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ABSTRACT

Flywheel Energy Storage System (FESS) plays a crucial role in enhancing power quality in renewable energy 
systems, particularly in isolated micro-grids. However, challenges such as power supply consistency, lack of inertia 
from power electronics converters, and high starting currents in induction motors necessitate further improvements. 
This study aims to improve FESS performance by introducing a speed-controlled double star-delta configuration with 
low-power double drives for flywheel motor-generator (FMG) synchronization. The proposed methodology involves 
developing a prototype system with a double three-phase star-delta configuration, employing a low-power 
induction motor for FMG speed synchronization. A Programmable Logic Controller (PLC) with a Human-Machine 
Interface (HMI) is integrated for control and monitoring, utilizing a PID-based closed-loop control system. The 
system is tested in a laboratory environment with various flywheel weights to evaluate its performance.  
Experimental results demonstrate that the double star-delta configuration effectively synchronizes FMG speed 
while reducing power consumption. The star connection provides stable frequency and lower starting torque, while 
the delta connection offers higher torque, ensuring efficient flywheel acceleration. The experimental results showed 
that this system of hybrid star-delta with a double low-power three-phase induction motor can drive a high-inertia 
flywheel of up to 100 kg and synchronise the speed of the system to the nominal speed of the generator up to 1500 
rpm.  The proposed system minimizes energy losses, optimizes starting conditions, and reduces overall development 
and maintenance costs. These findings indicate that the integration of a low-power double motor and a controlled 
switching mechanism significantly enhances FESS efficiency, making it a viable solution for sustainable energy 
applications.  

Keywords:  Flywheel Energy Storage System; Flywheel motor generator system synchronisation; power 
consumption reduction; voltage and frequency stability.       
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INTRODUCTION 

An established technology that has a noticeable effect on 
the quality of the power generation system is the flywheel 
energy storage system (FESS). The FESS can increase the 
percentage of power quality of the renewable energy 
generators in isolated micro-grids. The contribution of the 
FESS in an isolated micro-grid that combines a diesel 
generator, wind turbine and hydro turbine power station is 
in the improvement of frequency deviations and regulation 
(Garcia-Pereira et al. 2022). Flywheel-battery hybrid 
system has the advantage of providing grid frequency 
regulation support with combined two type of energy 
storage (Cao et al. 2023). FESS provides a new solution 
for handling high-frequency power fluctuation of renewable 
energy generation in practical application scenarios for 
power grid control (Mahrouch et al. 2024). An integrated 
system hybrid between battery and flywheel can elongate 
the operational time of the battery in comparison to a stand-
alone battery (Mouratidis, Schubler, and Rinderknecht 
2019). In FESS, the high speed of the motor is the main 
energy conversion factor which can change the amount of 
energy stored during charging and discharging electrical 
power (Zhou et al. 2020).

However, the problem with the microgrid is the storage 
system and how they coordinate with each other to 
guarantee the supply of power consistently to the loads in 
grid-connected modes. In some microgrid applications, it 
is composed of double FESS, where each one of them can 
be connected either to a photovoltaic (PV) array or to a 
wind turbine purposely to absorb the excess power 
generated and restitution when load changes occur (Nemsi 
et al. 2018). The second issue is that renewable energy 
sources are typically connected to the power grid through 
power electronics converters which do not naturally supply 
inertia like synchronous generators (ALI et al. 2021). 
Utilising FESS to offer virtual inertia and frequency 
support is one way to address the lack of inertia problem 
(Yu, Fang, and Tang 2018). An energy storage system’s 
goal is to efficiently restore electricity by reducing the 
outage time because it has flexible charging and discharging 
capabilities. Flywheel energy storage was therefore taken 
into consideration as a means of restoring the power system 
(Xie et al. 2023). Problems like power variations in 
distribution or intermittent renewable energy can be solved 
with the correct energy storage technology. To deliver 
energy and power, a hybrid energy storage system consists 
of two or more storage devices with integrated electrical 
charge and discharge characteristics. Energy density and 
power density are the two primary supporting features of 
energy storage systems. To facilitate the provision of 
intermittent energy, flywheel energy storage (FES) and 

battery energy storage (BES) technologies are coupled to 
form the major component of a hybrid energy storage 
system (ALI 2021). However, High-speed operation and 
frequent load changes can cause heat buildup, particularly 
in the motor drives and switching devices.

An energy-powered hybrid energy storage system with 
a lithium battery and flywheel can be used to lower the 
cost of energy storage and increase its output performance. 
Lithium batteries and flywheels can be coupled to high-
frequency and low-frequency components, which together 
comprise the hybrid energy storage system’s total cut-off 
frequency. A hybrid energy storage system’s capacity 
optimisation configuration model is configured to limit the 
maximum ramp rate of lithium battery charge/discharge 
power, maximise flywheel power, and minimise flywheel 
capacity (Zhao et al. 2023). In superconducting flywheel 
energy storage, the density is mostly determined by their 
design, which applies compressive stress on the uppermost 
layer and layers of uneven thickness (Prasanthi et al. 2021). 
An EV charging station with an uneven load curve can use 
the peak shaving control for load balancing using the 
microgrid and FESS. Applying FESS for peak shaving 
management demonstrates that an unbalanced load ranging 
from 7 to 230 kW may be resolved (Bekiroglu and Esmer 
2023). A pulsed power supply system combined with FESS 
and a modular multilevel cascade converter is used for 
power compensation when performing rapid excitation of 
highly inductive and pulsed heavy loads. This integrated 
system consists of an induction motor with a flywheel to 
store kinetic energy and capacitors to cause a self-excitation 
factor in an induction motor that is parallel connected, and 
it works as an induction generator (Murayama et al. 2018).

In industry, three-phase induction motors are most 
commonly used in various electrical drives (Anjitha et al. 
2017). In the FESS application, an induction motor was 
chosen to drive the flywheel and generator, as developed 
in (Huang and Chen 2017), (Ferreira et al. 2020). Star-delta 
is purposely used to reduce starting voltage and current in 
the industrial motor. A Gate-Turn-Off (GTO) switch has 
been used to replace the relay contact switch and a thyristor 
star-delta switch is applied as a soft starter that contributes 
to saving energy when using a delta connection. In 
industrial environments, variable-speed drives and 
electronic soft starts are frequently used to enable star-delta 
starting from a low voltage supply without the need for a 
sizable induction motor with a high-power output of more 
than 4 kW (Premkumar and Sowmya 2017). The star-delta 
starter is a low-cost electromechanical starter that can 
reduce starting voltage. Voltage starting with star 
configuration is 230V across each winding, meanwhile 
with delta configuration is 400V across each winding. 
Changing from star to delta has the disadvantage of 
decreasing starting torque by about 67%, for example from 
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1038 Nm to 343 Nm. The factor of reducing voltage when 
starting with star configuration is about triple by measuring 
voltage for star configuration is 219.3V but delta 
configuration is 380V. The cost of this configuration is 
lower and can be easily commercialized. In (Saputra, 
Suryawan, and Sugirianta 2020), a proposed Delstar 
converter is put forth to reduce the amount of energy used 
by the system when there is no load operation or a load 
that is less than 40% of the full load. This converter 
switches the system from delta mode to star mode. 
Implementing this method in larger or grid-scale storage 
systems might present challenges due to limitations in drive 
and switch performance. In (Dwivedi et al. 2017), the 
voltage, current, and speed of both mode star and delta 
operations were visualised using LabVIEW and Arduino 
to illustrate the star-delta starting operation. Using dual 
drives and switching mechanisms introduces more 
components, which can increase the cost, weight, and 
maintenance requirements of the system.

Three-phase induction motors draw a high current 
during starting operation in full-load running conditions 
(Dwivedi et al. 2017). Various methods have been 
developed to reduce the starting current of the induction 
motors, such as the implementation of relays and electronic 
timers. Induction motor operation: if not switched to delta 
mode within a few seconds, the motor can draw heavy 
current and burn itself out. For this purpose, an automatic 
star-delta controlled relay and electronic timer were used 
to switch the induction motor operation from delta to star 
configuration. Induction motors are popular and widely 
used in industry applications due to their low cost, rugged 
construction, fast pick-up, low maintenance cost, and good 
efficiency (Itajiba et al. 2021). The start-delta connection 
used to run induction motors during starting and operation 
protects against voltage fluctuations and single phasing. 
Figure 1 shows the sudden increase in stator current when 
switching modes from star to delta connection. The star-
delta switching process can lead to temporary power 
instability or losses, especially if not timed accurately. 
Heavy current drawn by the induction motors during 
starting can damage them. An enhancement of soft starting 
with a firing angle controlled by the induction motor can 
overcome the drawback of the star-delta starter. An 
induction or asynchronous motor is widely used in industry 
as an industrial drive because it offers a variable-speed 
version by using variable-frequency drives for controlled-
speed applications. The most common type of induction 
motor used in industry is the squirrel cage motor because 
it has no brushes and is rugged (Musa et al. 2024). 
Traditional methods such as DOL, autotransformers, and 
fixed star-delta starters can control the high starting current 
during the starting period only at certain limits. As the 
induction motor accelerates, the current will begin to drop 

slowly until the motor achieves 85% synchronous speed. 
Therefore, the motor load will affect the time taken by the 
motor to achieve full speed and the duration of the high 
starting current. The importance of starting time is referred 
to as the duration of a large current flow during the starting 
of an induction motor (Bokde et al. 2017). However, The 
star-delta switching process can lead to temporary power 
instability or losses, especially if not timed accurately.

FIGURE 1. Starting current of star-delta switching.  

Induction motors commonly convert approximately 
50% of all the electricity generated. The star-delta starter 
is commonly used for starting induction motors and is 
interfaced with converters used for power saving due to 
the low power consumption of the star-mode operation, 
which is almost 1/3rd of delta-mode power consumption      
(Nuraqilah et al. 2023). When the load is less than 30% of 
the full load, the motor can swiftly switch to star mode 
operation to save power. Meanwhile, the delta mode is 
necessary for full-load operation at the starting condition, 
which requires high torque to drive a high-inertia flywheel 
or load. If star mode is used for full-load operation, the 
drawback is high current will damage the inverter. The 
switching arrangement of star-delta at a suitable reduced 
load can improve efficiency and power factor compared 
to a fixed star-delta configuration. Authors (Usha et al. 
2024) implemented a double-star induction motor to drive 
the flywheel in the FESS. This novel method of the drive 
system can satisfy the requirements of wind power 
production systems. In the past, the DC motor was the most 
popular drive due to its excellent controllability, but 
nowadays, the three-phase AC motor is the modern, high-
performance motor drive system. Induction motors are 
employed in textile factories, agriculture, and almost all 
manufacturing industries to drive loads due to their rugged 
construction and easy operation, but they still have 
limitations due to their efficiency and power factor. Two 
possible delta connections that give different results are 
known as common and preferential. These two delta 
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connections give rise to a switching current of either small 
or higher amplitude.

To increase the speed of the induction motors, a 
multiphase supply needs to be hired. Enhancement of the 
speed range in the multiphase machine can be achieved by 
applying a high-voltage inverter or field weakening 
technique by changing the phase sequences (Ramesh et al. 
2018). The speed of the induction motors can be changed 
by applying various methods, such as poles or voltage-
changing methods, but the most efficient method is 
changing frequency and voltage by hiring a variable 
frequency drive (VFD). VFD provides efficient operation 
with speed and torque control according to the load 
requirements. Besides that, VFD can also lead to the 
harmonics issue of motor performance (Kusmantoro, 
Theodora Indriati, and Ristanto 2017). In (Koradiya and 
Solanki 2019), the fuzzy logic-controlled soft starter for 
the induction motor in a delta connection is proposed to 
control the stopping and starting operations with safety or 
protection added. This configuration not only offered a low 
starting current but also enough torque to drive the load. 
Application of an AC drive or VFD to the induction motors 
can be a more cost-effective approach to the system. 
Authors in (Soheli and Hasan 2018) proposed Pole 
Amplitude Modulation (PAM) to create a very low output 
current for multi-speed and high-horsepower applications. 
By using a single motor to offer high horsepower, it can 
be energy-efficient and reduce the cost of the motor. In 
(Shubham et al. 2016), an inverter was implemented to 
reduce the star delta starter voltage for a 3-phase motor. 
This proposed method is suitable for variable-frequency 
drives and high-power applications. The inverter can 
provide proper frequency, current, voltage, and starting 
torque. To overcome the disadvantage of conventional 
types of contactors, authors in (Ibrahim Shahl 2018) 
proposed static switching by using a Raspberry Pi 
controller for a star-delta starter. In (Pindoriya et al. 2018), 
the simulation analysis of the induction motor starting 
model to improve electrical power quality is presented. 
This analysis focuses most on the voltage sags and 
harmonics issues of the motor’s starting operation. Authors 
in (ALI et al. 2021) used a speed controller in the FESS 
application to control the speed of the three-phase motor 
by applying a three-phase inverter. Thus, the most widely 
used electrical machines and devices for achieving higher 
efficiency for speed control and power consumption 
reduction in industrial or FESS applications are three-phase 
inverters and three-phase induction motors, either with a 

star or delta connection. However, coordinating speed 
control between dual drives and managing star-delta 
transitions requires a sophisticated control algorithm, 
increasing design and implementation complexity.

MATERIALS AND METHODS

For analysis of the difference in amplitude of frequency 
for the double star and delta connection, a prototype of the 
FMG speed synchronisation was assembled in the 
laboratory with a double three-phase controlled double 
star-delta and a low-power double three-phase induction 
motor. The induction motor-type squirrel cage was used 
as a standard sample for lab scale analysis with a nominal 
rating power of 0.3 kW, 400-Y/380-∆ V, 4 poles, 2800 rpm, 
0.84 A, and a power factor of 0.84. The synchronous 
generator is used with a nominal power rating of 0.3kW, 
400V, 0.7A, 1500rpm, and 50Hz. The circuit diagram of 
the overall drive system is shown in Figure 2.  

There are two frequency inverters applied to the 
system to control the speed and torque of the system. As 
shown in the diagram Figure 2, a single-phase power supply 
of 240V and 50Hz is used to power the inverter. These two 
inverters generally invert the power supply from a single-
phase to a double-three-phase supply. This double three-
phase supply is used to power the induction motors, which 
are in M1 and M2 connections. These three-phase inverters 
consist of a full-wave rectifier, filtering, and a three-phase 
full-bridge inverter circuit. The frequency of the inverter 
can be changed depending on the requirements of the 
system. 

Regarding the controller, the PLC-Programmable 
Logic Controller was chosen to control the overall system, 
which offers easy communication through serial interfacing 
and simple implementation. The PLC model Siemen S7-
1500 with Human Machine Interface (HMI) was adopted 
in the system. This controller used to control the sequential 
of the star-delta by controlling the inverter. HMI displays 
the parameters of the FMG synchronization. This speed 
synchronisation is applied when PID closed loop control 
is programmed in the PLC. The speed sensor used to be a 
device that gave a signal to the PLC. This sensor is located 
at the FMG shaft. At the same time, PLC also controlled 
the ramp of the current frequency of the inverter. Ensuring 
precise synchronization between the flywheel motor and 
generator during transitions can be difficult, leading to 
possible torque ripples or power losses.



3305

FIGURE 2. Circuit diagram of the proposed drive system.

A mechanical topology of the FMG connected each 
other is as shown in Figure 3. This studied topology is a 
lab-scale specification. These FMGs are directly coupled 
using a rubber coupler. The servo machine acts as a 
simulated flywheel, which can be regulated to different 
inertial. Three-phase induction (TIM) M1 and M2 in double 
star and double delta connections are used to drive the 
flywheel and synchronous generator (SG). The flywheel 
motor-generator system stores kinetic energy using a 
rotating mass (flywheel) connected to a motor-generator 
unit. A flywheel is a high-inertia rotating mass, usually 
made of steel or composite material, mounted on a shaft. 
Motor-Generator (MG) Unit is a bidirectional machine 
acting as a motor during charging and a generator during 
discharging. Coupling is a mechanical coupling (rigid or 
flexible) that connects the MG shaft to the flywheel. It 
ensures torque transfer and absorbs minor misalignments, 
and bearings are precision ball or magnetic bearings that 
support the flywheel shaft, enabling smooth and low-
friction rotation. However, there are a few losses flywheel 
motor-generator mechanical connection, for example, 
bearing friction losses in terms of friction in ball or 
magnetic bearings supporting the flywheel shaft. Air drag 
losses, which are caused by aerodynamic drag as the 
flywheel spins (reduced in vacuum enclosures). Coupling 
losses, which is misalignment or slight slip in flexible 
coupling, lead to small torque loss.

FIGURE 3. Mechanical connection arrangement.

Figure 4 shows configuration of controller and 
monitoring system for the speed synchronization of FMG 

which HMI and frequency inverter connected to the PLC. 
The power supply 24 Vdc/3 A used to power the PLC. HMI 
displays the figure of FMG with parameter setting and 
display. The synchronous speed of the FMG can be set at 
HMI.

FIGURE 4. Configuration of controller and monitoring system.

The system is analysed using the Simulink model for 
Star-delta FMG, which is displayed in Figure 5. It is 
possible to analyse the impact of flywheels with varying 
sizes and weights using this testing circuit. It is also 
possible to measure the motor and generator ’s 
synchronisation from this testing circuit. The stator current, 
torque, speed, input voltage, and output voltage of the 
motor and generator are all being measured. A scope is 
used to plot the graph, and a multimeter is used to display 
the RMS value for all measurements. The three-phase 
supply relay parameter can be adjusted to match the motor 
specification, and the voltage supply can be adjusted 
accordingly.

FIGURE 5. Simulink model for Star-delta FMG.

The flow method of the PLC-controlled FMG speed 
synchronisation is depicted in Figure 6. The speed sensor 
measures the process variable’s (PV) real value and sends 
it to the PLC, acting as a measuring element in the system. 
The set point (SP) and the measured value are then 
automatically compared by the PLC. The PLC determines 
a signal that represents the required value of the 
manipulated variable based on the deviation or error count. 
The FMG speed is synchronised and maintained at the 
desired value by a continuous process.
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FIGURE 6. FMG speed synchronous flow process.

Figure 7 shows how the speed-synchronous FMG was 
installed. This installation consists of three areas: field, 
block panel, and panel. The speed sensor located in the 
field is connected to a power supply of 24 VDC at the block 
panel. The signal pin of the speed sensor is connected to 
the input port of the PLC. The output of the PLC is then 
connected to the inverter port selection to control the 
frequency. The output is three-phase from the inverter 
UVW connected to the TIM. 

FIGURE 7. Speed/Rpm looping circuit diagram.

The method is a closed-loop or on-line tuning method. 
Also known as quarter-decay ratio response by ultimate 
gain. For this tuning method, only a proportional controller 
is used in the closed-loop system. It consists of two steps: 
the determination of the dynamic characteristics or 
personality of the control loop and the estimation of the 
controller tuning parameters that produce the desired 
response for the dynamic characteristics determined in the 
first step. Table 1 shows a guideline for setting the 
proportional integral derivative (PID) parameters tuned 
using the closed-loop Ziegler-Nichols method for quarter 
decay ratio.

MATHEMATICAL MODEL AND 
EQUATIONS

The inertia of the flywheel is calculated by using the 
formula: 

2

2
1 mrI = (1)

where I is Inertia, ½ is constant for solid cylinder 
flywheel, m is the mass of flywheel, r is the radius of 
flywheel (Bouras et al. 2017).  

When star-delta applied to reduce the starting current 
of the motor, 1/3 of the peak current compared to a direct 
starting. At the same time, voltage in each phase of the 
winding is VI / . The equation for the winding when 
connected in star connection can be written

(2)

Where:
IPS is equal to ILS
IPS is winding current per phase
ILS is supply line current
Z is impedance per phase winding 
VL is supply line voltage

When delta connection, the supply line cureent (ILSD)
is equal to root three times of the current per phase (IPD) 
and the winding current per phase is VL/Z. The equation 
for the winding when connected in delta connection can 
be written:

(3)

When comparing equations 

(4)

Therefore, the starting current in case of direct starting 
delta is three times current of starting delta as calculated 
in comparing equations (Bekiroglu and Esmer 2023).  

The detail Simulink model for Synchronous Generator 
as shown in figure 4 is used to generate voltage. This model 
is referring to mathematical model equation: 
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v = [R]*i + dphi/dt + [W]*phi (5)
phi = [L]*I (6)

Where:

R is diagonal matrix (nState, nState) of winding resistances in 
d q axis

L is matrix (nState, nState) of winding self and mutual 
inductances in d q axis

W is matrix (nState, nState) depending on rotor speed wr, all 
zero except W (1, 2) = wr,W (2, 1) = -wr

v is voltage vector = [ vq     vd     vfd     vkd     vkq1 (vkq2)],

phi is flux linkage vector = [ phiq   phid   phifd   phikd   phikq1 
(phikq2)], (state variable)

i is current vector = [ iq     id     ifd     ikd     ikq1 (ikq2)],

if RotorType = Salient-Pole, nState = 5
if RotorType = Round, nState = 6

The detail Simulink model for Asynchronous Motor 
as shown in Figure 4 used to drive generator and flywheel. 
This model is referring to mathematical model equation:

v = [R]*i + dphi/dt + [W]*phi (7)
phi = [L]*I (8)

TABLE 1. Controller parameter tuning using Ziegler Nichols Method (Bokde et al. 2017).
Type With overshoot Without overshoot

Disturbance Reference Disturbance Reference  

Where:
R is diagonal matrix (4, 4) of winding resistances in d q axis

L is matrix (4, 4) of winding self and mutual inductances in d q axis

W is matrix (4, 4) depending on rotor speed wr and reference frame

v is voltage vector = [ vqs     vds     vqr     vdr],

phi is flux linkage vector = [ phiqs   phids   phiqr   phidr], (state variable)

i is current vector = [ iqs     ids     iqr     idr],

However, in a FESS that uses speed-controlled dual 
drives, system losses are a critical factor in determining 
overall efficiency. These losses come from several sources 
and can be grouped into mechanical, electrical, and control-
related losses. There are a few key losses in terms of 
mechanical losses, electrical losses, control & operational 
losses.

RESULTS AND DISCUSSION

The graphs in Figure 8 illustrate the relationship between 
the weight of the flywheel and the speed of the FMG. The 
flywheel, three-phase induction motor, and synchronous 
generator operate at synchronous speed because they are 
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directly coupled without any pulleys or belts. The 
frequency converter controls the motor speed. From the 
graph, the time required to ramp up the motor speed 
depends on the flywheel’s weight. This time is proportional 

to the flywheel’s weight, meaning that increasing the 
weight will result in a longer time for the motor to reach 
the generator’s required or nominal speed.

FIGURE 8. Speed of the FMG related to flywheel weight in Star connection.

Figure 9(a) shows the speed of the motor in a star 
connection, which starts at 0 rpm and takes approximately 
18 seconds to reach the desired speed. After 18 seconds, 
the speed of the motor and generator stabilizes. The 
synchronous speed of the FMG in this test is 1600 rpm 
before the system cuts off at 25 seconds. The flywheel is 
set at a weight of 60 kg with a diameter of 60 cm. After 25 
seconds, the motor’s power supply is turned off. In this 
state, the generator continues running, supported by the 
flywheel. With a 60 cm diameter and a 60 kg flywheel with 
an inertia of 9 kgm², the generator takes approximately 115 

seconds to come to a complete stop. Increasing the 
flywheel’s weight extends the time required for the 
generator to stop. With a 60 cm diameter and an 80 kg 
flywheel with an inertia of 14 kgm², the motor stabilizes 
at 25 seconds, and the generator takes approximately 175 
seconds to stop after the power supply is cut off. Figure 
9(b) shows that the generator’s voltage, which starts at zero 
volts, increases in proportion to the motor speed. The 
steady-state voltage of the generator reaches 800 VAC, 
measured as the phase-to-phase voltage at the generator 
terminal.

FIGURE 9. Star connection (a) Speed of FMG; 
(b) Voltage of SG.
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Figure 10(a) shows that in the delta connection, the 
motor does not start at 0 rpm as it does in the star 
connection. This indicates that the delta connection 
provides a high starting torque. In the delta connection, the 
motor starts at 1400 rpm and takes only 5 seconds to reach 
the system’s desired speed. The synchronous speed of the 
FMG for the delta connection is also 1600 rpm, controlled 
by a PID controller linked to the frequency inverter. The 
flywheel is set at a weight of 60 kg with a diameter of 60 
cm. After 25 seconds, the motor’s power supply is cut off. 

In this OFF mode, the generator continues running with 
support from the flywheel. Like in the star connection, it 
takes 115 seconds to stop the generator. Therefore, the 
results show that the type of connection, whether star or 
delta, does not affect the flywheel’s inertia. Figure 10(b) 
shows that the generator’s voltage, which starts at zero 
volts, increases in proportion to the motor speed. The 
steady-state voltage of the generator reaches 800 VAC, 
measured as the phase-to-phase voltage at the generator 
terminal. 

FIGURE 10. Delta connection (a) speed of FMG; (b) Voltage of SG.  

The waveforms in Figures 11(a) and 11(b) show that 
the SG frequency graph pattern is affected by the type of 
motor connection. The frequency of the SG is approximately 
55 Hz. In the delta connection, as shown in Figure 11(a), 
the frequency is unstable, leading to fluctuations in voltage 

generation. However, the level of harmonic distortion or 
ripple is not significantly high. In contrast, the star 
connection in Figure 11(b) exhibits a smooth and stable 
frequency from startup to the cutoff period. 

FIGURE 11. Frequency SG (a) Delta connection; (b) Star connection.
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Figure 12 illustrates the relationship between torque, 
current, voltage, and speed in a three-phase induction motor 
rated at 0.5 kW for both star and delta connections. The 
power supply for this test is set to 230 VAC and 40 Hz 
using a frequency inverter. The maximum torque for the 

delta connection is 1.6 Nm, as shown in Figure 12(a), while 
the maximum torque for the star connection is only 0.3 
Nm, as shown in Figure 12(b). The maximum speed in the 
delta connection reaches 2400 rpm, whereas in the star 
connection, it is 2200 rpm.

FIGURE 12. Torque, Current, Voltage, Speed of TIM (a) Delta connection; (b) Star connection.

Figure 13 illustrates the mechanical power of the star, 
delta, double-star, and double-delta configurations. To start 
a high-weight flywheel, a double-delta configuration is 
required to drive the flywheel effectively. By using a dual-
motor setup with a 0.5 kW three-phase induction motor, 
the system can generate nearly 3 Nm of mechanical power. 

After the initial startup, the system can be switched to a 
double-star configuration, which provides a torque of 
approximately 0.5 Nm. The motor requires high torque 
only during the startup phase, whereas for continuous 
operation, the flywheel requires only a small amount of 
torque.   

FIGURE 13. Mechanical power in varies connection.
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Figure 14 illustrates the current waveform for both star 
and delta connections. In Figure 14(a), the star connection 
shows that the current starts at a high value and gradually 
decreases to a steady state after 5 seconds of operation. 
After this period, the current stabilizes at a very low level. 
In contrast, Figure 14(b) shows that in the delta 
connection, the current remains high throughout the 
operation but is not stable.

FIGURE 14. Rotor current and stator current (a) Delta 
connection; (b) Star connection. 

CONCLUSION

The effects of the star-delta configuration on the FESS 
were investigated. The double star-delta configuration in 
this system not only synchronizes the speed of the FMG 
but also reduces the system’s power consumption. 
Additionally, using a low-power double motor helps lower 
development and maintenance costs, whereas a high-power 
motor would be more expensive. Therefore, this 
investigation concludes that the double star-delta 
configuration, combined with PID speed control using 
frequency, effectively addresses the need for higher torque 
to drive the high-inertia flywheel while ensuring FMG 
speed synchronization. Furthermore, it achieves power 
consumption reduction with lower development and 
maintenance costs. However, the limitations of FESS are 
complex control coordination, mechanical stress and wear, 
high initial cost, thermal management challenges, 
switching transients and efficiency losses at low load. The 
study has also mentioned a few potential future works, 
such as advanced control algorithms, efficiency 
optimization, dynamic switching strategies, energy 
management integration, mechanical and thermal design 
improvements, grid interaction studies.
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