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Abstract: It is felt highly probable to eliminate flywheel from the design of any process machine in general and for process 

machines with a certain demand torque characteristics in particular. It is felt that by proper interfacing of power electronic 

devices this may be possible. Elimination of flywheel from process machines helps reducing torsional vibrations in the power 

transmission system of any process machine. This should reduce fatigue in the components of power transmission system 

thereby prolonging equipment functional failure. Down time will be much less and profit earnings through uninterrupted 

production would be high. This paper proposes a convenient power electronic circuitry with reasonable control approach for 

the flywheel replacement of an induction motor for which it is necessary to generate supply torque at motor shaft exactly equal 

to demand torque. To meet this requirement, demand torque characteristic is sampled at 25 msec. In proposed solution to this 

problem, the torque requirement at every sample is met by adjusting the firing angle of thyristors which in turn adjusts the 

supply voltage at motor terminals. Depending on supply frequency the sampling period for demand torque characteristic may 

be varied. The present paper has a focus of evolving the details of functional feasibility of this concept only.  
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1. Introduction 

Most part of electrical power system are influenced by 

substantial power fluctuations mostly arising out of 

fluctuations in load on industrial drives like rolling mill and 

planning machine etc. [4-6]. These drives during peak load 

period draw heavy current from supply which causes 

objectionable voltage sag in the system which may damage 

the connected equipments. To smooth out these fluctuations, 

process of load equalization is used in which energy is stored 

during interval of light load and released during interval of 

peak load [1, 7]. Commonly used technique for this is 

application of flywheel [8] in which abundance energy 

produced from the supply during light load period is used to 

accelerate the flywheel thereby storing energy in form of 

kinetic energy. During peak load period, flywheel decelerates 

and hence stored energy is used to supply part of the load 

thereby reducing burden on supply that minimizes the load 

fluctuations [9, 10]. This technique of mounting flywheel on 

motor shaft is obviously suitable only for non-reversible 

drives [12, 13]. Additionally, if the transient time of the drive 

is expanded, a flywheel can't be mounted on the motor shaft 

in factor speed and reversible drive [14, 15]. The advantages 

of flywheel energy storage system are more lifespan, almost 

negligible required upkeep, ecologically agreeable and less 

life cycle costs. [16, 17]. However disadvantages associated 

with FES are torsional oscillations, equipment failure, and 

financial losses. The equipment failure is due to fatigue of 

mechanical power transmission and the financial losses are 

due to the frequent downtime [18-19]. 

Figure 1 describes an arbitrary demand torque 

characteristic of any process machine. This can be estimated 

based on cycle time of operation, process resistance and 

inertia resistance. These can be detailed based on intended 
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operation and proposed details of partial mechanical design 

[1, 2, 6]. It is evident from Figure 1 that crank speed of input 

shaft of the process machine say it is 30rpm. Complete cycle 

of operation of the process unit should be 2 sec. getting 

completed in one rotation of the input link of the process 

machine and speed of the input crank must be 30 rpm.  

Figure.1 shows that demand torque varies with time but 

usually motor cannot generate similar. Supply torque 

characteristic. Hence the flywheel is required to make up for 

the difference of the torque in sections AB& CD of time axis. 

It is known that flywheel will decelerate during intervals 

AB&CD whereas it will gain speed during intervals OA, BC, 

DE sections of time axis. 

 

Figure 1. Arbitrary TorqueTimecharacteristic. 

2. Flywheel Energy Storage System 

Figure. 2 describes the schematics of an arbitrary process 

unit along with usual mechanical power transmission system 

for torque amplification and speed reduction .Pulley D2 is a 

flywheel cum power transmission pulley. The portion of the 

system between D2 and process unit is subjected to severe 

torsional vibrations and associated fatigue damage. 

 

Figure 2. Schematics of an Arbitrary Process Unit, Mechanical Power 

Transmission & Three phase Induction Motor. 

3. Proposed Solution 

With advent in power electronics and drives [3] it is felt 

that it will be possible to generate supply torque at motor 

shaft exactly same as to demand torque with only difference 

of instantaneous generated torque values would be 1/30 th of 

demand torque of process unit input shaft. The expected 

supply torque characteristics would be as shown in Figure 3. 

As supply frequency is 50 cycle per second, the time for 

one cycle of three phase supply is 20 ms. So if we divide 

2000ms in equal duration of 20ms, it will give hundred time 

intervals. For every such time interval, it is necessary to 

decide Ts-time curve. This for 2
nd

 section (from 20 m sec to 

40 m sec) is as shown in the Figure 3 by portion AB of 

supply toque characteristics. 

Corresponding to the portion AB, the voltage necessary to 

be imposed across stator of motor can be decided by the 

following procedure: Starting torque variation of an 

induction motor versus slip is as under 

2 2 22
1 1 1 2
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where 

V1 = Impressed voltage per phase 

R1 = Stator resistance per phase  

R2 = Rotor resistance per phase referred to the stator  

X1 = Stator reactance per phase 

X2 = Rotor reactance referred to the stator referred to the 

stator 

ωs = synchronous angular velocity. 

T= generated torque. 

S=Slip 

In the view of Figure 3, Tst which is equal to T in equation 

(I) canbe transformed as a function of time, thus variation of 

(V1)
2
 as a function of ωs , R2, X2 and time t can be obtained. 

This precipitates the desired variation of impressed voltage 

across the stator versus time. 

It is possible to arrange for supply voltage variation as 

would be obtained following the procedure given above for 

second section of time axis of Figure 3 by approximately 

adjusting firing angle of two IGBTS necessary in the circuit 

to be impressed between supply terminals and motor 

terminals as shown in Figure 4. A special firing circuit will 

have to be designed, for varying firing angle in every 20ms in 

a definite sequence. For maintaining the simplicity of 

schematics the firing circuitry for all three phases is not 

shown. 

 

Figure 3. Expected supply torque characteristics. 

4. Simulation 

Computer simulation will be evolved which will give 

necessary firing angles for the complete cycle of operation of 
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a process unit. PC based firing circuit for firing thyristors at 

required angle will generate required voltage waveform. This 

simulation is shown in the Figure.4 

5. Application to a Case Study 

The foregoing is the proposed logic for the procedure to be 

adopted for implementing this concept to a specific case. 

APPENDIX 1 [4, 5] details a specific case study in which 

this application is demonstrated.  

 

Figure 4. IGBT’S circuit for appropriate firing angle. 

6. Adjustment for Variation in Load 

A separate simulation should be generated for estimating 

Td – time curve for variation in the load. This simulation will 

– precede the one described above under the head simulation.  

7. Overall Interfacing Circuit Between 

Supply and Motor Terminals 

In View of the details elaborated in Appendix 1 of the case 

study, it is clear that the two IGBT’S in anti parallel preceded 

by a frequency converter is necessary only for the portions 

AB and CD of the demand torque characteristics whereas for 

portion BC normal supply voltage needs to be impressed 

across motor terminals. This change over of supply through 

IGBT’S and directs supply is conceptually possible by a 

circuit described in Figure 4 

8. Conclusion 

Present paper details the logic of developing the 

appropriate drive to eliminate flywheel including provision 

for variation in load. However, it may introduce new problem 

of torsional vibrations on account of effect, of non firing 

duration of IGBTS in every cycle. This is on account of 

considering only the first harmonic of the clipped voltage 

supply through IGBT’S. A comparative analysis will be 

obviously required to finally conclude the extent to which 

this concept of elimination of flywheel would be functionally 

and economically viable. This aspect is proposed as the 

further extension of the present development. The present 

paper has a focus of evolving the details of functional 

feasibility of this concept. 

Appendix 

A Specifications of selected Machine 

A process machine comprises of some linkage mechanism 

as basic mechanical hardware of a process unit.. It is well 

known that whenever process machine has a linkage as a 

main processor on account of non linear kinematics of the 

hardware, demand torque characteristics of the process 

machine is time variant. Figure 5 describe the demand torque 

characteristics of the assumed process machine. The demand 

torque characteristics shows that the average supply torque is 

23.8 N-M as generated by motor. The total cycle time of the 

process machine is 2000ms. Now let the assumed motor be 

three phase 440V induction motor with synchronous speed as 

1500 rpm. In view of foregoing discussion, the average 

angular velocity of the input crank of the process unit must 

be 30 rpm. This gives torque amplification from motor shaft 

to the process unit input shaft of the order of 1500/30= 

50rpm.Thus the supply torque at the process unit input shaft 

is 23.8 X 50 = 1190 N-M. Hence the hp demand of the 

process unit is hp= 2x3.14xNxT/4500 

=2x3.14x30x(23.8x50)/4500= 5 hp.  

B Determination of impressed voltage per phase 

As shown in Figure 5 complete duration of 2000 ms is 

divided in 80 time intervals each of 25 ms. Impressed voltage 

/ phase to produce supply torque equal to demand torque is 

estimated using the following equation and is tabulated in 

Table 1.  

2 2 22
1 1 1 2

2

( ) ( )
0.3

sS R
V R X X T

R S

ω= + + +      (2) 

where 

V1 = Impressed voltage per phase 

R1 = Stator resistance per phase  

R2 = Rotor resistance per phase referred to the stator  

X1=Stator reactance per phase 

X2=Rotor reactance referred to the stator referred to the 

stator 

ωs = synchronous angular velocity. 

T= generated torque. 

S=Slip 

Table 1 specifies final outcome of the calculations 

C Determination of Firing Angle 

For every time intervals of 25ms of the portion AB and CD 

of the Figure 1 firing angles for two IGBT’S in a anti parallel 

per phase is calculated as per the equation (3)given below [2] 

1
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π

= + − +       (3) 
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Where 

V1m= Voltage of referred torque value 

Vm= Impressed voltage 

α = Firing Angle 

The calculated firing angle values for every 25 ms time 

intervals of the portion AB and CD is as shown in Table 1  

D Design of firing circuit 

It is necessary to design appropriate firing circuit using 

aproper timer. The details of this firing circuit are not given 

in the paper. 

E Solution for portion BC 

For the portion BC of the demand torque characteristics 

the demand torque is more than the supply torque. The 

corresponding slip values for every 25 ms time intervals are 

calculated from the Figure 6 In this case supply voltage is 

assumed to be the normal phase voltage. 

Table 2 shows the slip values for all these 25 ms time 

intervals of the portion BC of the demand torque 

characteristics. From Table 2 it is obvious that the maximum 

slip is 9.1%. Usually this is a permissible coefficient of 

fluctuation of speed for some process machine[2]. 

 

Figure 5. Demand Torque Characteristic of a specified machine. 

 

Figure 6. Operating portion of Torque – Speed Characteristic. 

F Application to different processes 

The proposed concept can be extended to several 

processes. Two sample cases for application are as follows. 

Figure 7 describes a demand torque characteristic of a 

process machine in which mechanism performing main 

process is a four bar chain (crank rocker inversion). Process 

resistance is present during both the strokes of follower.  

According to the specifications of a motion program ofa 

follower one gets total demand torque variation over one 

cycle of rotation of crank shaft as shown in Figure 7. 

The crank shaft speed is assumed to be 300 rpm. Assuming 

mechanical & electrical efficiencies of the system to be equal 

to 85% each, total h.p. demand of the motor comes out to be 

4.42 h.p. which is nearly equal 5 h.p. 

The way the power electronic circuitry is designed for the 

demand torque characteristic shown in Figure 2, the same 

way it can be worked out for the demand torque 

characteristic shown in Figure 7. 

 

Figure 7. Demand Torque Characteristic of Crank Rocker Inversion. 

Figure 8 describes a demand torque characteristic of a 

process machine in which mechanism performing main 

process is a combination of a cam follower in series with a 

slider crank mechanism. Process resistance is present during 

both the strokes of follower.  

According to the specifications of part of the motion 

program of a follower, one gets total demand torque variation 

over one cycle of rotation of a camshaft as shown in Figure 

8. The camshaft speed is assumed to be 300 rpm. Assuming 

mechanical & electrical efficiencies of the system to be equal 

to 85% each, total h.p. demand of the process unit comes out 

to be 1.75 h.p.  

The way the power electronic circuitry is designed for the 

demand torque characteristic shown in Figure 2, the same 

way it can be worked out for the demand torque 

characteristic shown in Figure 8. 

 

Figure 8. Demand Torque Characteristic of a CAM follower Mechanism. 
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Table 1. Firing Angle required to generate given Average torque. 

Sr. No 
Average 

Torque(N-M) 

Impressed 

Voltage (V) 

Firing Angle 

(Degree) 

01 16 208.43 32.9 

02 15.5 205.15 35.4 

03 15 201.82 37.8 

04 14 194.97 42.8 

05 13.5 191.46 45.4 

06 13 187.88 47.9 

07 12.5 184.23 50.5 

08 12 180.51 53.2 

09 11.5 176.71 56 

10 11 172.82 58.8 

11 11 172.82 58.8 

12 12 180.513 53.2 

13 12.3 182.75 51.6 

14 12.5 184.23 50.5 

15 13 187.88 47.9 

16 13.5 191.46 45.4 

17 14 194.97 42.80 

18 15 201.82 37.8 

19 15.5 205.15 35.4 

20 16.5 211.67 30.6 

21 17.5 217.99 26.1 

22 18.0 221.08 23.8 

23 19.5 230.11 17.3 

24 21.0 238.79 11.0 

25 22.0 244.41 6.95 

26 23.5 252.61 1 

53 22.5 247.15 4.9 

54 21.0 238.79 11 

55 20.0 233.04 15.2 

56 18.0 221.08 23.8 

57 17.5 217.99 26.1 

58 17.0 214.85 28.45 

59 16.0 208.43 32.8 

60 16.5 211.67 30.6 

61 16.0 208.43 32.8 

62 15.0 201.82 37.8 

63 14.5 198.42 40.2 

64 14 194.97 42.8 

65 13.5 191.46 43.4 

66 13.5 191.46 45.4 

67 13.0 187.88 47.9 

68 13.0 187.88 47.9 

69 12.5 184.23 50.5 

70 12.5 184.23 50.5 

71 12.75 186.06 49 

72 12.75 186.06 49 

73 13.25 189.68 46.6 

74 13.5 191.46 45.4 

75 13.75 193.22 43.9 

76 14.25 196.71 41.5 

77 14.75 200.13 39 

78 15.25 203.49 36.7 

79 15.75 206.80 34.1 

80 16 208.43 32.8 

Table 2. Percentage slip at given Average torque. 
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