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Abstract. During last almost four decades, technology of Human Powered Flywheel Motor Energized process
machines is established fairly satisfactorily. The process units tried are mainly rural/village/ interior socioeconomic need based. While trying application of HPFM for any new application , present approach of intuition
based speculation and determining parameters of process unit by trial and error and associated fabrication has
proved to be time taking and costly. Hence a need is felt of establishing simpler and quick simulation of this
machine system. This is only possible by simulating a machine system by electromechanical analog circuits.
This is essentially achieved in this paper. In addition mathematical model of this elecrmechanical analog circuit
and its optimization is established.
Keywords: human powered flywheel motor, electronic/ electromechanical analog

1

Introduction

The first Human Powered Flywheel Motor (HPFM) energized process machine for manufacturing lime
fly-ash sand bricks with rectangular cross section was developed by Modak in the period of 1979 to 1982[18, 24] .
The schematic line sketch of this machine system is as shown in Fig. 1.

S = Seat,
P1, P2 = Pedals,
BSC = Big Chain Sprocket,
SCS = Small Chain Sprocket,
CH = Bicycle Chain Drive,
GI = Speed increasing gear pair,
FW = Flywheel,
TFC/SJC = Torsionally Flexible Clutch /
Spiral Jaw Clutch
P = Process Unit,
G = Torque Amplification Gear pair

Fig. 1:Figure(1.1):Schematic
Schematic Arrangement
of theofmachine
system
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the machine
system
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This machine system comprises of three subsystems namely 1) Energy Unit (HPFM),2) Appropriate
transmission
3) Process
unit.
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manufacturing of earthen bricks [24]. A young lad of the age group of 20 to 25 years, slim stature, middle
height (around 150 cm) spins this flywheel to the speed of 800 rpm in a minute’s time. This pedaling
amounts to storage of around 3000 kgfm of energy in 60 seconds or 1 minute’s time. Upon attaining this
speed the spiral jaw clutch is engaged, pedaling is stopped and the energy stored in the flywheel is
communicated to the process unit in order to execute the process. For the application of rectangular
sectioned brick manufacturing this energy utilization time is observed to be 5 to 10 seconds depending on
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This machine system comprises of three subsystems namely 1) Energy Unit (HPFM),2) Appropriate transmission and 3) Process unit. HPFM consists of a bicycle like system, a speed increasing gear pair and a flywheel.
The speed rise ratio of speed rising gear pair is in the range of 3.5:1 to 4.5:1. This essentially comprises of a pair
of spur gears. The flywheel size is 1 m rim diameter, 10 cm rim width, 2 cm rim thickness and made from mild
steel or low carbon steel. Transmission comprises of spiral jaw clutch and torque amplification gear pair with
torque amplification ratio 4:1. The process unit in the context of brick making comprises of screw conveyer,
compacting cone, a die and column collecting channel made from aluminum. This is similar to conventional
Augar type Motorized Clay Extruder for manufacturing of earthen bricks[1] . A young lad of the age group of 20
to 25 years, slim stature, middle height (around 150 cm) spins this flywheel to the speed of 800 rpm in a minutes
time. This pedaling amounts to storage of around 3000 kgfm of energy in 60 seconds or 1 minutes time. Upon
attaining this speed the spiral jaw clutch is engaged, pedaling is stopped and the energy stored in the flywheel is
communicated to the process unit in order to execute the process. For the application of rectangular sectioned
brick manufacturing this energy utilization time is observed to be 5 to 10 seconds depending on the geometry
of the cross section, the composition of raw material ingredients, soaking time.
The economic viability of this machine system for manufacturing of bricks specified is established. It can
be seen that the first machine developed by Modak[24] is an intuition based design because of the following
reasons: i) Obviously no design data was available for energy unit, ii) similarly no design data was available
for process unit. This is so because after clutch engagement the speed of the input shaft of the process unit
suddenly rises to maximum then it is subjected to decline. Thus the input shaft of the process unit is all the
while subjected to the transient state of motion. This is a highly transient state in the sense that at every time
instant during the process execution time the input shaft of the process unit is subjected to speed change. In
other words the energy unit and the process unit both operate all the while in a transient state. Hence obviously
the intermediate unit of clutch and torque amplification gear pair is also subjected all the while to the transient
state. Hence, the first HPFM energized process machine developed by Modak[18, 24] along with its transmission
and process unit is operating in a transient state. Hence, no past design data is available for such a machine
system. Hence, this machine system is developed based on intuition. Though it is designed and manufactured
based on intuition, it has established economic viability[18, 24] . Hence, it was necessary to scientifically develop
the energy unit and transmission in general for many applications including and other than brick making. Also
it was necessary to establish the functional feasibility and economic viability of adoption of this novel machine
system for many other applications. Falling in line with this other than brick making , this machine system is
adopted for i) keyed bricks making[2] , ii) wood turning[22] , iii) low head water lifting[23] , iv) clothes washing[21] ,
v) wood strips cutting[19] , vi) Algae formation machine[5] , vii)chaff cutting[26] , viii) food grains crushing[17] ,
ix) ground nut oil expelling[3, 4] ,x) mixing of fertilizer ingredients[16] .
This machine system has some significant operational characteristics as stated below: i) The process unit
input shaft all the while operates in a transient state. Therefore the processes which are not much affected
because of continuously changing speed of the input shaft can only be tried with this machine system. ii) The
manufacturing process is not continuous but intermittent. This is so because it is clear that during flywheel
energisation period the process unit is declutched and hence it is non operative. Hence the machine concept is
adaptable for the processes wherein service/ product quality doesnt get affected much due to these two features
namely i) transient state of motion of the input shaft of the process unit , ii) where the process and service can
be in action intermittently.
Though Modak and his associates have confirmed the functional feasibility and economic viability of so
many rural/village based applications enumerated above still there are very many applications which are worthy
of trying. Such as i) dry chilly crushing , ii) cleaning of turmeric, iii) Rice husking, iv) Concrete ingredient
mixing required on civil construction site, etc. While thinking of trying any new application the designer has
to think about: i) For a specific application he should charge the flywheel to which energy level, ii) Which
will be the appropriate clutch which will consume minimum energy for its operation , iii) What should be
the torque amplification gear ratio, iv) What should be the change in the design of the process unit which is
otherwise compatible for a motorized unit , v) What will be the energy losses in overcoming the friction at
various locations of the process unit. These locations are the torque amplification gear pair and bearings of
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the process unit. Alternatively vi) What should be the process unit design compatible to HPFM as an energy
source?
To arrive at a solution of this situation based on intuition, past experience with this system and past general
mechanical design experience for some applications, it becomes fairly improbable. There is a need of evolving
some physical hardware which will simulate to a great extent to a new application with minimum cost and
minimum fabrication time. The purpose of evolving such hardware is to experiment with it and establish the
extent to which this machine system can be adopted. Thus this is the justification for evolving such hardware. It
is felt that one possible such hardware could be simulating this machine system by electrical/electronic circuits.
Because it is well known that it is easier to make changes in any electrical/electronic circuit parameters with
great convenience with minimum time and many a times due to minimum expenditure. This is to simulate
energy losses by resistances and energy storage devices by capacitors.
In addition it is decided to formulate mathematical model for operation of the machine system. This
is essentially based on data available of the process units tried and additional data generated by speculation
of likely behavior of the system. This speculation based data is presented in Table 1. After establishing the
mathematical model the optimization of the model is also done.
1.1

Hpfm energized process machine

Modak and his associates[18, 24] have developed HPFM energized process machines for various applications which are rural based and necessary to improve the life of the people of the third world[2–14, 16, 17, 19–23, 26] .
The machine consists of three subsystems namely, 1) Energy source HPFM (Human Powered Flywheel Motor), 2) appropriate mechanical transmission and 3) Process unit. HPFM comprises of a flywheel F, speeded
up through speed amplification gears G’ and a mechanical hardware simulating conventional bicycle like system. Transmission comprises of spiral jaw clutch (SJC), torque amplification gear pair G and Process unit. The
schematic arrangement of the machine system in its plan view is as described in the Fig. 1
1.2

Machine parameters, operation & applications tried

A flywheel is arranged (1 m rim Φ, 10 cm rim width, & 2cm rim thickness) in which a man pumps the
energy at a rate convenient to him (human power approximately 0.13 hp continuous duty)[25] for about a minutes
time by operating a pedaling mechanism through a speed rise gear pair having speed ratio equal to 4.5:1. At the
end of a minutes duration, flywheel is accelerated to about 700-800 rpm speed thereby storing around 2800 to
3000 kg − f − m of energy. Then the pedaling is stopped, spiral jaw clutch is engaged and the kinetic energy
stored in the flywheel is communicated to a process unit through a pair of torque amplification gear [G = 4.1].
Process unit exhausts the energy stored in the flywheel during a very small time duration approximately 310 seconds i.e. Process hp around 12.0 to 4.0 hp depending on the resistance of the process unit. The concept is
tried for various applications such as water lifting[23] , wood turning[22] , wood strip cutting[19] , potters wheel[12] ,
brick making[4, 12, 18, 24] , algae formation[5] etc.
1.3

Operational characteristics

At the outset of peculiar operational characteristics i.e. intermittent feature of operation of this machine
system, apparently one may think that these operational features may bring limitation on energisation of many
process machines which manufacture products which are consumer goods and producer goods. In fact there are
many manufacturing processes which produce commodities needed by people of rural/interior areas for which
such a machine concept can certainly be applied. The most vulnerable situation is of regions of any country
where availability of electricity continuously is terribly doubtful. By and large such is the situation of many
countries of the third world.
Hence, such an intermittent feature of operation of this machine system certainly does not bring limitation
of its applicability that it warrants further development of this system in order to accommodate large number of
rural/ village based applications.
WJMS email for subscription: info@wjms.org.uk
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What follows is i) Electromechanical analog circuit, ii) Estimation of parametric variation of analog circuits, iii) Determination of responses of analog circuits, iv) Formulation of mathematical models of analog
circuits, and v) its characteristics.

2
2.1

Electromechanical analog circuit of hpfm energized process machine
Necessity of having electromechanical analog circuit

In this context, now if one wishes to try some other application, he needs some convenient hardware which
greatly simulates the complete present mechanical hardware so that he may calibrate a convenient hardware
with least expenses, quick time and simpler manufacturing facility so as to arrive at a decision that whether
it is worth trying building main mechanical hardware .Such a fairly simple hardware simulating mechanical
hardware could only be electrical cum electronic analog circuit. Therefore what follows are details of arriving at such electro-mechanical analog circuit and its other issues to confirm the decision whether some other
application be thought of to be energized by such a new machine system.
Adopting this approach takes lot of time, needs considerable expenditure mainly because of precision
needed in manufacturing of the hardware. Hence, a thought was given to whether it is possible to simulate all
these subsystems of mechanical hardware by electrical and/or some electronic circuits so as to visualize the
likely responses in a quickest possible time needing comparatively less expenditure to confirm the extent to
which a new application would be accepted. Hence, in what follows is the development of these analog circuits
as to visualize
for all the subsystems of this machine
system.the likely responses in a quickest possible time needing comparatively less expend
2.2

confirm the extent to which a new application would be accepted. Hence, in what follows
development of these analog circuits for all the subsystems of this machine system.

Electromehanical analog of the complete system

2.2.Electromehanical Analog Of The Complete System:

Fig. 2: Electromechanical Analog circuit of Mechanical Hardware
Figure (2.2):Electromechanical Analog circuit of Mechanical Hardware
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Table 1: Comparison of performance of analog circuits and prediction by MATLAB simultion
S.N.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

3

Parameter
I1
C1
R1
R2
I2
R3
I3
C3
R4
I4
C4
VC1
VC3
VC4

Prediction by circuit
0.08328 Amp
0.178 F
5.656 K Ω
2.077 m Ω
226.817 K Amp
433.064 Ω
1.1201 Amp
0.293 F
762.01
0.6138 Amp
0.4533 F
468.862V
330.992 V
124.621V

Prediction by MATLAB simulation
0.08823 Amp
0.1778 F
5.66 KΩ
2.1 mΩ
240.3 K Amp
434.6715 Ω
1.313 Amp
0.2166 F
763.3059Ω
0.6457 Amp
0.9940 F
469 V
385 V
84.2V

Estimation of parametric variation of analog circuit covering all possible applications

In Table 1, for the first four likely observations of the system, some parameters are evaluated based on
some assumed but realizable parameters and rest are predicted behavioral parameters.
The weight of the rim of the flywheel is assumed to be 50 kgfm. This is for a flywheel with rim diameter
100 cm , 10 cm rim width and 2 cm rim thickness. For these specifications ‘I’ will be 1.23 kgf − m − sec2 .
This flywheel would be accelerated to 800 rpm speed in one minute pedaling time. This gives EF to be equal to
  
2
EF = 12 .I. 2.π.800
= 4.47 × 103 kgf m
60
During this one minute time, the expected energy loss in mechanical hardware of the energy unit, i.e. in
chain drive , bearings of the axel, bearings of the countershaft and bearings of half of flywheel shaft, is assumed
to be 12% of EF i.e, EL1=12% . The duration of clutch engagement with a load side torque amplification ratio
2:1 and the process unit with highest power is assumed to be 22 sec. This is believed to be reasonable because
the rotor of the process unit will be accelerated to 400 rpm speed after clutch engagement which is going to
be the highest speed of the process unit, amongst all the assumed patterns of configuration of this machine
system. Hence, EL2 is assumed to be 12% of EF. This seems to be reasonable because the process unit has the
highest power; therefore its rotor size is going to be biggest. Accordingly, resisting torque is also going to be
the highest in comparison with other process units P 2, P 3, P 4. As the value of G = 2, the highest amount
of kinetic energy exchange would take place from energy unit to the process unit during the process of energy
exchange upon engagement of the clutch.
As the energy unit is charged to highest energy level, the process unit being fed with this energy is expected
to be with the highest energy input with obviously the biggest size and spun to the highest speed of 400 rpm.
Hence, the energy utilization time is assumed to be 22 sec. The energy loss in process unit over this time of
22 seconds also would be high. Accordingly, the frictional energy loss in entire mechanical hardware from
flywheel up to the end of the process unit rotor is assumed to be 18% of EF.
In view of foregoing and on the same lines the estimation towards EL1, EL2, EL4 & T is done for charging
the energy unit at various energy levels and in view of 16 combinations of torque amplification gear ratios and
Horse Power capacity of process units is arrived at based on the expected physics of energy losses in subsystems.
Accordingly, all values for expected observations of the system are estimated and tabulated in Table 1.

4

Determination of response of analog circuits for parametric variation

For the parametric variation defined in Table 1, the responses are estimated using MATLAB simulation.
R22
C22
The responses are defined in terms of symbols πd1, πd2, πd3, πd4. Here πd1 = R3.R4
, πd2 = C3.C4
, πd3 =
I3
V C12
I4 , πd4 = V C3.V C4 .
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The independent terms are πd1, πd2, πd3 and πd4. All the dependent terms πd1, πd2, πd3, πd4
are thought of getting precipitated through various combinations of πd1, πd2, πd3 and πd4. For example
(πd1, πd2, πd3, πd4) could be one combination whereas π1.π2.π3
or π1.π2
π4
π3.π4 could be yet another combination.
Like this for d1 there would be 9 graphs, for πd2 there would be another 9 graphs, for πd3 there would be yet
another 9 graphs and for πd4 also there would be 9 graphs.
If one looks at variation of πd1 with respect to various combinations of πd1, πd2, πd3 and πd4, for
some combination the variation would be very simple whereas for others it would be fairly complex. The
objective of getting these graphs is obviously to convert the graph into equation[1] . This equation would be
mathematical model of the d1 as a function of appropriate combination of πd1, πd2, πd3 and πd4.Accordingly,
it was necessary to choose one amongst these 9 graphs of πd1, πd2, πd3 and πd4, the criterion of choice
is whether the d1 is required to be maximum or minimum. Supposing it is required to give minimum, then
amongst these 9 graphs, it is required to choose the one which will show a variation of d1 in lowest possible
range. If a dependent term is required to be maximized then from amongst the corresponding graphs of that
dependent term the one which gives response of a dependent term in highest possible range is to be chosen.
In view of this stated logic, that one graph amongst set of 9 graphs of πd1, πd2, πd3 and πd4 are chosen for
formulation of model. These four graphs are presented in Table 2.

5

Formulation of approximate generalized mathematical models simulating analog circuits
covering several applications

As πd1 is required to be minimum, the chosen graph is as specified for item number I of Table 3. Even
in this graph, the actual low values of d1 are over some specific range of variation of group of πd1, πd2, πd3
and πd4. Accordingly, the range chosen for this combination of πd1, πd2, πd3 and πd4 is over 0.25 × 108 to
1.5 × 108 . It is only for this range that the model for πd1 is formulated. The model is formulated on the basis
of the concept of presenting a variation in terms of polynomial form based on number of peaks of variation
observed[15] .
Accordingly the models for πd1, πd2, πd3 and πd4 are formed and are detailed in Table 3.
Table 1 enlist all involved independent quantities / causes of action of this mechanical to electrical analog
circuit. Table 1 also includes all the effects of this circuit. The numerical information presented in this table is
the estimation of visualization of how this system would behave in the case of four process machines with different horse power capacities. Every process machine amongst these four is for different processing operations.
It could be low head water lifting, chaff cutting, ground nut oil expeller, brick making. In fact Modak and his
associates[2–14, 16–24, 26] have generated experimental data for these process machines individually. This information is mainly used for estimating numerical values as regards causes and effects of these complete analog
circuits. Modak and his associates[2–14, 16–24, 26] have however not given serious thought to the visualization of
energy losses in 1) HPFM, 2) Clutch and 3) Process Unit. This is in fact done here.
The complete listing of causes and effects is enumerated as below. This enumeration is only in terms of
symbols, accordingly causes are V 1, EF, W, N, EL1, EL2, EL3, EL4, G, T 1, T 2, T 3, T 4and the effects are
I1, I2, I3, I4, C1, C3, C4, R1, R2, R3, R4.
In fact as the numbers of effects are 11, one would arrive at 11 equations, one each for every effect in
terms of all causes. However, the authors feel that it would also be enough to group the causes and effects into
dimensional quantities so as to in first place reduce the quantum of algebraic equations and mainly to convert
the information of Table 1 (256 combinations) into the relations of causes and effects so as to use quantities
which are presented in Table 2.

6

Characteristics of models

7

Conclusion

Simulation of mechanics of Human Powered Flywheel Motor energised process machines is established
in terms of[18] electromechanical analog circuit and[24] mathematical model. This is based partially on already
WJMS email for contribution: submit@wjms.org.uk
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Table 2: Determination of dependent and independent
S.N.
1
2
3
4
5
6
7
8

Dimensionless
Group
Q
Q1
Q2
Q3
Q4
Qd1
Qd2
Qd3
d4

Type of Group
(Dependent/Independent)
Independent
Independent
Independent
Independent
Dependent
Dependent
Dependent
Dependent

Q

terms

Dimensional
Formula
(V 1/ρ.g.(F eaturesize)3 )
(EF ∗ EL1/EL2 ∗ EL4)
(T2/T3)
G
(R2)2 /(R3 ∗ R4)
(C2)2 /(C3 ∗ C4)
(I3/I4)
(V C1)2 /(V C3 ∗ V C4)

Table 3: Characteristics of models
Q

1
2
3

4
5

DEPENDENT
TERM
Expected value
Chosen combination
of
Q
independent
term
Optimum value obtained

Log-Log Graph
Q of
Dependent
terms
Models Obtained from
Log-Log Graph

Q

2

D1 = ((R2) /(R3.R4))

Q

D2 = ((C1)2 /(C3.C4))

Q

Q

Minimum
Q Q Q Q
( 1* 2* 3* 4)

Maximum
Q Q Q Q
(( 2* 3* 4)/ 1)

Maximum
Q Q Q Q
(( 2* 3* 4)/ 1)

D4
((V C1)2 /(V C3.V C4))
Maximum
Q Q Q Q
(( 2* 3* 4)/ 1)

0.25 × 108

0.98

47

24

YAB = 2.511 × 10−12 ×
X 1.732
YBC = 2.51 × 10−11 ×
X 0.176
YDE = 6.30 × 10−13 ×
X 1.732
YCD = 1.58 × 10−10 ×
X 1.191
YF G + 9.87 = 11.25 × (X −
8)

YAB = 0.703 × X 1.1106

YAB = 1.778 × 10−9 ×X
9.514

YAB = 19.054 × X 0.9325

YBC = 0.588 × X 2.246

YBC = 50.118 ×X 2.747

YBC = 19.054 × X 1.279

YCD = 0.9506 × X −0.1405

YCD = 1.778 × 10−9 ×X
9.514

YDE = 0.805 × X 0.537

YDE = 416.86 × X 2.355

YEF = 1.148 × X −0.4244

YEF = 3.01 × 10−3 ×
X 1.035
YF G = 1.584 × X 0.176
YGH + 0.29 = 130 × (X +
20.53)

YGH = 1.58 × 10−10
YHI + 9.85 = 25 × (X −
8.12)


YEF = −2.0951 × 109


+ 1.2586 × 109 .X


+ −2.6342 × 108 .X 2


+ 1.5601 × 107 .X 3


+ 1.743 × 106 .X 4


+ −1.9367 × 105 .X 5


+ −1.3698 × 104 .X 6


+ 2.4527 × 103 .X 7

D3 = (I3/I4)

=

YHI = 0.223 × X 0.674

+ (86.5459) .X 8

known behavioral data of various rural/village/interior based machines and also based on logic based speculative data of similar process units to be tried in future. Mathematical models of cause effect relationships of
mechanical hardware of past and future physical systems is also established. For one particular model the optimization is completed. The most optimum values for various
out toQ
be 0.25,
Q Qobjective
Q Qfunctions
Q come
Q Q
Q0.98,47
Q
and 24.
Q
Q This is corresponding
Q Q Q toQobjective functions ( 1* 2* 3* 4), (( 2* 3* 4)/ 1), (( 2* 3*
4)/ 1) and (( 2* 3* 4)/
1).




9
YEF = −2.0951 × 10 +
1.2586 × 109 .X + −2.6342
× 108 .X 2 + 1.5601 × 107 .X 3 +


1.743 × 106 .X 4 + −1.9367 × 105 .X 5 + −1.3698 × 104 .X 6 + 2.4527 × 103 .X 7 + (86.5459) .X 8
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