14)

Ozd;;D +i, R,;

a¥, .
0=—-+i, R
dr

0>

dw . .
TMd_z_:MT_(quld_lPdlq .

where W, =X i, + X i, + X ,i,;
W, =X i, + X,y
‘Pf =X i, +Xfif + X 4ips
Y, =X, i, + Xadif + X ,ip;
YV, =X,i, + X,i,;
Equations (2.14), with the exception of equation of motion, can be transformed
into matrix form as shown in (2.3).

Equation (2.15) is devised for considering the load of autonomous power system

in the mathematical model.

d
[ul]: _[LSIL]E[[StL]_[ZStL]X[IStL ]a (2.15)
where Uy X StL 0 RSzL -X StL
R I B i A B

Applying of all systems elements of expressions (2.16) ensures the system of current
equations of synchronous generator stator. Equation according to Kirchoff’s law for

estimated point:

[ISG1]+[1SG2]=[IStL] (2.16)

For mathematical model there are complete equations of synchronous generator
therefore currents are expressed by differentiated functions and equations (2.16) have to

be differentiated.
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dlls] , dllse] _ dlL,] 2.17)
dt dt dt |

The mathematical model is supplemented with equations of current flows of stator (2.18),

in the main expression form:

d
Weal o, 03]+ 120). @18)
In expression (2.17) instead of % expressions from equations (2.18) are used and

inserted to obtain equation (2.19)

[Ul] = _[LStL ]X [mSGIQSGl + mSG2QSG2]>< [Ul]_ [LStL ]X [mSGlHSGl + mSGZHSGZ]_

2.19
_[ZStL]X [mSGIISGl +msczlscz] ( )
Under transformation the following expression is obtained:
([1]"' [LSIL ]X [mSGlQSGl + mSGzQSGz] )X [Ul] = _[LStL ]X [mSGlHSGl +mge,Hg, ]_ (2.20)

- [ZStL ]X [mSGIISGl + msczlscz]

Solving equation (2.20) in relation to [U | ], the system of variables of voltage for

mathematical model of synchronous generators is obtained

[Ul ] = [([1] + [LStL]X [mSGlQSGI + My, 0 ])] ( [ tL] [mSGl sa1 T Mo H SGZ]_
(2.21)

- [ZStL X [mSG1[SG1 + msczlsm])_
For modelling of system shown in Fig. 2.10. the parameters of synchronous
generator are used in per units (p.u.)

2 =1 or mgg +mggy =1. (2.22)

Under constant load on the first generator SG1 mg; =1.0. By connecting a

second generator SG2, the load distribution assumed for calculations is the following:

mg, =09, a mg., =0.1. The process of synchronization under such circumstances is

represented below in Fig. 2.12. - 2.14.
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Fig. 2.11. Syncronization results of two

generators — currents by time:
I1- the first generator current;

12- second generator current.

Fig. 2.12. Syncronization results of two

generators — moments by time:

Meml - the first generator moment;

Mem?2- second generator moment.
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Fig. 2.13. Synchronization results of two

generators — frequency by time:
nl — the first generator;

n2 — second generator.

This case study proves the serviceability of the model of two generators.

Fig. 2.14. Synchronization results of two

generators — phase trajectory.

On the developed program’s basis there is possible with high degree of reliability

to define synchronization conditions of two generators. To determine possible deviation

limits on rotation frequency and shift angle of exact synchronization. Also the offered

program allows to estimate a size of stator currents and electromagnetic moments of

synchronous generators.
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3. THE SYNCHRONIZATION PROCESS OF SYNCHRONOUS GENERATOR,
PRACTICAL AND THEORETICAL DATA FOR COMPARISON

3.1. Synchronous generator synchronization with UNITROL 1000 system

UNITROL 1000 is automatic regulator of voltage for upgrading of synchronous

generators models and synchronous generators. The estimated sample of regulator

includes integrated macroprocessing technology on semiconductor base elements.

Parameters of the stated equipment allow to monitor data variations of generator

and network both at synchronization moment and at the definite assigned time period.

UNITROL 1000 integrates built-in oscillograph function.

a Sync Diagram
Close

Angle

Frequency/voltage
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&,0-]
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7| A 134 0 kvar

Fig.3

.1. Synchronization diagram.

Management window.

-~

Fig.3.2. Values measured in real time.

Management window.

Fig. 3.1 visualizes a management window in which the parameters are displayed

being measured in real time: frequency; voltage; shift angle at synchronization moment.

Fig.3.2 shows the parameters measured in real time: voltage of network; voltage of

generator; active power; reactive power; excitation current; current of generator;

frequency of network; frequency of generator; angle of phases deviation.

To show emergency conditions of the exciting generator model the analysis of a

synchronization regime with an infinite power network is carried out.

23




In Fig. 3.3. — 3.5. the results are given for normal cases of coming into a synchronous
work resulted at a deviation from synchronization conditions generator-network,

generator-load 2,2 A and generator- double as much load 4,4A.
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Fig.3.3. The results obtained at the moment Fig.3.4. The results obtained at the moment
of synchronization under synchronization under
condition— generator-network. condition— generator-load.
h
N T . . .
| On the Unitrol’s basis there is possible to
N
1 define synchronization conditions of generator.
N
N To determine possible deviation limits on
A
T T T T =2 rotation frequency and shift angle of exact
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Fig.3.5. The results obtained at the moment

of synchronization under condition— generator-double load.
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From Unitrol data synchronization conditions (current p.u. dependence in time)

generator-network with different frequency can be seen (Fig. 3.6.).

1(%)
50
45

40

30~

25 A

Fig.3.6. Results for cases of coming into a synchronous work are resulted at a deviation from
synchronization conditions generator-network (no load) I=f(t), (Unet=Ug, 6=0);

1 =1 (fner<fy, A= 0,75 Hz);

2 =1 (fueife, A= 0,1 Hz);

3 — I (fnerfe, A= 0,5 Hz);

4 — I(foe o)

where
Jret - frequency of network;
Je -frequency of generator;

Af - frequency diference;
U,: -voltage of network;
U, -voltage of generator;

0 - shift angle.

—— ]

—_— 7

It is easy to follow how the changing of a parameter affects the overall behavior of
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the regulator by referring to the power chart and the oscilloscope function. This means,
that the optimum settings are found within a short time. The applied model has shown the
serviceability.

Also the device allows comparing the networks and generators currents and
voltage in the real time.

Four signals can be selected for graphic display parameter files and graphs can be
saved in numerical form for later analysis the resolution of the oscilloscope is 50 ms, and
a total of 20 channels are recorded.

In this thesis emergency situations of coming into a synchronous work are resulted
at a deviation from synchronization conditions generator-network, generator-load and
generator-double load, when generator was initiated into engine conditions.

The Unitrol 1000 makes possible to control, analyze and compare theoretical
current, power, shift angle results which was received from mathematical models and all
components’ practical results. It gives possible to check if the mathematical model and its

calculating results are correct.

3.2. Comparison of practical and theoretical data

The mathematical model of synchronous generator has been developed and testing
the data on synchronization of synchronous generator obtained practically with the help of
previously described system UNITROL 1000.

In the dated chapter the results are visualized and represented on startup and
synchronization of synchronous generator with network, generator with load, generator
with double load.

Mathematical model was constructed in compliance with the principle described
above applying equations.

For saturation record on the way of the main flux linkage is required in
expressions for currents iz and i, to use depending on saturation value of mutual
induction impedance which maybe determined by magnetization curve of the machine
depending on resulting flux linkage in air clearance of the machine: x,,=f(';).

For this purpose characteristics of idle run of machine is used. Tables 3.1.- 3.3
present normal (regular) characteristics of idle run and characteristics obtained by

experimental method for synchronous machine under research.
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Table3.1. Regular characteristics data of idle run of generator

is, p-u. 0,5 1,0 1,5 2,0 2,5 3,0 3,5
Eo,pu. 0,58 1,0 1,21 1,33 1,4 1,46 1,51
Table3.2. Estimated characteristics data of idle run of generator
i, p-u. 0,18 0,25 0,309 0,41 0,57 0,72 0,97 1,39
Eo,pu. | 0,24 0,29 0,41 0,53 0,56 0,74 0,0,99 1,11
Table3.3. Obtained by practical approach characteristics data of idle run of generator
if, p-u. 0,18 0,25 0,309 0,41 0,57 0,72 0,97 1,39
Eo,pu. | 0,25 0,3 0,4 0,53 0,55 0,73 0,98 1,1
E, p.u

1,4

) / }

| / g
0,8 /"?’ e
06 Z ——
e ;
04 7
0,2 //

Lpu

0.8 1 1,2 1,4 1,6

Fig.3.7. Regular(1) obtained by practical approach (3)and estimated (2) characteristics of idle run
of the generator.

Lets consider the obtained characteristics of generator current by time. Fig. 3.8
presents characteristics of generator current by time under the first conditions of

synchronization generator- network.

Fig. 3.9 presents the characteristics of generator current by time under the

second conditions of synchronization generator- load.
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Fig.3.8. Characteristics of generator current by time. Fig.3.9. Characteristics of generator current by time.

Condition - generator-network.

Condition generator- load.

Fig. 3.10 shows the characteristics of generator current by time under the third

conditions of synchronization generator — double load.
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Fig.3.10. Characteristics of generator current by time.

Condition — generator — double load.

Thus the results obtained in the process of mathematical modelling in
comparison with practical method obtained characteristics proves the accuracy of
model results. The model is operable and obtained results are close to practical results —
this solution is coming after respective test. The developed model allows to estimate
and analyse parameters of synchronization of synchronous generators under different

conditions.
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THE MAIN RESULTS OF THE RESEARCH AND CONCLUSIONS

Future development trends of compact electrical power systems prescribe the
necessity of research and analysis of control methods of synchronization for generators
and sub-systems as one of the most significant tasks to increase operation efficiency. As a
theoretical research it is relevant to prove compliance of mathematical methods for
solving problems of synchronization of synchronous generators and compact electrical
power systems. Recently, control of power system can be provided through flexible
control equipment that allows analyzing the problem of direct synchronization of compact
electrical power system from different point of view the power compact direct
synchronization problems of the new lines.

The main results of the research are summarized in the concluding section of the
doctoral thesis. The main results are:

1. The methodology for research of synchronous generators of compact electrical
power systems is developed, based on structural modeling approach by using
Park-Gorev equations.

2. Proposed models of synchronous generators of compact power system are
incorporated into a single system. It is proposed to perform modeling in the
system of relative units, where parameters of applied elements are expressed in
their base unit. The mathematical model of synchronous generator allows
studying the change of synchronous generator parameters at different generator
operating modes, including the interaction;

3. On the basis of mathematical models of synchronous generators and static load
individual program modules are developed that can be used for the analysis of
operation modes as well as for determining of optimal mode parameters of the
machine;

4. For the research of transient process the proposed mathematical model allows
obtaining the values, that are required during design and operation of electrical
machine for choosing devices of relay protection and automation and their
proper settings;

5. The developed mathematical model can be used for including compact
electrical power system as a component in overall model of power system,;

6. Boundary values for stable and efficient parallel operation of components of
compact electrical power system are established: the phase shift angle should
be from -10 degrees to 10 degrees in the case of generator-grid (connection of
a compact power system to an integrated power system);

7. Admissible torque limits from 0.75 to 0.95 relative units are estimated for
autonomous compact power system with two or more synchronous generators.

The results obtained in the process of mathematical modelling in comparison with
the characteristics obtained practically prove accuracy of the proposed mathematical
model. The developed model allows analyzing synchronization parameters of generators
under different conditions. Thus, in future for development of synchronizers by using
these principles, it will be possible to control movement processes to fulfil precise
synchronization.
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