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Abstract: Energy can be stored in the form of chemical, 

thermal, electromagnetic and mechanical form. The 

applications of mechanical energy storage devices include 

compressed gas facilities, pumped hydroelectric storage and 

flywheels. A flywheel stores energy in the form of kinetic 

(rotational) energy. Whereas each energy storage system 

has its inherent advantages and disadvantages compared to 

the others, it is the overall system performance and 

simplicity of flywheels that make them especially attractive 

for a variety of applications. This thesis is based on Design 

simulation and analysis of dynamic UPS with diesel engine 

& flywheel. The UPS is composed of an AC/DC rectifier, a 

DC/AC inverter, a permanent magnet brushless DC motor, 

a motor converter and a flywheel energy storage unit. 

Firstly, main power circuit of the UPS and its flywheel 

energy storage unit are introduced. Then the control 

strategies of the flywheel charging, discharging and DC/AC 

converter are discussed in detail. In charging mode, the 

AC/DC rectifier and motor converter are used for brushless 

DC motor driver. In discharging mode, motor converter is 

for boosting the dc link voltage. In both modes, UPS can 

work in on-line or off-line mode. The flywheel energy 

storage unit, which takes place of the conventional 

chemical battery unit, has the advantages of free 

maintenance, long life and no pollution. Finally the 

experiment results testify the Dynamics UPS has better 

character and dynamical response. 

Keywords: Diesel rotary UPS, Flywheel energy storage, 

Kinetic Energy, rotary UPS. 

 

I. INTRODUCTION 

Efficient regenerative energy storage is one of the great 

technical challenges of our time. Energy can be stored in the 
form of chemical, thermal, electromagnetic and mechanical 

form. Applications of mechanical energy storage devices 

include compressed gas facilities, pumped hydroelectric 

storage and flywheels. A flywheel stores energy in the form 

of kinetic (rotational) energy. Whereas each energy storage 

system has its inherent advantages and disadvantages 

compared to the others, it is the overall system performance 

and simplicity of flywheels that make them especially 

attractive for a variety of applications. With the introduction 

of frictionless magnetic bearings, the efficiency of flywheels 

for energy storage could be increased to an economically 

useful level. The main drawback of active magnetic bearings 
is the elaborate control system which is required to keep 

them operational. Increasing the reliability and reducing the 

complexity and cost of the system are still points of major  

 

concern in the field. For applications which are exceptionally 

critical concerning friction, such as flywheel systems for 

regenerative energy storage, active control is unwanted, 

because it contributes to intrinsic bearing drag. The Flywheel 

also act as a buffer against power spikes and sags, since such 

short-term power event snot able to appreciably affect the 

rotational speed of the high-mass Flywheel, Flywheel-based 

UPS systems typically provide 10 to 20 seconds of 

protection before the Flywheel has slowed and power output 

stops. [3]. An important task for the Flywheel design is to 
determine power and energy storage requirements and the 

location of the storage device [13]. In this paper simulation 

investigation relating to static UPS and rotary UPS system is 

discussed with eddy current coupling and Flywheel model 

and the results have been reported. 

 

II. FLYWHEEL DYNAMIC UPS SYSTEM 

The consideration flywheel Dynamic UPS System is 

illustrated in fig. 3.23Schematically, it consists of: 

 An isolating choke (of high inductance value) 

between the supply side and the load side. 

 A synchronous machine connected on the load side 
of the above choke through a MV/LV   transformer, 

depending on the system, a small coupling 

inductance may also be connected in series on the 

feeder between the connections point of the 

synchronous machine and the load side. 

 A kinetic energy storage system, this may be a 

flywheel, or a special a synchronous machine with a 

very heavy rotor or whatever type of system able to 

store kinetic energy and to restitute whenever 

needed. 

 Finally a diesel engine that provides the required 
mechanical power in the case of long duration 

power cut or any detecting fault condition, power is 

provided to the load.  
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Fig. 1 Flywheel Dynamic UPS System 
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In fig. 1 normal operating condition, circuit breaker CB1 and 

CB2 are closed and CB3 is open. The power supply is 

provided by the HV network through the HV/LV substation 

and the isolating chock. In case of disturbance on the supply 
side (limited voltage dips or very short power cuts), the 

voltage and frequency on a HQ feeder are regulated by the 

dynamic flywheel UPS system. When severe voltage dips or 

power cut occur on the supply side, CV1 opens. The UPS 

system is disconnected from the main network and operates 

in islanded condition on its HQ feeder. For the first few 

second, the mechanical power is supplied to the UPS 

synchronous machine by the kinetic energy storage system. 

Depending upon the configuration chosen by the 

manufacturer, the diesel engine is then started and 

progressively pickup the load. A part of produced power is 

used to reconstitute the kinetic energy reserve. After the 
disturbance has disappeared, the UPS system synchronizes 

itself with the supply side and then reconnects to the main 

network (CB1 closes).  

 

III. MATHMATICAL MODULATION 

A. Flywheel Rotor Design 

Flywheel design is essential in establishing both the energy 

storage capacity and maximum power delivery of the 

flywheel system. There are four main topics of discussion in 

flywheel design; they are wheel shape, wheel material, 

magnetic bearing selection and active magnet bearing 
control. 

 

B. Wheel Shape 

The goal when designing the shape of a flywheel is to 

accomplish a uniformly distributed stress over the entire 

wheel, such that all parts of the wheel would be capable of 

the same max speed. This technique would allow the 

flywheel to store the most optimal amount of energy. Many 

have done their best to simulate flywheels to determine what 

the most optimal shape would be including G.R. Kress at the 

Swiss Federal Institute of Technology in Zurich, Switzerland. 
Kress implemented a two dimensional Finite Element 

Method (FEM). It was found that the circumferential stress 

increases with decreasing distance to the center of the wheel 

and that the shape of the wheel is dependent on the desired 

radius. It was confirmed by both methods used that the 

general shape of an optimally distributed stressed flywheel 

would radically look like Fig.4.1. The clear conclusion that 

was made from Kress’s observations was that “The specific 

energy storing capacity of the evenly stressed flywheel 

according to the closed-form solution of the simplified model 

equals the specific strength of the material being used.” 

 
C. Wheel Material 

Flywheel material is important in determining how much 

energy can be stored in the system. Since energy storage 

increases with the angular speed squared it is desirable to use 

a material that can spin at high speeds without coming apart 

.Another point to consider is that the lighter a flywheel is the 

more applications it can be applied in and for that reason 

flywheels have found their way into cars and even satellites. 

Fig. 2 Size of flywheel 

Carbon composites have the greatest specific energy storing 

capacity due to its high specific strength. In fact carbon fiber 

composites can rotate at tip speeds of 1000 m/s while metals 

are only capable of tip speeds of 200-300 m/s. Carbon fiber 

is clearly the new material of choice in the flywheel world 

and has allowed flywheel energy storage to become more 

energy dense by weighing less and taking up less space. 

 

IV. FES MODELING AND SIMULATION TOOL 

A. Overview of the FES Simulation Tool  
The simulation tool is developed in the 

MATLAB/SIMULINK® environment with a user friendly 

GUI. Several commercially available flywheels have been 

modeled as a part of the proposed FES simulation tool. Users 

have two choices for FES simulation, either to use 

commercial FES models in the developed flywheel library or 

to customize their own FES. Fig.4 illustrates the generic 

block diagram of the FES model developed in 

MATLAB/SIMULINK®. As shown, the FES model is 

composed of two subsystems, namely the flywheel 

subsystem and the generator/motor subsystem. Inputs to the 
FES simulation tool are: voltage and current measurements 

at the load bus which are the signal to control flywheel 

power output. For a customized flywheel model, additional 

flywheel characteristics are required as user-defined inputs, 

including flywheel maximum and minimum rotating speeds 

(rad/sec), power capacity (kW), energy capacity (kW*sec), 

efficiency, charging duration, discharge duration at 

maximum power (sec), and discharge duration at half of 

maximum power (sec). Outputs of this model are the 

flywheel power output (kW), energy output (kW-sec) and 

rotating speed (rad/sec). 

 
Fig.3. Generic block diagram of the proposed FES model in  

MATLAB/SIMULINK. 
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B. The Flywheel Subsystem  

The typical discharge time of a flywheel ranges from 10 to 30 

seconds [27]-[29]. Flywheel charging from the totally 

discharged point to the totally charged point needs 1 to 10 
minutes, depending on FES technologies and manufacturer 

designs [29]- [30]. The control of FES is based on the 

balance of power supply and demand. If the available power 

is more than the load, flywheel starts charging to absorb the 

excess power. During a utility disturbance or lack of power, 

the flywheel is discharged to handle critical loads. Then, after 

diesel generators start and the system voltage and frequency 

are stabilized (ramp-in time), flywheels are recharged from 

the diesel generators. Fig.4 depicts flywheel charging and 

discharging cycles. 

 
Fig. 4. Flywheel  control signal for charging and discharging 

modes. 

The flywheel subsystem consists of the discharge and charge 

sections. The exponential function shown in  is the basis for 

the calculating the charging and discharging power. Fig. 5 
and Fig. 6represent the implementation of power discharging 

and charging functions, respectively, in the 

MATLAB/SIMULINK® environment. The discharging 

section consists of the mathematical function in and a switch 

that is controlled by the external signal from the load bus. 

The discharging of FES is activated when the voltage and 

current measurements on the load bus indicate shortage of 

power. 

 
Fig. 5 Discharging section of the flywheel model. 

The charging power calculation is presented in Fig.6 this part 

of the model consists of the mathematical function and a 

switch that is controlled by the signal from the load bus. The 

charging of FES is activated when the voltage and current 
measurements on the load bus indicate excess power. 

 
Fig. 6. Charging section of the flywheel model. 

 

C. Motor Generator Subsystem  

Different types of electric machines can be used in an FES. 

The most common types are induction machines [31], and 

permanent magnet synchronous machines (PMSM) [32]. In 

this paper PMSM is used for the FES model. To model the 

motor-generator subsystem of the FES in 

MATLAB/SIMULINK®, the synchronous machine (SM) 

excitation system is performed by the standard excitation 

block provided in the MATLAB/SIMULINK® library. The 
model of diesel engine is presented in Fig. 7. 

 
Fig. 7. MATLAB/SIMULINK model of a synchronous 

motor/generator unit. 

 

D. FES Simulation Results and Model Validation  

To validate the proposed FES model, authors have developed 

four flywheel models of different sizes, following the 

specifications of four commercial flywheels available from 

different manufacturers: (i) a 120kW flywheel unit, (ii) a 

150kW flywheel unit, (iii) a 160kW flywheel unit, and (vi) a 

250kW flywheel unit. The model outputs are compared with 

the manufacturers’ data as presented in Fig. 6. The dashed 

lines are the manufacturers’ data, while the solid lines are the 
simulation results. Fig. 9 indicates that simulation results are 

consistent with the flywheel’s experimental data from the 

manufacturers. These four flywheel units are built-in into the 

flywheel library as mentioned earlier. Based on (11), 

flywheel discharging has two operation regions. In the first 

region, output power is constant. In the second region, output 

power has exponential decreasing trend.  
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Fig.8. Flywheel discharging characteristics for four different 

flywheel units. 

 

Each flywheel unit has a specific running time. If there is a 

need for a longer running time, more flywheel units can be 

paralleled. The tool developed and presented in this paper 
also helps the user to find a sufficient number of flywheels 

for a specific running time. The tool can demonstrate the 

output of multiple flywheel units connected in parallel. It 

calculates the running time for each case. Fig.9 illustrates 

how additional flywheels in parallel can meet the load for a 

longer time. In this case, to achieve 750 kW power for 20 

seconds, at least three 250 kW flywheels should be 

paralleled. Four 250 kW flywheels can serve the 750 kW 

load for 33.4 seconds. 

 
Fig 9. Different running times for different numbers of 250 

kW flywheel units connected in parallel. 

 

V. SIMULATION RESULTS 

Fig. 10 illustrates the simulation results, showing the 

operation of the flywheels and the diesel generator when a 

utility outage occurs at t=0 sec. The solid line is the total load 

of the system (kW) and the dashed line is the diesel generator 

power output (kW). At the time of the power outage (t=0), 

flywheels operate to provide ride-through capability for the 

critical loads (750kW). Since the outage is longer than 5 

seconds, the diesel generator starts (t=5 sec). After the diesel 
generator has synchronized with the system (t=17 sec), the 

rest of the data center loads are served, and the flywheel 

changes from its discharging mode to its charging mode. 

 
Fig. 10. Snapshot of  electrical  power (kW) at the load bus 

after the outage. 
At this time, the load served (the solid line) is the total data 

center load plus the flywheel charging. The generator output 

(dashed line) matches both the data center load and the 

flywheel charging load. Once the flywheel is fully charged (t 

> 190 sec – not shown), the diesel generator output will 

decrease to the total data center load level. 

 
Fig. 11. Flywheel speed during charging and discharging 

periods: D-Ch and Ch indicate flywheel discharging and 

charging periods, respectively. 

Fig. 11 shows the flywheel speed during its operation. 

During the first 5 seconds, the flywheels discharge to serve 

the critical loads and the flywheels’ speed decreases. The 

system waits for 5 seconds to confirm that it is the real power 

outage before starting the diesel generator. Once the 
generator starts at t=5 sec, it takes some time – as shown in 

the simulation results – before it can fully synchronize with 

the system and serve the loads at t=17 sec. After picking up 

the loads, the generator charges the flywheels until t=190 

sec. The flywheels charging time is in accordance with the 

charging range, 2-3 minutes, indicated by the flywheel 

manufacturer [36]. During the charge period, the flywheels 

speed increases, as indicated in Fig. 10. In addition to 

providing continuous power supply, flywheels also stabilize 

the frequency at the load bus. Fig. 11 presents frequency 

deviation at the load bus during the simulation. The solid line 

represents frequency response of the system with flywheels. 
The dashed line shows frequency response of the diesel 

generator after it starts at t=5 sec. Note that the frequency is 

stabilized at around t=16 sec before the diesel generator 

synchronizes with the system at t=17 sec.  
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Fig. 12. The frequency deviations after the power outage with 

flywheels (solid) and without flywheels (dashed). 

Fig. 12 indicates that flywheels can significantly decrease the 

system frequency deviation. During its startup (t=5-17 sec), 

the generator frequency goes down as low as 59.75 Hz. This 

results in the system frequency deviation of 0.25 Hz from the 
nominal frequency of 60Hz. With the flywheels, the 

maximum frequency deviation decreases to 0.06 Hz. This 

deviation meets the maximum allowable frequency deviation 

for sensitive loads of 0.12 Hz or 0.2% of the normal 

frequency [37]. 

 

VI. CONCLUSIONS 

This paper presented a tool for modeling and simulation of a 

flywheel energy storage (FES) system in a micro grid 

environment. The FES model was validated by comparing 

simulation results with manufacturer supplied data. To 

demonstrate the use of the developed FES model, a case 
study of a facility micro grid based on a data center 

application was presented. This study showed the operation 

of the FES coupled with a diesel generator to serve the data 

center’s critical loads during a utility outage. Results 

indicated that the FES, coupled with the generator, can 

deliver secure and resilient power to support critical loads 

during a utility outage. Since FES applications to provide 

power security and resiliency for a mission-critical facility 

are new on the horizon, there is a lack of experimental data 

for use in micro grid studies. The proposed software tool 

bridges this gap by enabling facility engineers and system 
designers to run several what-if analysis scenarios -- that is, 

to analyze the operation of a facility micro grid with the 

incorporation of a FES system coupled with traditional fuel-

based generators as a backup power source. 
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