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Abstract. In this article, in conditions where environmental deterioration and energy shortages are observed
throughout the world, a mathematical model for improving and developing new types of synchronous
generators for low-speed wind power plants and micro-hydroelectric power plants is developed free of charge
extraction of running water and simulation processes. As a result of mathematical and simulation modeling of
a synchronous generator, it is based on the analysis of electromagnetic processes and the study of
improvement issues to ensure its efficient operation at low speeds. In mathematical modeling, the
electromagnetic processes of a low-speed synchronous generator were analyzed using mathematical equations.
For this purpose, mathematical and simulation models of an improved generator designed for low speed were
developed and research was carried out. The article creates a mathematical model based on the Park-Gorev
equations of asymmetric modes of a synchronous generator designed to generate electricity from low-speed
wind and freely flowing water. The mathematical model of the generator was expressed in the Simulink
package and a simulation model was built, research was carried out and characteristics were obtained.

1. Introduction

The article describes the results obtained on the basis of a number of research works to improve the design of a low-
speed wind power plant and a synchronous generator designed to produce electricity from bulk water. As a result of
theoretical and applied scientific research [1-4], the effectiveness of making changes to the design of the rotor of a
synchronous generator was shown. To speed up and facilitate the analysis of operating conditions of a synchronous
generator, mathematical and simulation models have been developed.

Today, one of the urgent tasks is to improve low-speed generators that generate electricity using renewable energy
sources, that is, wind or water energy, to produce electricity from low-speed water and wind, as well as the
development of new types of generators [5-9, 11]. For this purpose, electromagnetic processes of a low-speed
generator [10] are studied and analyzed using mathematical and simulation models. The main magnetic field of the
low-speed generator considered in this article is created by neodymium permanent magnets and additional transverse
excitation coils, controlled at the required time [1-4]. Much work is being done to develop and improve low-speed
synchronous generators used to convert low-speed wind energy and free water into electricity [1-4, 6-9].

Several leading universities in the world are conducting research to improve synchronous generators that convert wind
and water energy into electricity, studying electromagnetic processes, developing and creating effective technologies
for their use [6-9,10]. The energy sector is widely developing in the Republic of Uzbekistan. It's not just hydrocarbons
that are being built, such as oil and gas, solar, wind and hydroelectric power plants.

Over the past 5 years, Uzbekistan has been a leader among the CIS countries in commissioning new hydroelectric
power plants. Over the past 5 years, 11 new hydroelectric power stations have been built and put into operation in
Uzbekistan, and 9 hydroelectric power stations have been modernized and put into operation with new capacity.
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Research has shown that the energy potential of low-speed winds and free-flowing beds and rivers in countries around
the world is enormous.

The article explores the study of various operating modes and electrical quantities of a low-speed synchronous
generator using model in the MatLab package [12].

2. Materials and Methods

A mathematical model based on the Praka-Gorev equations of the operating mode of a micro-hydroelectric power
station and a synchronous generator of a low-speed wind power plant intended for the production of electricity from
bulk water is expressed, and modeling is carried out. The model was built in the Simulink package.

In this case, when creating and simplifying the mathematical model of a synchronous generator in phase coordinates,
we compose equations taking into account the stator and transverse and longitudinal excitation coils.

Single-phase short-circuit mode conditions of a low-speed synchronous generator:

U,=0, i,=i =0 0

will be equal to. In this case, the equation for the magnetic flux linkage equation of the stator winding of a small speed
synchronous generator:

dy,
dt

dy,

~w,y,—(2r.+31,)i,=0
2

+o. -y, —(2rc+3rk)-iq =0

we write in the form [1-4,10].
In the single-phase short-circuit mode of a low-speed synchronous generator, the stator circuit magnetic flux linkage
equation is as follows [1-4]:

Wa=Xu '(l"‘COSZ?’r)'(ifd +ild)_

— X, -sin 2y, (i, +i,)—2(X, + X,)-i, 3)
y,=—X, -sin2y, '(ifd +i1d)_

~ X, -(1—cos2y,)-(i, +i,)-2(x, + X,)-i,

Using the magnetic flux
linkage equation of a single-phase short-circuit mode of a low-speed synchronous generator, we will construct a
subsystem in the Simulink package.
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Fig. 1. Low-speed synchronous generator single-phase short-circuited stator magnetic flux linkage subsystem in Simulink package
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Figure 1 shows a Simulink subsystem based on the mathematical equations of the magnetic flux linkage of a
permanent magnet and transverse excitation winding in a single-phase short-circuit mode of a low-speed synchronous
generator. Using these mathematical equations and the simulation subsystem, the processes of the magnetic flux
coupling in the single-phase short-circuit mode of the low-speed synchronous generator were analyzed.

Low-speed synchronous generator two-phase short-circuit mode conditions:

Uu-U =0, i,=—i_ =i, i =0
b c b c a (4)
is equal to. Here the equation for the magnetic flux linkage of a low-speed synchronous generator stator winding:
dy, :
dt _wr'l//q_(rc—'_rk)'ld:() (5)
dy,

+o, -y, ~(rn+r)i,=0

we will write it down [1-4, 10]. In the
two-phase short-circuit mode of a low-speed synchronous generator, the stator winding magnetic flux linkage equation
is as follows [1-4]:

Xz‘“’ -(1—cos27/,)-(i/d+ild)+

Vai=

+ 2"d-sm27/r(zfq+zlq)—Xd~zd ©)

ad

V,= 'Sin27r'(ifd+i1d)+
+ XZ”" -(l+cos27r)~(ifq +i1q)—Xq ‘q,

Of the equations of the
magnetic flux linkage of the stator circuit in the two-phase short-circuit mode of the low-speed synchronous generator
is constructed a subsystem in the Simulink package.
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Fig. 2. A subsystem of the Simulink package of the stator magnetic flux linkagé in a two-phase short-circuit of a low-speed
synchronous generator

Figure 2 presents the Simulink subsystem based on the mathematical equations of the magnetic flux coupling of a
permanent magnet and a transverse excitation winding in the two-phase short-circuit mode of a low-speed
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synchronous generator. Using these mathematical equations and the simulation subsystem, the processes of the
magnetic flux coupling in the two-phase short-circuit mode of the low-speed synchronous generator were analyzed.
Low-speed synchronous generator two-phase zero short-circuit mode conditions:

U,=U.=0, i,=0

will be equal to. Here the equation for the magnetic flux linkage of a low-speed synchronous generator stator winding:

)

d .
Wd _a)r 'l//q _(rc +3rk)'ld = O
dt (8)
Ve +o, v, —(r, +3rk)-iq =0
dt we will write it down [1-4, 10].
In the low-speed synchronous generator two-phase zero short-circuit mode, the stator circuit magnetic flux linkage
equation is [1-4]:
X . .
Vi= 2ad '(1+00527r)'(l/d +lld)+
X, . o .
+7~sm2}/r-(zfq+zlq)—(Xd+2Xk)~zd 9

v, :X;d'sm 27, '(ifd+i1d)+

Xaq . . .
+ - (1 —Cos2y, ) (lfq +i, )— (Xq +2X, ) i,| Low-speed synchronous
2 generator two-phase zero-

short-circuit stator circuit magnetic flux linkage equations subsystem in Simulink package is constructed.
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Fig. 3. Low-speed synchronous generator two-phase zero short-circuit stator magnetic flux linkage subsystem in Simulink package

Figure 3 shows the Simulink subsystem based on the mathematical equations of the magnetic flux coupling of a
permanent magnet and a transverse excitation coil in the two-phase zero short-circuit mode of a low-speed
synchronous generator. Using these mathematical equations and the simulation subsystem, the processes of the
magnetic flux coupling in the two-phase zero short-circuit mode of the low-speed synchronous generator were

analyzed.
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We write down the voltages of the symmetrical stator winding of the low-speed synchronous generator as follows [1-

4,10]:
dy dy .
Ua:(dtd—‘//q]COS?’—( dtq+%Jsm7
d (10)
U, =(de B4 jCOS(y—lzoo)— v, fsinfy-120°)
dt 1 dt
d
U, :(ddl’/;d—y/q)cos(7+1200)—( :Zq +1//djsin(7/+l200)

The overvoltage equation in a two-phase short circuit of a low-speed synchronous generator [1-4, 10]:

dl/ld dl//q
U = -y |cosy—| — "+ sin
. Jt 4 . /4 v, /4
1 (11
U=--U
b 2 a
1
U=-—U
Here, Va ,W‘I , are obtained from equation (6) above for the two-phase short-circuit mode, respectively. We express

the two-phase short-circuit overvoltage equation (11) of a low-speed synchronous generator in the Simulink package..
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Fig. 4. Low-speed synchronous generator open-phase voltage in two-phase short-circuit mode Simulink subsystem

Figure 4 shows the Simulink subsystem based on open-phase overvoltage mathematical equations in two-phase short-
circuit mode of a low-speed synchronous generator. Using these mathematical equations and the simulation
subsystem, the overvoltage processes in the open phase of the two-phase short-circuit mode of the low-speed
synchronous generator were analyzed.

Voltage equation in a single-phase short circuit of a low-speed synchronous generator:
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d
U, =(d;/;"’ —l//qjcos(y—120°)—( Z" +1//djsin(;/—120°) (12)
U, =(d;;d —y/qjcos(;/+120°)—(d;/;q +1//dJsin(7/+1200)

Here, Va , Yy , respectively, are found from equation (3) for the single-phase short-circuit mode. And we express the

equation (12) in the Simulink package.
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Fig. 5. Low-speed synchronous generator single-phase short-circuit mode overvoltage in open phases Simulink subsystem

Figure 5 presents a Simulink subsystem based on open-phase overvoltage mathematical equations in a single-phase
short-circuit mode of a low-speed synchronous generator. Using these mathematical equations and the simulation
subsystem, the overvoltage process in the open phases of the low-speed synchronous generator in the single-phase
short-circuit mode is analyzed.
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Fig. 6. Open-phase overvoltage simulink subsystem in two-phase zero short-circuit mode of low-speed synchronous generator

Open-phase overvoltage equation for a two-phase zero short-circuit of a low-speed synchronous generator:
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dy, dy .
U =| 24— cosy — 7 4 sin (13)
a ( dt l//qj 7/ dt l//d 7/

Here . .
Va ) Y4 s are found from the equation (9) for the two-phase zero short-circuit mode. We express the above

equation (13) in the Simulink package.

Figure 6 shows the Simulink subsystem based on open-phase overvoltage mathematical equations in two-phase zero
short-circuit mode of a low-speed synchronous generator. Using these mathematical equations and the simulation
subsystem, the open-phase overvoltage process of the two-phase zero short-circuit mode of the low-speed synchronous
generator is analyzed.

3. Results and Discussion

Using the Simulink subsystems built on the basis of the stator chain magnetic flux coupling and overvoltage equations
in the asymmetric short-circuit modes of the above generator, we build a simulation model for studying the operating
modes of a low-speed generator.
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Fig. 7. A simulation model for studying the operating modes of a low-speed generator
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Fig. 8. Graph of phase currents in two-phase short-circuit mode of a low-speed generator

Figure 7 shows the simulation model of the stator circuit of the small speed synchronous generator based on the
magnetic flux linkage and overvoltage equations and Simulink subsystems. With the help of this simulation model of a
low-speed synchronous generator, the stator circuit magnetic flux coupling and overvoltage processes were analyzed.
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Below, as a result of the study of a low-speed synchronous generator carried out using the simulation model, the
graphs of short-circuit currents and open-phase overvoltages in asymmetric operating modes are obtained in Figures 8,
9, 10.
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Fig. 9. Graph of phase currents in two-phase zero short-circuit mode of a low-speed generator
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Fig. 10. Graph of phase voltages in single-phase short-circuit mode of a low-speed generator

4. Conclusions

a)

b)

¢)

d)

The article is relevant in that it analyzes mathematical and simulation modeling processes for the development of
new types of synchronous generators designed for micro-hydroelectric power generation and low-speed wind
power plants, as well as the study of operating modes.

One of the advantages of this generator, which is designed for micro-hydroelectric power plants and low-speed
wind power plants for the production of electricity from free-flowing water, is low-speed construction.

With the help of mathematical and simulation models of this low-speed synchronous generator, it is possible to
study its electromagnetic processes together with research. According to the results of the research carried out
using mathematical and simulation models of the low-speed generator, it was determined that the efficiency of
electricity generation from free-flowing water and low-speed winds is high.

In addition, when working modes are studied with the help of mathematical and simulation models, one of the
important features is the relatively quick relaxation of transient processes during symmetric loading and short
circuit times.
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