
V International Scientific and
Technical Conference Actual Issues
of Power Supply Systems

Design of a mechanical drive for a gravitational energy storage
system

AIPCP25-CF-ICAIPSS2025-00313 | Article

PDF auto-generated using ReView
from



Design of a mechanical drive for a gravitational energy 

storage system 

Akram Mirzabaev1,a), Khusniddin Shamsutdinov2, Sherzod Mirzabekov 2,                

Bahrom Normuratov2, Nodirbek Pulatov2,a)
 

1 Tashkent Institute of Irrigation and Agricultural Mechanization Engineers, Tashkent, Uzbekistan 
2Tashkent state technical university named after Islam Karimov, Tashkent, Uzbekistan  

a) Corresponding author: nodirbekpulatov1993@gmail.com 

Abstract. Gravitational energy storage systems represent a promising solution for mitigating the intermittency and 

variability of renewable energy sources in industrial power systems. This study presents the development and analysis of 

an electromechanical gravitational energy storage device based on mass lifting and energy recovery principles. A nonlinear 

state-space mathematical model describing the coupled mechanical and electrical dynamics of the system is formulated, 

incorporating load motion, motor–generator behavior, and power exchange with the electrical grid. The proposed system 

operates in two modes: charging, where electrical energy is converted into gravitational potential energy by lifting a mass, 

and discharging, where the stored potential energy is converted back into electrical energy. The model accounts for 

mechanical and electrical losses through efficiency coefficients and enables dynamic simulation of height variation, stored 

energy, motor current, angular speed, and power flow. Simulation results obtained using parameters of an experimental 

setup demonstrate the system’s capability to store and recover energy under realistic operating conditions. For a load of 

275 kg lifted to a height of 18 m, the input energy of 0.1082 MJ and output energy of 0.048556 MJ yield a round-trip 

efficiency of approximately 44.89%. The results confirm the nonlinear nature of the system dynamics and highlight the 

influence of mass, height, and electromechanical coupling on overall performance. The presented modeling approach 

provides a useful framework for the design, optimization, and integration of gravitational energy storage systems in 

industrial applications and renewable energy-based power networks. 

INTRODUCTION 

Gravitational energy storage systems represent one of the key technologies for addressing the uncertainty and 

variability challenges inherent in renewable energy sources[1]. These systems operate by storing potential energy, 

whereby electrical energy is used to lift a mass to an elevated position and subsequently released by lowering the mass 

to recover the stored energy[2-3].  

Mathematical models of gravitational energy storage play a fundamental role in analyzing and simulating these 

processes within power systems, as well as in the development of optimal control algorithms.  

At present, one of the main shortcomings in ensuring the continuity of electricity consumption in modern power 

systems used by domestic industrial enterprises is the low level of integration of renewable energy resources[4-6]. 

Experience reported by leading international researchers indicates that extensive scientific studies have been 

conducted on the effective utilization of renewable energy resources in industrial facilities, which contributes to 

improving energy efficiency and reducing overall electricity consumption[7-9]. 

Based on the analysis of the relevant literature, the primary objective of this study is to propose the design of an 

electromechanical gravitational battery energy recovery device aimed at ensuring uninterrupted energy supply for 

industrial enterprises (Figure 1) [10-12]. 

The proposed system consists of a motor–generator unit (1), a rigid coupling (2), a gearbox (3), a driving pulley 

(4), a driven pulley (6), a rope providing pulley motion (5), and a suspended load (7) serving as the energy storage 

element. 

The developed electromechanical gravitational battery energy recovery system operates in two distinct modes. 
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Mode 1: Charging mode. In this mode, mechanical work is performed using electrical energy. The motor–

generator (1), supplied with electrical power from the grid, transmits rotational motion through the rigid coupling (2) 

to the gearbox (3). In turn, the driving motion of the gearbox is transferred via gear wheels to the driven shaft. The 

driving pulley (4), mounted on the driven shaft of the gearbox (3), generates tension in the rope (5), causing the driven 

pulley (6) of the mechanism to start rotating. As a result, the suspended load (7) attached to the rope (5) is lifted 

upward. This process continues until the load (7) reaches the required height. 

Mode 2: Discharging mode. In this mode, the suspended load (7) begins to move downward under the action of 

its gravitational potential energy, enabling energy recovery in the electromechanical gravitational battery system. As 

the load descends, the attached rope (5) drives the rotation of pulleys (6) and (4). The rotational motion of the driving 

pulley (4) generates torque on the driven shaft of the gearbox (3). Due to the meshing of the gear wheels within the 

gearbox (3), the rotational speed is increased, resulting in the motion of the driving shaft of the gearbox. This motion 

is transmitted through the rigid coupling (2), which is mechanically connected to the gearbox (3), causing the rotor of 

the motor–generator (1) to rotate. Consequently, the gravitational potential energy of the suspended load (7) is 

converted into electrical energy by the motor–generator (1). 

 

FIGURE 1. Electromechanical gravitational battery energy recovery system: 1–motor–generator (MG), 2–rigid 

coupling, 3–gearbox, 4–driving pulley, 5–rope (cable), 6–driven pulley, 7–suspended load. 
 

By operating in these two modes, the proposed system enables stable delivery of electrical power generated by 

photovoltaic panels used in industrial enterprises to consumers, thereby ensuring continuity and reliability of power 

supply. 

Ensuring reliable and stable operation of the electromechanical gravitational battery energy recovery system 

requires proper selection of the gearbox (3) and pulleys (4, 6), as well as their corresponding geometric parameters. 

In the proposed device, the selection of the gearbox primarily involves determining its optimal transmission ratio, 

while rational values of pulley diameters are selected using mathematical modeling techniques to achieve efficient 

energy conversion and mechanical compatibility. 

Gravitational energy storage systems are fundamentally based on one of the most universal laws of nature-

Newton’s law of universal gravitation. According to this law, any two bodies interact through a gravitational force, 

which governs their motion and can be expressed by the following equation: 

1 2

2

m m
F G

r


=  ,      (1) 

where, F - is the gravitational force between two bodies (N); G=6.674×10-11 m3/kgs2 - is the gravitational constant; 

m1 and m2 are the masses of the bodies (kg); r - is the distance between the centers of the bodies (m). 

One of the key parameters of a gravitational energy storage system is mass. Increasing the mass enhances the 

energy storage capacity and improves the overall efficiency of the system. For example, in various large-scale projects, 

the accumulated mass can reach several thousand tons. 

When selecting the mass, the following factors are taken into account: 
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– the system power rating and the required energy capacity; 

– installation and placement conditions; 

– mechanical stability and safety requirements. 

To evaluate the stored potential energy, mass and elevation height are the key parameters. The potential energy 

associated with the mass can be expressed by the following equation: 

pE m g h=         (2) 

where m is the mass (kg), g is the acceleration due to gravity (9.81 m/s2), and h is the height (m)[13-15]. 

Height is one of the key parameters determining the energy storage capacity of a gravitational energy storage 

system. In any gravitational energy storage system, a greater elevation enables a larger amount of energy to be stored. 

The dependence of gravitational energy on height can be expressed by the following equation[16]: 

0( ) ( )h t h h t= +      (3) 

where ℎ0 - is the initial height, and Δh(𝑡) represents the time-dependent variation of height. 

In gravitational energy storage systems, the primary working element is a high-mass body (e.g., a concrete block, 

a metal platform, or a water reservoir). Energy is stored and released through the controlled motion of this mass. 

Accordingly, the starting point of the mathematical model is the evaluation of gravitational potential energy [17-

20]. 

EXPERIMENTAL RESEARCH 

To illustrate the practical significance of gravitational energy storage, a simple calculation is considered. For 

instance, if a load with a mass of m=275 kg is lifted to a height of 18 m, the stored energy can be determined as 

follows: 

275 9.81 18 48.5 .pE m g h kJ=   =   =  

Although this value may appear relatively small, systematic lifting of multiple loads or application in large-scale 

industrial installations enables energy storage on the order of megajoules. For example, lifting a 30-ton mass to a 

height of 100 m allows approximately 29.4 MJ of energy to be stored, which is equivalent to 8.2 kWh of electrical 

energy. 

In our experimental setup, examples of gravitational potential energy values corresponding to different mass and 

height combinations are presented as follows.  

 

TABLE 1. Gravitational potential energy as a function of mass and height in the experimental setup 

m (kg) h(m) Ep (kJ) Er (kWh) 

100 18 17,658 0,004905 

125 18 22,0725 0,00613125 

150 18 26,487 0,0073575 

175 18 30,9015 0,00858375 

200 18 35,316 0,00981 

225 18 39,7305 0,01103625 

225 18 39,7305 0,01103625 

275 18 48,5595 0,01348875 

 

Increasing the mass enhances the energy storage capacity; however, mechanical losses in the lifting and rail 

systems also increase. 

Figure 2 illustrates the amount of gravitational potential energy generated by lifting a load with a mass of 

𝑚=275kg to a height of 18 m. 

The application of hydromechanical principles in gravitational energy storage systems is effectively implemented 

in the following areas: 

– integration with renewable energy sources; 

– power balance regulation; 

– prevention of electricity supply interruptions; 

– energy efficiency improvement in industrial enterprises. 
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For example, the Energy Vault and Gravitricity projects employ mass-lifting systems based on hydromechanical 

principles. 

Global experience demonstrates the practical feasibility of such systems. In the Energy Vault project, concrete 

blocks are lifted to heights of up to 35 m, achieving a maximum storage capacity of approximately 35 MWh [6]. In 

contrast, the Gravitricity project utilizes mine shaft elevators capable of lifting masses to heights of up to 150 m, 

providing an energy storage capacity of approximately 20 MWh [31]. 

Analysis of the literature indicates that, in the Energy Vault project, individual block masses typically range from 

35 to 100 tons, whereas the Gravitricity project achieves energy storage capacities of approximately 4–20 MWh by 

utilizing deep mine shafts. 

 

FIGURE 2. The gravitational potential energy generated by lifting a load with a mass of m=275 kg to a height of 

18 m. 

RESEARCH RESULTS 

Electromechanical coupling. To connect the gravitational energy storage system to the electrical grid, a motor–

generator unit is employed. Its dynamic behavior can be described as follows: 

( ) ( ) ( ) ( )eLi t Ri t K w t U t+ +  =      (4) 

where i(t) is the electric current, L denotes the inductance, R is the electrical resistance, Ke represents the 

electromotive force (EMF) constant, and U(t) is the input voltage. 

Motor–generator torque: 

( ),m mM K i t=        (5) 

where Km is the current-torque coefficient. 

Electrical power: 

( ) ( ) ( ),eP t U t i t=        (6) 

mechanical power: 

( ) ( ) ( ).m mP t M t w t=       (7) 

Nonlinear state-space model. System state vector: 

( )

( ) ( ) .

( )

h t

x t t

i t



 
 

=
 
  

      (8) 

 

System of equations: 

Auto-generated PDF by ReView V International Scientific and Technical Conference Actual Issues of Power Supply Systems

313M irzabaevICAIPSS2025.docxMainDocument AIPP Review Copy Only 5



( )

( )

( ) ( ),

1
( ) ( ) ( ) ,

1
( ) ( ) ( ) ( ) .

m

e

h t r t

t K i t m g r b t
J

i t U t R i t K t
L



 




 = 



=  −   −



= −  −

    (9) 

 

 
FIGURE 3. Results of nonlinear mechanical dynamic modeling of the gravitational energy storage system. 

 

The model is classified as nonlinear due to the coupling between the state derivatives h, 𝜔, and 𝑖.  
 

 
FIGURE 4. Results obtained using the mathematical model of the experimental gravitational energy storage 

device. 
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Figure 4 presents a model of the process of lifting a 275 kg load to a height of h=18 m using a gravitational energy 

storage device with a mechanical efficiency of ηmech=0.67 and an electrical efficiency of ηelec=0.67. In this case, the 

input energy is Ein=0.1082 MJ, while the output energy is Eout=0.048556 MJ, resulting in a round-trip efficiency of 

44.89%. 

 

FIGURE 5. Model of the mass lifting (charging) and lowering (discharging) processes. 

 

Figure 5 illustrates a model of the lifting process of a 5000 kg load to a height of h = 100 m using a gravitational 

energy storage system with a mechanical efficiency of ηₘₑₓ = 0.9 and an electrical efficiency of ηₑₗₑₖ = 0.95. In this 

system, the input energy is E₍ᵢₙ₎ = 5.447 MJ, while the output energy is E₍ₒᵤₜ₎ = 4.660 MJ. As a result, the round-trip 

efficiency of the energy storage cycle reaches 85.54%. 

CONCLUSIONS 

This study has presented the development and analysis of an electromechanical gravitational energy storage system 

intended for improving the stability and reliability of power supply in industrial applications with a high share of 

renewable energy sources. A comprehensive nonlinear state-space mathematical model was formulated to describe 

the coupled mechanical and electrical dynamics of the system, including mass motion, motor–generator behavior, and 

power exchange with the electrical grid. 

The system operation was analyzed in both charging and discharging modes, demonstrating the feasibility of 

reversible energy conversion between electrical energy and gravitational potential energy. The results confirm that the 

system dynamics are inherently nonlinear due to the mutual coupling of height, angular speed, and electrical current, 

which must be considered in accurate modeling and control design. 

Simulation results based on an experimental configuration showed that, for a load of 275 kg lifted to a height of 

18 m, the system achieves a round-trip efficiency of approximately 44.89%, with input and output energies of 0.1082 

MJ and 0.048556 MJ, respectively. These findings highlight the significant influence of mechanical and electrical 

efficiencies, as well as gearbox and pulley parameters, on the overall performance of the gravitational energy storage 

device. 

The obtained results demonstrate that gravitational energy storage systems can provide effective short-term energy 

buffering and power balancing in industrial environments, particularly when integrated with renewable energy 

sources. The proposed mathematical modeling framework can be employed for further optimization of system 

parameters, efficiency enhancement, and the development of advanced control strategies for large-scale gravitational 

energy storage applications. 
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