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Introduction: Globally, increasing attention is being paid to the use of renewable energy sources as a 

means of addressing problems related to energy security, the conservation of fuel and energy resources, and 

environmental protection. Since renewable energy sources are environmentally friendly and virtually 

inexhaustible, their efficient utilization is becoming increasingly widespread. Considering the global targets 

for the period from 2021 to 2030, which include reducing greenhouse gas emissions and waste by at least 

40%, increasing the share of renewable energy sources to 32%, and improving energy efficiency by 32.5% 

[1], there is a growing need to introduce wind energy systems that can improve the continuity and reliability 

of electricity supply. 

Currently, China, the United States, Brazil, India, and Germany are the leading countries in the 

utilization of renewable energy sources worldwide. The renewable energy utilization capacities in 2020 are 

presented in Figure 1. As shown in the figure, the largest installed capacity, 895 GW, was recorded in China 

[2]. 
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Abstract. The article presents information on the current state and development prospects of renewable 

energy utilization in the world and in the Republic of Uzbekistan, as well as on the selection of efficient 

electric generators to ensure the stable operation of wind and micro-hydropower systems under low-flow 

conditions. The availability of energy resources in the form of low-speed wind flows and low-head irrigation 

canals across large areas of our region creates opportunities for continuous electricity generation using low-

speed electric generators. Considering that wind and micro-hydropower turbines operating under low-flow 

conditions are driven at relatively low rotational speeds, a simple-structured multipole electric generator 

based on permanent magnets has been designed for these systems. In this generator, the stator and rotor 

rotate in opposite directions relative to each other. SolidWorks was used for the design of the electric 

generator, while MATLAB/Simulink was employed for simulation modelling and theoretical investigation 

of its dynamic operating modes. Mathematical relationships describing the variation of the generator's 

output parameters, including voltage, current, frequency, electromagnetic power, and other characteristics, 

depending on the geometric dimensions of the generator, the number of permanent magnets, the number of 

turns in the stator windings and their connection method, as well as the minimum air gap between the rotor 

and stator, are presented. Based on the results of the conducted research, a 600 W electric generator with 

oppositely rotating stator and rotor was developed. The generator consists of 32 permanent magnets, with 

4 windings in each phase of the stator and 200 turns in each winding. It was determined that when the stator 

and rotor rotate in opposite directions relative to each other, the electromagnetic torque and electromagnetic 

power of the generator increase by 20% compared with the operating mode in which the stator remains 

stationary and only the rotor rotates.  
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Figure 1. Renewable energy utilization capacities worldwide 

In the energy sector of the Republic of Uzbekistan, comprehensive measures are being implemented 

to expand the utilization of renewable energy sources and to develop advanced renewable energy technologies 

based on energy-efficient solutions. As a result, significant progress has been achieved in this field. The Action 

Strategy for the Further Development of the Republic of Uzbekistan for 2017–2021 identified a number of 

important objectives, including “...expanding the use of renewable energy sources, reducing the energy 

intensity of production, introducing innovative technologies and scientific and technical developments in the 

field of renewable energy development, and increasing energy efficiency...” [3]. 

The development of wind and hydropower utilization from renewable energy sources is becoming 

increasingly important in regions where energy security remains a challenge [4]. The development and 

implementation of wind and micro-hydropower systems adapted to the climatic conditions of the region for 

autonomous electricity consumers located far from centralized power supply networks can contribute to the 

social and economic development of these areas. 

Design and Dynamic Modelling of the Electric Generator: To improve the operating efficiency of 

wind and micro-hydropower systems under low-flow conditions, it is essential to properly select the electric 

generators used in these systems. Currently, three main types of electric generators are commonly used in 

wind and micro-hydropower systems: direct-current (DC) generators, induction generators, and synchronous 

generators. For small-scale wind and micro-hydropower systems, multipole permanent-magnet electric 

generators have significant advantages over other types of generators due to their simple construction and 

higher efficiency at low rotational speeds. These characteristics make them particularly suitable for energy 

systems operating under low-flow conditions. 

Figure 2(a) shows the three-dimensional view of the electric generator, Figure 2(b) presents the 

connection scheme of the generator stator windings, and Figure 2(c) illustrates the arrangement of the 

permanent magnets on the generator rotor. The stator contains four windings in each phase, which are 

connected in a three-phase star (Y) configuration. The rotor of the electric generator is equipped with 16 pairs 

of permanent-magnet poles [5]. 

    
          a)                                      b)                                  c)  
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Figure 2. Structure of the electric generator. a – general view of the generator;  

b – stator winding connection scheme; c – external view of the generator rotor. 

 

Mathematical modelling in the energy sector can significantly reduce costs and improve product 

quality, even for the simplest and most widely used systems and devices. In general, the more complex the 

system being designed, the more important the role of mathematical modelling becomes in its analysis, 

development, and implementation. 

Table 1 presents the technical parameters of the electric generator with counter-rotating stator and 

rotor to be developed. Electric generators of this type are currently being used in wind and micro-hydropower 

systems operating under low-flow conditions.  

Table 1. 

Parameter Value Parameter Value 

Rated power, (W) 600 Number of turns per 

winding 

200 

Numberof windings 12 Type and cross-

sectional area of 

winding wire, mm² 

PET-15 / 0.87 

Number of phases 3 Air gap width 

between magnet and 

stator, mm 

1,5 

Number of permanent 

magnet pole pairs 

16 Rotor outer diameter, 

mm 

220 

Magnet type and 

dimensions, mm 

NdFeB, N48 / 

40x15x10 

Rotor inner diameter, 

mm 

80 

Magnetic induction 

of permanent 

magnets, T 

1.25–1.3 Rotor material and 

thickness, mm 

Steel / 10 

Magnetic field 

strength of permanent 

magnets, kA/m 

955 Mass of permanent 

magnets, kg (32 pcs) 

1.12 

Stator outer diameter, 

mm 

250 Rotor mass, kg 3 

Stator inner diameter, 

mm 

100 Total stator mass, kg 2 

Stator thickness, mm 18 Winding connection Star (Y) 

 

The representation of any electric machine in a software environment begins with the formulation of 

equations describing the machine and the introduction of certain assumptions to simplify the computational 

procedures. Accordingly, the periodic coefficients in the differential equations of a synchronous machine can 

be eliminated by expressing the machine variables that characterize the processes-such as magnetic flux, 

current, and voltage in each phase of the three-phase system-in terms of transformed variables associated with 

a new coordinate system. To model the dynamic behavior of the vertical-axis electric generator based on 

permanent magnets, an equivalent d–q axis transformation model is employed. The dynamic model of the 

generator can be simplified by applying the equations presented in Figure 3. 
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a)                                                                   b)  

Figure 3. Equivalent circuit of the generator: (a) along the q-axis and  

(b) along the d-axis. 

In synchronous generators with permanent magnets, the voltage equation generated in the stator 

winding as a function of time is given by [6,7,8]: 

{
Ud = Rsid + Ld

did

dt
− ωLqiq                 

Uq = Rsiq + Lq
diq

dt
+ ωLdid +  ωψPM

  ,                           (1)       

The electromagnetic power generated by a three-phase permanent-magnet generator is determined 

using the following expression [9,10,11]:                   

Pэ =
3

2
ω[ψPM + (Ld − Lq)id]iq ,                                       (2) 

The electromechanical torque of a generator with p- pole pairs is determined by the following 

expression [12,13]: 

Мэ =
3

2
p[ψPM + (Ld − Lq)id]iq ,                                       (3) 

where ψPMis magnetic flux vb: 

ψPM =
√2Eф

ω
  ,                                                           (4) 

The electromagnetic angular velocity of the generator when the stator and rotor rotate in opposite 

directions is determined by the following expression: 

ω = p(ωм1 + ωм2) ,                                                    (5) 

where p- is the number of pole pairs. 

The moment of inertia used in the dynamic modeling of the generator is determined from the following 

expression [14,15]: 

J
dωм

dt
= МM − МE − kωM ,                                             (6) 

where J- is the moment of inertia of the rotor mass, kg·m²; МMand Мэare the mechanical and 

electromagnetic torques of the generator, respectively, N·m;  k- is the friction coefficient; and ωM −is the 

mechanical angular velocity of the generator, rad/s. 

The stator winding inductance is calculated as follows [16,17]: 

Along the d-axis and the q- axis respectively: 

{
Ld = mμ0

1

π
∙ (

Nkw

p
)2 ∙

(R1
2−R2

2)

g′
∙ kfd

Lq = mμ0
1

π
∙ (

Nkw

p
)2 ∙

(R1
2−R2

2)

gq
′ ∙ kfq

   ,                                    (7) 

Where N-is the number of windings in one coil; R1 − pairs of poles is the diameter, m; R2 −is the 

inner diameter of the stator, m; p — number of pole pairs; kw— stator winding filling factor; m— number of 

phases. 

For the surface configuration of the permanent magnets, the equivalent air-gap lengths along the d- 

and q-axes are determined using the following expressions [18],  

for the case of a coreless stator: 

{
g′ = 2[(g + 0,5tw) ∙ ksat +

hm

μrrec
]

gq
′ = 2(g + 0,5tw + hm)                

 ,                                        (8) 
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If μrrec ≈ 1 is satisfied, the surface configuration of the permanent magnets is assumed to be kfq =

kfd = 1. In this case, the armature-reaction inductances along the d- and q-axes can be reduced to the following 

simplified expression: 

Ld = Lq = mμ0
1

π
∙ (

Nkw

p
)2 ∙

(R1
2−R2

2)

g′  ,                                       (9) 

The electromotive force (EMF) generated in the generator windings is determined by the following 

relationship [19,20]: 

Eф = √2πfpNkwФф = √2πnNkwBg(R1
2 − R2

2) ,                     (10) 

where Фф − is the magnetic flux, Wb; Bg −is the magnetic flux density, T; and f is the frequency, 1/с.  

Figure 4 presents the mathematical model of an electric generator developed in the 

MATLAB/Simulink environment, in which the stator and rotor rotate in opposite directions relative to each 

other. 

 
Figure 4. Developed simulation model of the electric generator in the MATLAB/Simulink 

environment. 

 

Results: Figure 5 presents comparative plots of the parameters of two electric generators. The first 

generator represents the operating condition in which the stator is stationary and the rotor is rotating, whereas 

the second generator represents the operating condition in which the stator and rotor rotate in opposite 

directions. The output parameters of the two generators were calculated and compared. Figure 5(a) shows a 

comparison of the voltages induced in the stator windings under the above-mentioned operating conditions. 

The results indicate that when the stator and rotor of the generator rotate in opposite directions, the no-load 

voltage of the stator increases by 10% compared with the operating condition in which the stator is stationary 

and the rotor is rotating. Figure 5(b) presents a comparison of the electromagnetic power of the two generators. 

It was found that when the stator and rotor of the generator rotate in opposite directions, both the 

electromagnetic torque and electromagnetic power of the generator increase by 20% compared with the 

operating condition in which the stator is stationary and the rotor is rotating.  

https://zienjournals.com/


Texas Journal of Engineering and Technology                                                                               ISSN NO: 2770-4491 
https://zienjournals.com                                                                                                                                              June 2026 
________________________________________________________________________________________________________________________________ 

________________________________________________________________________________________________________________________________ 
Peer Reviewed International Journal                                                                                                                                  [47] 
Volume57 

 
a)                                                           b)  

Figure 5. Comparative curves of the dynamic characteristics of the two types of electric generators. 

Expression (2) was used to calculate this output parameter. To obtain the presented results, the 

mechanical rotational speed of both the stator and rotor of the generator was assumed to be 300 rpm. 

Conclusions: 1. An analysis of research on the utilization of renewable energy sources worldwide 

has shown that the development of renewable energy is one of the important strategic directions for 

mitigating environmental problems, conserving energy resources, and promoting economic and social 

development. 

2. The possibility of providing autonomous electricity consumers located far from centralized power 

supply systems with continuous and reliable electrical energy through the use of wind and micro-

hydroelectric power installations adapted to climatic conditions and capable of operating efficiently under 

low-flow conditions was investigated. 

3. To improve the operating efficiency of wind and micro-hydroelectric power installations under 

low-flow conditions, an electric generator with a simple design and low rotational speed was developed. 

SolidWorks was used for the design of the electric generator, while MATLAB/Simulink was employed for 

the theoretical investigation of its simulation model and dynamic operating modes. It was established that 

when the stator and rotor of the developed electric generator rotate in opposite directions relative to each 

other, the electromagnetic torque and electromagnetic power of the generator increase by 20% compared 

with the operating condition in which the stator is stationary and the rotor is rotating. 
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