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1. Introduction

A mechanical device used to reduce the speed fluc-
tuations and input/output energy variations of rotating ma-
chinery when sudden load variation is engaged is known as
a flywheel. It may also be used as an energy storage device.
The conventional flywheel is simple in working principle,
has high inertia, and is bulky. It does not support the engine
for easy start-up due to high torque requirements. However,
its applications may include an internal combustion engine,
industrial machinery like camshafts, alternating current gen-
erators etc. Besides energy storage applications, it may be
used in flywheel-based hybrid vehicles, uninterrupted
power supplies, cyclic alternative energy sources such as
wind turbines, wave energy, and space power systems [1].
Therefore, a flywheel capable of varying the inertia using
various techniques is highly desirable to reduce the start-up
torque of the machine [2]. The mathematical equation of the
conventional constant inertial-based flywheel is very sim-
ple, and its energy storage capability depends on the angular
speed and the moment of inertia of the flywheel. In a con-
ventional flywheel, the moment of inertia is fixed. Hence,
the energy storage capability is varied only with the varia-
tion of the angular speed of the flywheel. Besides, in a var-
iable inertia flywheel, the same objective can be satisfied
effectively by changing both moment of inertia as well as
the angular speed of the flywheel. Therefore, an additional
adjustable parameter i.e. moment of inertia of the flywheel,
makes it more flexible for variable loading systems. Also,
the variable inertia flywheel is smaller, lighter, and has bet-
ter control effects. It may eliminate the need for a continu-
ously variable transmission between the flywheel and the
load [3]. This is primarily used in spacecraft adaptive atti-
tude control and kinematic energy storage and is hardly used
to reduce the speed fluctuations of the rotating machinery
[4]. Recently, an overview of various designs of the variable
inertia flywheel was discussed by Kumar et al. [5]. Previ-
ously, multiple researchers proposed multiple ways to vary
the inertia of the flywheel, such as by adding fluid to the
flywheel [6-12], allowing the flywheel material to strain
[13], moving mechanical masses [14-18] etc. In [6], Van de
Ven introduces a concept of fluidic variable inertia flywheel
that allows the liquid to fill into it is moved freely between
a central port in the flywheel and the tank, which is at at-
mospheric pressure. Moreover, in [7-8], authors use a simi-
lar concept to control the inertia in wind turbines. However,
these flywheels have some drawbacks. It develops stress at
its wall due to the fluid pressure and the swirl of the fluid.
Limited literatures are available on the fluid-based variable

inertia flywheel concept. However, several patients are
awarded for the similar concepts [9-11]. Another concept
for variable inertia flywheel is based on an elastomer ring
which expanses in a non-linear way. The elastic and centrif-
ugal force together deliver remarkable energy extraction
(about 80%) at almost constant angular speed [12]. The lim-
itation of elastomeric materials along with the necessary
stress-strain properties, this model significantly restricts the
energy density of the flywheel. Furthermore, in the third
concept, to obtain variable moment inertia from the fly-
wheel, the mechanical mass elements are moved radially
outward direction due to the centrifugal force exerted on it.
These mass elements are then retracted using springs or
gravity. Previously, several researchers used the stated prin-
ciple to obtain variable inertia [13-17]. In [13], a two-termi-
nal mass concept, together with an electro-hydraulic ap-
proach, is used to obtain a variable equivalent mass. The
technology to obtain an equivalent inertial mass between
two terminals of the component is analyzed dynamically,
and further, a prototype is tested on a test bed. The applica-
tion of the two terminals mass concept is extended in the
vehicle suspension system to absorb the vibration [14]. The
adjustable moment of inertia is achieved from the embedded
flywheel by the movement of the sliders or masses toward
the radially outward direction. The dynamical performance
of the stated concept has been analyzed by simulation, and
validated experimentally. In addition, different vehicle sus-
pension parameters like road handling and safety, ride com-
fort, suspension deflection etc. are compared with the re-
sponses whenever a constant inertia-based flywheel is in-
corporated into the system. It has been observed that the sys-
tem with a two-terminal mass-based variable inertia fly-
wheel provides better results [14]. Yang et al. propose a
similar scheme where the detailed design of the two-termi-
nal mass device with variable inertia flywheel has been dis-
cussed [15]. In [16], Ning et al. proposed a rotary variable
admittance which is composed of two variable inertia fly-
wheel and MRF damper. It is incorporated into the seat sus-
pension to control the vibration of the automotive seating
system. In [17-18], the rotational inertial of the flywheel is
estimated in a diesel generator for pulse load conditions.
These studies concluded that the variable inertia flywheel
could stabilize the diesel generator speed. Zhang et al. pre-
sent another similar work in [19], where a novel design of
variable inertia flywheel is presented for application on die-
sel generators. The impact of sudden loading and unloading
on the stated engine is analyzed in the presence of the pro-
posed variable inertia flywheel. In [20], Mahato et al. stud-



ied variable inertia flywheels regarding the potential for en-
ergy saving in power hydraulic systems. It reduces the pas-
sive vibration in the power hydraulic system and decreases
the pressure surge. Therefore, authors have analyzed
whether variable inertia flywheels have any role in energy
saving or not. The simulation results confirm that the varia-
ble inertia flywheel does not take part in energy saving in
the system. Another work on a hydraulic motor drive with
variable inertia flywheel is presented by Kushwaha et al. in
[21]. In this study, authors analyzed the dynamic perfor-
mance of the hydraulic drive system in the presence of var-
iable inertia flywheel and fixed inertia flywheel separately.
Also, recently, the application of the variable inertia fly-
wheel has been extended to wave energy converters [22] and
flywheel-based energy storage systems [23]. In [22], the dy-
namics of variable inertia flywheel is established numeri-
cally and validated it’s adaptively by changing wave condi-
tions, whereas in [23], the fixed inertia flywheel is replaced
by a variable inertia flywheel to store the energy in a fixed
speed flywheel energy storage system. The literatures i.e.
[13-23] are based on a similar design of variable inertia fly-
wheel, which is mainly composed of several components
like four sliders, four compression springs, outer ring, inside
housing etc. The higher number of mechanical mass ele-
ments makes the system dynamics more complex.

To reduce the complexity of the dynamical system
modeling, a novel design of a variable inertia flywheel is
proposed. In the proposed design, the variable inertia fly-
wheel is composed of only two sliders, four springs, four
supporting rods, and a metal ring. A dynamic model of a
diesel engine with a variable inertia flywheel is developed
and simulated using the Bond graph technique. Bond graph
is a tool used to represent the physical dynamical system.
This is capable of converting the system into state-space
form and also interacting with the multi-energy domains
[24-25]. The diesel engine with VIr is simulated using
SYMBOLS SHAKTI software [26], analyzed the effect of
the key parameters on the system performance.

2. Proposed Model of the Diesel Engine with Variable
Inertia Flywheel (VIF)

The schematic diagram of the diesel engine with
the proposed VI is shown in Fig. 1. From Fig. 1, the VI is
installed on the shaft of the diesel engine. The VIg is an as-
sembly of the outer metal ring, four supporting rods, two
cover plates, two slider-supported rods, two sliders, a shaft
holding the inner metal ring, and four helical springs. The
rotating shaft of the diesel engine and the VI are fitted by a
key element. The hollow sliders are mounted on the slider-
supported rods and travel along the length of the supporting
rods, and each slider is connected with two compression
springs. The other end of the springs is connected with an
outer metal ring of the VIr (Fig. 1). Whenever the speed of
the rotating shaft is increased, the sliders of the VI travel
radially outward direction or vice versa due to the centrifu-
gal force against the friction force and the spring force, and
hence develop a variable inertia into the system. Also, the
speed of the sliders is controlled by two helical springs,
which are connected to it.

Generally, when a fixed inertia-based diesel engine
is operated under a fluctuating load, its speed is varied ac-
cording to the load, and a significant speed variation is ob-
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served in the engine shaft. When the fixed inertia of the die-
sel engine is modified to variable inertia, the shock due to
the sudden speed change of the diesel engine is adjusted in-
itially by varying inertia, and thereafter, the fuel supply to
the diesel engine is controlled using a governor. The study
incorporated a Vg into a diesel engine and operated under a
variable load. The fuel supply of the engine is controlled us-
ing the PID controller by operating the throttle valve of the
diesel engine.
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Fig. 1 Schematic diagram of a diesel engine with VI

2.1. Bond graph technique

The BG modelling technique has been briefly de-
scribed in this section to improve the readability of the work
to those who are less familiar with such technique. In the
BG, the components of the system are joined by lines known
as power bonds. It carries information of the effort and flow.
The power variables of different energy domains are given
in Table 1.

Table 1
Variables of power in different energy forms

Variables of power
Systems Effort Flow
Hydraulic Pressure Volume flow rate
Mechanical Force Velocity
Mechanical Torque Angular velocity
Electrical Voltage Current
Thermal Temperature Entropy change rate

The power bonds together with the lumped ele-
ments, represented by letter codes, evolve into BG model of
the system. In BG, the basic elements are C, I, R, SE, SF,
TF, GY and junction elements 0 and 1.

2.1.1. The compliant element (C)

It functions as an energy storage element of the
systems just like an electrical capacitor or a spring. The gen-
eral constitutive relation for a compliant element is ex-
pressed as:
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The term f(¢) represents the flow which gets related
to the effort e(t) through the compliant element.

2.1.2. The inertial element (1)

This element represents inertia effect and estab-
lishes a relation between applied effort e(¢) and flow f(t) as

()= Je()ds. @

2.1.3. The resistive element (R)

For this element, effort to flow and flow to effort
are directly related unlike inertial or compliance element (R)
which relates integration of effort or flow to flow and effort,
respectively.

e=gp(f), 3)

f=y(e), (4)
where ¢ and y are the functions of flow and effort respec-
tively.

2.1.4. The source of effort (SE) and source of flow (SF)

The SE element determines the effort variable in
its associated bond, however, unlike C, | and R elements,
the effort is not influenced by flow. The SF element deter-
mines the flow variable in its associated bond and its output
doesn’t get influenced by the effort.

2.1.5. The TF element (TF) and gyrator element (GY)

The TF element is a two-port element that means
two bonds are attached to it. It functions as a mechanical
lever or an electrical TF which conserves power, and scales
the effort to effort, and flow to flow according to its modu-
lus. A mechanical TF and its BG representation is shown in
Fig. 2. The term x = (b/a) denotes modulus of the TF. The
flow relation is fo= i f1 and effort relation is e1 = u e».

a

JA)

Fig. 2 TF element of BG

The only difference in the gyrator GY and TF is
that unlike TF, the gyrator relates effort to flow, and flow to
effort. The power remains conserved across both the ele-
ment. A gyrator and its BG representation is shown in
Fig. 3. The flow relation is e;=u f1 and effort relation is
e1=u fa.

Fig. 3 Gyrator element of BG

'--..’Z
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2.1.6. The junction elements 1 and O

There are two junction elements 1 and 0, which do
not represent physical elements. Net power across them re-
mains conserved. The 1 and 0 junctions are flow and effort
equalizing junction, respectively. Assuming power direc-
tion (the half arrow on the bond represents the assigned
power direction) toward junction as positive, the constitu-
tive law for power conservation, for each junction as shown
in Fig. 4 is.

ef +ef,+e,f,+e,f, =0. (5)

For 1 junction, where flow remains same at each of

its bond, the Eq. (5) becomes.
e +e,+e,+e,=0. (6)

Similarly, for 0 junction that equalizing the effort
and the Eq. (5) becomes

fi+f,+f,+f,=0.

()

el f, el f,
2y e, ey e
7 7 7 7
e f, e; j;

Fig. 4 Junction elements 1 and 0
2.2. Causality

In the BG, a bond exchanges both the information
of effort and flow between its two ends. At the one end, an
element provides either effort or flow information. The in-
formation of the other factor of the power is imparted from
the opposite end. Thus, on each bond, the direction of any
one factor of power has to be indicated. If one of them is
indicated, then the other flows in the opposite direction. For
this purpose, the convention is to put a stroke at the bond
end at which the flow information is provided. In Fig. 5, a,
junction 1 provides the information of flow and receives the
information of effort from the O junction. In Fig. 5, b, junc-
tion 1 receives the information of flow and provides the in-
formation of effort to the 0 junction.

11 1—==i0

b

Fig. 5 Information exchange in bonds: a — flow exchange,
b — effort exchange

a

2.3. Bond graph model of the proposed diesel engine with
variable inertia flywheel

The flywheel contains two sliders and four helical
springs to develop the variable inertia. The sliders move out-
ward or inward directions when the flywheel starts rotation
at increasing and decreasing speeds, respectively. The bond
graph model of the proposed VIe with a diesel engine is
shown in Fig. 6.



From the bond graph model of the diesel engine
with VIg (Fig. 6), a torque (Toe) that developed by the diesel
engine is used to operate the external load and is represented
by a source of element (Se). In 1, junction, the resistive el-

ement (Rz= Cg) represents the viscous friction resistance
between the rotating shaft and the VIg, whereas the inertial
element (l4) represents the accumulate moment of inertia of
the diesel engine and the fixed mass of VIg (Joe + Jia). The
angular speed of the diesel engine (ax) is detected by a
source of flow element (Df2) at the same junction. The in-
stantaneous position of a slider can be represented by the
polar coordinate system i.e., X = ricos@ and y = risiné, and
another slider is x = r,cos(180+8) and y = r»sin(180+8).
The transfer functions (TF) at 1, junction convert the angu-

lar speed into linear mechanical system. The preload of the
springs Fs1 and Fs, are represented by source of effort ele-

ments i.e., Sei7 and Sessat 1,, and 1,, junctions, respec-

tively. The linear displacements of both sliders are measured
at the same junctions by flow detectors i.e. Dfi3 and Dfss.
The resistive elements Ris and Rao represent the sliding fric-
tional resistance (Rstin) between sliders and the supporting
rod of the VIr. The padding resistance (Rpas) and padding
stiffness (Kpad) IS represented by resistive element R and ca-
pacitive element C, respectively. The mass of the slider (m;)
is represented by 12 and I27 elements. A variable load torque
(Thoad) is applied at 1, junction through O junction by a Seas

element.
The governing equations of the system that are ob-
tained from the bond graph model are as follows.

1
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Fig. 6 Bond graph model of the diesel engine with VIg
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Zk{ /(Ri2+r2)—\/{Riz+ (r,, +05l,) }}

xsina — Ry, f, —M.f, —m.o,’r, =0, (10)
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S

From Eq. (8), the angular speed of the flywheel is
estimated, and it is obtained from the junction 1,. It also

represents the dynamical characteristic equation of the die-
sel generator. As per [17-19], the diesel engine torque Tpe is
varied in a linear fashion and it depends on the fuel throttle
valve spindle position (xws) and rotational speed (ws). There-
fore, it can be written as Tpe = f (Xus, @r). The linear expres-
sion of the Tpe around the rated speed is given in [19], and
it is expressed as:

Toe =d —CAw —aAdx (12)
where d, ¢ and a are the engine torque coefficients;
Aw = (wref — w1) and AX = (Xo — Xws). The wrer and Xo are the
rated speed of the flywheel and rated displacement of the
fuel throttle valve spindle displacement, respectively.

The Eq. (9) and Eq. (10) are estimated from 1,, and

1,, junctions. These Egs. are used for obtaining the instan-

taneous position or the travel length of the sliders. The free-
body diagram of the slider of the flywheel is shown in Fig. 7.
In the diagram, the slider's outward travel movement is
shown. However, the friction force and the inertia force di-
rections may change during the inward travel of the slider.
In Eq. (9) and Eq. (10), the first term is the spring force (Fs),
the second term is the frictional force (Fs), the third term is
the inertia force (Fi), and the fourth term is the centrifugal
force (Fc) makes the equilibrium to the slider movement.
The Eq. (11) is utilized to obtain the displacement of the
throttle valve spindle (Xuws).

F,+F +F

Outward/inward
slider movement
due to increasing
engine speed

Fig. 7 Free body diagram of the slider
2.2. Inertia estimation of the VIg

To calculate the total moment of inertia of the fly-
wheel (Jvif), it is divided into two parts such as fixed parts
and variable parts. In the proposed flywheel, the inertia is
varied due to the movement of the sliders. The inertia of the
fixed part of the flywheel (Jiq) includes the sum of the indi-
vidual inertia of all the components like outer ring, main
rod, support rod, inner ring, cover and springs whereas the



variable inertia is produced due to the slider’s movement.
Therefore, the cumulative moment of inertia of the diesel
engine with variable inertia flywheel (J7) is expressed as:

Jr =Jpe +Juir (13)
Juir = Jpa + N, (14)
‘] fxd — ormg + 2‘] +4‘] + ‘]lnng 2‘] fc * (15)

From Eqgs. (13-15), the Joe is the inertia of the diesel engine;
Js and n are inertia of the slider and number of sliders in the
VIe. The Joring, Imr, Jsr, Jiring @nd Jsr are the inertia of the outer
ring, main rod, support rod, inner ring and face cover, re-
spectively. The Js is variable, and it depends on the slider
movement. So, it is expressed as:

m {
where ds, dsj and Is are the outer diameter, inner diameter
and length of the sliders, respectively. The inertia of the

outer ring Joring, Main rod Jmr, support rod Js and Jiring are
calculated from Egs. (17-20), respectively:

1

3
4

J (16)

=1 (dso2 +dsi2)+lsz}+m5r2

orlng = 0 5m ( oro + ROrl ) 1 (17)
2 I 2
Jor = lmmr Gne I : (18)
4 4 3
2 2
‘]sr :lmsr di—i_li ! (19)
4 4 3
‘]iring 0. 5m ( iro r|ri2) ’ (20)

where mor, Mmr, Msr and m, are the mass of the outer ring,
main rod, support rod and inner ring, respectively. The Roro
and Rori are the outer and inner radius of the outer ring, re-
spectively; dmr and I, are the diameter and the length of the
main rod, respectively; ds and ls are the diameter and the
length of the support rod, respectively; rip and ri;i are the
outer and inner radius of the inner ring, respectively.

2.3. Modeling of the PID controller to control the throttle
valve spindle position

When the load of the diesel engine is suddenly
changed, the speed of the flywheel is changed accordingly
until the fuel supply to the engine is not adjusted. The fuel
supply of the diesel engine is controlled by adjusting the dis-
placement of the throttle valve spindle, and the same is con-
trolled by a suitable controller i.e. PID controller [27]. The
PID control scheme of the diesel engine with VIg is shown
in Fig. 8.

3. Results and Discussion

The simulation parameters and its value are shown
in Table 2.

The torque development by the diesel engine is
varied according to the sudden change of the load and hence
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Fig. 8 Block diagram of the PID controller scheme to con-
trol the throttle valve spindle displacement

Table 2

Simulation parameters
Parameters Value | Units
Flywheel radius or outer radius of outer 0.2
ring (Roro) m
Inner radius of outer ring (Rori) 0.19 m
Thickness of the flywheel 0.1 m
Outer radius of the inner ring (riro) 0.02 m
Inner radius of inner ring, (riri) 0.015 m
Slider length (ls) 0.03 m
Outer diameter of the slider (dso) 0.09 m
Inner diameter of the slider (dsi) 0.03 m
Diameter of the main rod (dmr) 0.03 m
Length of the main rod (Inr) 0.165 m
Diameter of support rod (dsr) 0.005 m
Length of the support rod (lsr) 0.165 m
Stiffness of the spring (ks) 57996 N/m
Sliding friction resistance between slider Ns/m
and the supporting rod of the VIr (Rsfrtn) 323
Viscous damping resistance of the diesel Nms/rad
engine with VIr (Cr) 0.097
Inertia of the diesel engine (Jog) 71.8 kgm?
Coefficient of engine torque (d) 15.042
Coefficient of engine torgue (c) 2.095
Coefficient of engine torque (a) 1245
Rated speed of the flywheel (wrer) 150 rad/s
Rated displacement of the throttle valve m
(X0) 5x10-3
Load torque (Tioad) 280 Nm
Gain of speed actuator (k) 0.15
Delay time 2 ms
Throttle valve spindle’s Resistance (Rivs) 10.22 Ns/m
Stiffness of the throttle valve spindle (Ksws)| 344 N/m
Mass of the throttle valve spindle (mtws) 0.5 kg
Line resistance (Ra) 1 Ns/rad
Proportional gain 0.8
Integral gain 0.001
Derivative gain 0.2

the speed of the flywheel is varied. The stability of the fly-
wheel speed due to sudden load change is restored as
quickly as by adjusting the fuel supply to the diesel engine.
The fuel supply adjustment is performed by the PID control-
ler by controlling the displacement of the throttle valve spin-
dle. It compares the instantaneous speed of the flywheel
with the reference speed, and sends a signal to the actuator,
which takes the action to open or close the throttle valve. As
this study develops the variable inertia, so it reduces the
transition time period of the flywheel speed variations and
hence improves the fuel supply of the diesel engine. From
Fig. 9, a, itis representing the load torque change to the die-
sel engine. Initially, for first 3 s the engine is operated under
zero load. Subsequently, it is operated under 280 Nm for 3-
6's, 70 Nm for 6-9 s, 280 Nm for 9-12 s, 70 Nm for 12-15 s
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Fig. 9 Engine load and comparative results: a — load torque Tiead, b — comparison of wr between Vg based diesel engine and

Fle based diesel engine, ¢ — comparison of Tpe between VI based diesel engine and Flr based diesel engine,
d — slider’s displacement, e — spring force Fs, f — flywheel inertia variation Jyit

and again, zero load for 15-18 s. The diesel engine is oper-
ated on the stated load by incorporating a VI and a Flg, sep-
arately. The inertia of the Flr is considered to be the same as
the maximum inertia of the VIe. Comparative results are
presented in Fig. 9, b and Fig. 9, ¢, when VI and Flr are
incorporated in the diesel engine and Teaq is Varied. Fig. 9,
b shows the speed of the VI (wr), whereas Fig. 9, ¢ repre-
sents the Tpg, respectively. From Fig. 9, b, it is found that at
zero load condition (0-3 s), the ws of the VI - based diesel
engine is 144 rad/s, whereas for the Flr - based diesel en-
gine, the ws is 148 rad/s. For next subsequent time period (3-
18 s), when load is varied, it is observed that the speed var-
iation is reduced in VIg - based diesel engine. Therefore, the
incorporation of the VIr instead of the Flr in the diesel en-
gine, the speed variation is reduced. Similarly, from Fig. 9,
¢, the torque development Tpe from the diesel engine is
higher when the Vg is incorporated instead of the Flg during
no load condition, and at loading condition, the Tpe is
slightly higher. Therefore, the torque requirement to operate
the load is lower when Vg is incorporated instead of the Flg
into the diesel engine.

In VIe - based diesel engine, as the ws is changed
with the variation of Ticaq, the flywheel slider displacement
xs or the radius of rotation of the slider (r) is also varied
(Fig. 9, d). The x; is 0.17 m when flywheel rotates with high
speed (almost 144 rad/s) and xs is 0.04 m when flywheel ro-
tates with low speed (23 rad/s). Further, the xs value is
changed according to the variation of the ws. The proposed
design of the flywheel contains two sliders and these are
travelled in opposite directions to each other. Therefore, the
1% sliderdisplacement is shown in positive, whereas the 2™
slider is shown in negative with same value. In VI, the
slider is hold by two springs. The spring force in each spring
is plotted in Fig. 9, e. The spring force is varied from O -
4930 N.

The sudden change of the Tiead in the Vg - based
diesel engine may be realized in the form of the sudden
change of the flywheel speed. When Tieaq is increased or de-
creased, the wr is decreased or increased suddenly. The in-
ertia of the VIr helps to stabilize the ws before fuel supply
amount is not increased or decreased. The effect of load

torque change can be minimized by varying the inertia of
the flywheel and controlling the operation of the fuel throttle
valve spindle displacement. The proposed scheme of the Vg
is capable of varying the inertia, and it is estimated from
Eqg. (13), where it is depended on the inertia of the slider Js.
The Js depends on the radius of rotation of the slider or dis-
placement of the sliders. The inertia of the flywheel Jyis is
plotted in Fig. 9, f. The Ji is varied from 0.48 kgm? to
0.57 kgm?.

4. Parameter Influences on the Performance

The parameters which influence the system perfor-
mance are discussed in the section. In this regard, the pa-
rameters i.e. Cr, ks, and Rssn are identified and their influ-
ence are discussed.

4.1. Effect of the viscous friction resistance (Cg)

To analyze the influence of the Cp, its value has
been varied to 0.01 - 0.3 and system responses are plotted in
Fig. 10. From Fig. 10, a, it is found that with increasing the
Cr value the speed of the Vg is decreased whereas the diesel
engine torque Tpe is increased, and it is reported in Fig. 10,
b. Similarly, the slider displacement (xs) is decreased with
increase of the Cr (Fig. 10, c). The VI inertia generation
depends on the slider displacement. Therefore, the VI iner-
tia variation is also decreased with increase of the Cg
(Fig. 10, d). Note: only one slider displacement is shown
here. The second slider displacement is same, but direction
is opposite.

4.2. Effect of the spring stiffness of the VIg (ks)

To analyze the influence of the ks, its value has
been varied to 50000 — 62000 N/m and system responses are
plotted in Fig. 11. The ks is the internal parameter of the
spring of the VIg. Therefore, with the variation of the ks, the
ws and Tpe are not changed (Fig. 11, a and 11, b, respec-
tively). However, the xs and Jvirare varied with the change
of the ks of the spring. From Fig. 11, c and 11, d, it is found
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that with the increase of the ks value, the xs and Jyis of the Vg

both are decreased.
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4.3. Effect of the sliding friction resistance (Rsfrn)

The impact of the sliding friction (Rstrm) on the sys-
tem performance is shown in Fig. 12, a, and Fig. 12, b. It is
found that with the variation of the Rss, the slider displace-
ment and inertia variation the Vg are almost negligible. The
other responses i.e. wrand Tpe are also unalterable with var-
iation of Rin. Therefore, it is not require to be shown here.

4. Conclusions

The work proposes a new scheme based on the
spring-slider mass displacement to obtain variable inertia
that can effectively be utilized in diesel engines as a fly-
wheel to reduce the shock upon the change of sudden load.
The proposed VIg provides auto inertia adjustment capabil-
ity before controlling the fuel supply to the diesel engine,
and hence it reduces the speed fluctuation and vibration of
the system. Also, the proposed VIg can reduce the starting
torque of the diesel engine as its weight is lighter as com-
pared to the conventional fixed inertia-based flywheel. The
findings that are concluded from the study are as follows.
The conventional fixed inertia-based flywheel can
be replaced by a V.

The dynamic model of the diesel engine with VIr
is modelled using bond graph technique and simu-
lated in SYMBOL SHAKTI software.

The inertia of the proposed VI can be varied from
0.48 kg/m* to 0.58 kg/m* when the torque load is
varied from 0 — 250 Nm.

It is found that the viscous friction resistance (Cg)
and spring stiffness of the VI (ks) effect the system
performance significantly. However, another pa-
rameter i.e. sliding friction resistance (Rswrtn) does
not effect the system performance so far.

The performance of the proposed scheme of the
VIr can be experimentally validated in future work. Also,
the parameters of VI can be optimized and the control sta-
bility of the system can be verified.
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P. R. Mahto, A. C. Mahato

DYNAMIC MODELLING AND ANALYSIS OF A NEW
DESIGN VARIABLE INERTIA FLY-WHEEL FOR
DIESEL ENGINE USING BOND GRAPH TECHNIQUE

Summary

The work proposed a new methodology to obtain
variable inertia that reduces the speed fluctuations of the
diesel engine during sudden load variations in terms of a
variable inertia flywheel (VIg). In the proposed VI, the in-
ertia variation technique is based on the slider mass move-
ment supported by the springs. The sliders of the VI travel
outward or inward according to the speed increase or de-
crease of the diesel engine, and hence, it produces variable
inertia. It helps to reduce sudden speed fluctuations by ad-
justing the inertia before adjusting the fuel supply to the die-
sel engine. A dynamic model of the VI with a diesel engine
is developed using the bond graph technique and simulated
in SYMBOLS SHAKT]I software. Moreover, the simulation
responses of the VIg with a diesel engine are compared with
the same diesel engine when a fixed inertia flywheel (FIg) is
attached to it. The simulation results show that the inertia of
the flywheel can be varied from 0.48 kg/m* to 0.57 kg/m?,
and speed fluctuations of the diesel engine can be reduced
when a Vg is attached to it instead of a FIr. Moreover, it is
found that the viscous friction resistance (Cg) and spring
stiffness of the VIe (ks) effect the system performance sig-
nificantly and another parameter i.e. sliding friction re-
sistance (Rstrin) does not effect the system performance.

Keywords: variable inertia, diesel engine, dynamical sys-
tem modeling, PID controller, bond graph.
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