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Abstract
In this work a variable inertia flywheel and a soft switch are incorporated into an on/off valve-controlled power hydraulic 
system to analyze the influences of those in energy saving and vibration isolation of the system. Four different configura-
tions of hydrostatic transmission systems, i.e. Hydrostatic Transmission with Constant Inertia Flywheel (HSTCIF), Hydrostatic 
Transmission with Variable Inertia Flywheel (HSTVIF), Hydrostatic Transmission with Constant Inertia Flywheel and Soft 
Switch (HSTCIFSW) and Hydrostatic Transmission with Variable Inertia Flywheel and Soft Switch (HSTVIFSW) have been mod-
eled and simulated. The Lagrange’s approach is used to obtain the mathematical model of the variable inertia flywheel. 
The main objective of the study is to reduce the transient peak of the system response by using the variable inertia 
flywheel and the soft switch individually or collectively. It is observed that the incorporation of these two components 
together provides benefits from two different perspectives, i.e. energy savings and vibration reduction of the system.

Keywords  Variable inertia flywheel · Soft switch · Lagrange’s approach · Passive vibration isolation · Throttling energy 
loss

1  Introduction

Most hydraulic machines are subject to time-varying 
forces which produce time-dependent motions of the 
system. The acceleration/deceleration of mass causes iner-
tia force that works against the compliance of the body, 
leading to restoring forces. Thus, under the action of the 
external disturbances, the inertia and the restoring inter-
nal forces on the body cause unwanted vibration, which 
can be torsional, linear or bending vibration, depending 
upon the machine configuration. Vibration in any mechan-
ical system is a serious issue which may affect the machine 
lifespan, product quality, safety, etc. Besides, it may gener-
ate structural noise [1]. Therefore, reduction and control 
of vibration is an important task. The basic elements for 
any vibratory systems are spring, mass and damper. The 
effective design, optimization and precise fabrication of 

these three elements are important towards the design of 
an effective vibration isolation system [2, 3].

Two different methods can be used to control the vibra-
tion of the system, i.e. active and passive control [4, 5]. 
Active vibration control (AVC) system reacts dynamically 
to the incoming vibration that means it senses incoming 
vibrations and then reacts on it. AVC system contains one 
feedback circuit which consists of sensors, transducers 
(electromagnetic), controllers and actuators. An AVC sys-
tem where piezoelectric stack actuators are installed on 
a flexible horizontal rotor and a modal control strategy is 
applied is presented in [6]. Another AVC strategy has been 
introduced by in [7] where an active suspension system 
has been designed using a PID controller to enhance the 
ride comfort and road holding capability of the system. 
Currently, researchers have focused towards semi-active 
vibration control system by designing variable stiffness 
and damping of the system [8, 9]. AVC is suitable for 
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low-level vibration (low frequency) system. It is a complex 
system and costlier. On the other hand, Passive Vibration 
Control (PVC) system refers to shock relief without using 
any external power. Usually, passive isolation system con-
tains mass, spring, and damping elements. It is simple in 
design and effectively used in high frequency vibration 
isolation [10], but has limited bandwidth in which vibra-
tion isolation is achieved.

Previously, researchers had adopted multiple 
approaches for passive vibration control (PVC). For exam-
ple, Tuned Mass Damper (TMD) [11, 12], inerter [13, 14], 
spiral flywheel [15], screw-based two-terminal flywheel 
[16, 17], electro-hydraulic variable two-terminal mass 
device [18] etc. TMD is a dynamic vibration absorber which 
controls the natural frequency of the system to suppress 
the vibration of the system by incorporating an additional 
mass into the system. The additional mass increases the 
inertia of the flywheel and needs increased stiffness and 
damping in the system [11, 12]. Another PVC concept is 
inerter which is a two-terminal based device and is simi-
lar to an electrical capacitor. It is simple to realize and 
eliminates the need for additional mass [13, 14]. Similarly, 
a motion conversion system has been developed in [15] 
by considering a spiral flywheel in a vibratory system. In 
[16, 17], a two-terminal screw-based flywheel approach 
is developed where a relative linear motion between two 
terminals for a mass component is established to adopt 
the inverse translation of the screw, and the rotation of 
the flywheel and relative translation between two termi-
nals are controlled by a proportional valve such that the 
equivalent inertial mass of the device is adjustable. Addi-
tionally, an electro-hydraulic variable two-terminal mass 
device has been introduced in [18]. In that approach, the 
flywheel is mounted between two terminals of a hydraulic 
cylinder which is controlled by a hydraulic system. Most 
of the published vibration isolation concepts generate a 
constant equivalent mass, whereas a very few deal with 
variable equivalent mass. To increase the bandwidth or 
frequency range of vibration isolation, recently, some 
researchers have proposed the use of flywheel with vari-
able inertia [19, 20]. In [21], a promising design of the vari-
able inertia flywheel, which is composed by a circular plate 
design with four slots, four sliders, four springs and two 
circular covers, is introduced. The primary objective in [21] 
was to generate variable equivalent mass tuned to vari-
able input excitation, and thus, a two-terminal hydraulic 
system was considered therein for performance analysis 
and experimental validation.

Vibration reduces the useful mechanical energy of the 
system by dissipating it as heat or other forms of irrecov-
erable energy. Therefore, the energy efficiency of the sys-
tem reduces when there is severe vibration. In hydraulic 
control systems, it is observed that the vibration control 

system prevents the pressure surge under large transient 
events. Similar phenomenon can be seen when a soft 
switch [22–26] is used in an on/off valve control hydraulic 
system. Soft switch is a device used to provide a temporary 
flow path of the high pressure throttled fluid whenever 
the controlled valve is in transition mode. The soft switch 
reduces the pressure surge of the system and reduces the 
energy loss from the system. In the available literature, 
whether in addition to pressure surge reduction, the soft 
switch plays any role to reduce the vibration of the system 
has not been investigated. Likewise, whether in addition 
to vibration reduction, the variable inertia flywheel (VIF) 
plays any role in energy saving has not been investigated. 
Needless to mention, the combined effect of these devices 
is not assessed so far.

This article provides a comparative study between 
the constant inertia flywheel (CIF), the variable inertia 
flywheel and the soft switch to analyze the influence of 
both the devices in a switched mode power hydraulic 
system. Also, it quantifies the contribution of the variable 
inertia flywheel and the soft switch regarding passive 
vibration isolation and energy saving. This work accounts 
for the Coriolis forces on the slider of the variable inertia 
flywheel which has been ignored in the previous studies. 
Four different configurations of a switch mode hydraulic 
system i.e. Hydrostatic Transmission with Constant Iner-
tia Flywheel (HSTCIF), Hydrostatic Transmission with Vari-
able Inertia Flywheel (HSTVIF), Hydrostatic Transmission 
with Constant Inertia Flywheel and Soft Switch (HSTCIFSW) 
and Hydrostatic Transmission with both Variable Inertia 
Flywheel and Soft Switch (HSTVIFSW), have been analyzed 
through numerical simulations.

2 � Working principle

The circuit diagram of an on/off high-speed valve-con-
trolled power hydraulic system with the flywheel and 
soft switch considered for the present study is shown 
in Fig. 1. The hydraulic pump (item no. 2) is used as con-
stant flow (Qpump) supply equipment and it is driven by 
an electric motor (item no. 1). The pump flow passes 
through a 4/2 Directional Control Valve (DCV) (item no. 
3). The function of the DCV is to control the system flow 
through Pulse Width Modulated (PWM) input. The flow 
from the DCV drives the hydraulic gerotor motor (item 
no. 4). The flywheel (item no. 5) is coupled to the hydrau-
lic motor shaft. This flywheel is either of constant inertia 
flywheel (CIF) or of variable inertia flywheel (VIF). The 
VIF is composed of a circular plate which has four slots, 
four sliders and four compression springs. The detailed 
operation of the variable inertial flywheel is available in 
[20]. Besides, the soft switch (item no. 6) is a mechanical 



Vol.:(0123456789)

SN Applied Sciences (2019) 1:605 | https://doi.org/10.1007/s42452-019-0623-0	 Research Article

device used to temporarily store high pressure fluid 
throttled into it during valve transition [22–26] and it is 
connected between the hydraulic pump and the DCV. 
Two check valves (item no. 8) are connected to the soft 
switch to perform the desired unidirectional operation 
and also, for safety purpose. The basic operating princi-
ple of the soft switch is available in [22–26].

Initially, this study focuses on analysis of the influence 
of the VIF and the soft switch on a 4/2 DCV controlled 
hydraulic system during the transition of the valve with-
out any additional loading unit. Later on, the loading 
unit is introduced in the analysis. An enlarged view of 
the loading unit is shown in Fig. 1 and the results per-
taining to the effect on the system pressures (Pmi and 
Pmo) due variable loading conditions are discussed later 
in Sect. 5.1. In the loading unit, the shaft of the radial 
piston pump (item no. 9) is coupled with the same shaft 
of the flywheel and the hydro motor. Two relief valves 
(item no. 10) are used to produce the load variation in 
the circuit by varying its set pressure (Pset) [26, 27].

The sequences of the DCV ports (normal port and 
cross port) opening and closing (port opening areas) are 
shown in Fig. 2. During starting of the test, S1 solenoid 
(see Fig. 1) is energized and flow passes through the nor-
mal port. After a certain period of operation (11.5 s), S1 
solenoid is de-energized and S2 solenoid is energized, 
i.e. the normal port of the valve is closed and the crossed 
port is opened. In the next subsequence (20 s), S2 sole-
noid is de-energized and S1 is energized. This process 
continues in a loop.

3 � Modelling of the hydraulic system

The assumptions, which are considered in the model 
development and simulation, are given below:

1.	 The working fluid inertia is negligible.
2.	 Valve dynamics is not considered, valves are fast act-

ing.
3.	 Fluid properties are unaltered with the variation of 

temperature, if any.
4.	 Internal dynamics of the hydraulic pump are not 

addressed and it is used as constant flow supply equip-
ment.

In this section, the performances of the two systems, 
i.e. HSTCIF and HSTVIF, are compared, while the soft switch 
and the loading circuit are not considered. Thereafter, 
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the soft switch has been incorporated and the flywheel 
inertia is changed from its fixed structure to a nonlinear 
variable structure in two configurations, i.e. HSTCIFSW and 
HSTVIFSW. Among the four different stated configurations, 
HSTCIF is the base model, which corresponds to the raw 
system without any additional features (VIF and soft 
switch). Its modeling is discussed in the next subsection.

3.1 � Modeling of hydrostatic transmission 
with constant inertia flywheel (HSTCIF)

The hydraulic pump is a fixed displacement pump and it 
always maintains a constant flow supply (Qpump) . The pres-
sure developed at the pump plenum (Ps) is obtained from 
the definition of the bulk modulus of the working fluid and 
it is written as

where Vsw is the switched fluid volume including the line 
volume; Ass = �d2

ss
∕4 , yss and vss = ẏss are the effective sur-

face area of the piston, travel distance of the piston and 
its instantaneous velocity in the soft switch, respectively, 
dss is the diameter of soft switch piston, Qnport and Qcport 
are the volume flow rate into the plenum through normal 
and cross ports, respectively, and Bef  is the effective bulk 
modulus of the working fluid. Bef  is given as a function of 
the system pressure [28], i.e.

where the bulk modulus of air-free flowing fluid is denoted 
by B, P0 is the atmospheric pressure, � = 1.4 and X = 0.02 
are the adiabatic constant and volume fraction of air 
entrained in the fluid, respectively. The soft switch terms 
( Ass , yss and vss ) are eliminated from Eq. (1) whenever soft 
switch is absent from the circuit.

The flow through the 4/2 switched solenoid DCV, i.e. Qnport 
through the normal port and Qcport through the cross port, 
are non-linear. At any time, one port is open and the other 
is closed. These flows are given as

(1)Ṗs =
Bef (Ps)

Vsw + Assyss

(
Qpump − Qnport − Qcport − Assvss

)
,

(2)Bef (P) = B
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(3)

Qnport = CdAnport(t)

√
2
(
Ps − Pmi

)
�

Qcport = CdAcport(t)

√
2
(
Ps − Pmo

)
�

,

where Cd is the co-efficient of discharge, Anport(t) and 
Acport(t) are the time-varying port opening areas of the 
DCV as shown in Fig. 2, ρ = 870 kg m−3 is the mass density 
of the hydraulic fluid, and Pmi and Pmo are the pressures in 
hydro-motor plenums as shown in Fig. 1.

The pressure at the hydro-motor plenums are com-
puted from the first order coupled differential equations

where Vmi = Vmo = Vm represents the fixed line volume in 
pump plenum by including the average effective volume 
of gerotor lobes,Dm and �f  are the volume displacement 
rate of the hydro-motor and rotational speed of the fly-
wheel, respectively, Ril is the internal leakage resistance 
at hydro-motor plenum, Rleak is the external leakage 
resistance, Qnportr and Qcportr are the return flows through 
the DCV from hydro-motor to the tank in normal and 
cross port configurations, respectively, and Qschv is the 
flow through the safety check valve of the soft switch as 
described later in Sect. 3.3. The return flows through the 
DCV from hydro-motor to the tank are given as

where Cdr = Cd is the discharge co-efficient, Pt is the tank 
pressure which is equal to the atmospheric pressure ( P0 ), 
and Anport(t) and Acport(t) are the time-varying port open-
ing areas of the DCV as shown in Fig. 2.

The speed of the flywheel (�f ) is obtained by integrat-
ing the inertia torque load equation of the flywheel, i.e.

where cline , c� and Jf  are the line resistance of the circuit, 
the viscous frictional coefficient of the flywheel, and the 
moment of inertia of the flywheel, respectively, Plup and Pldn 
are the pressures in the loading system (see Fig. 1), and Dp 
is load pump’s volume displacement rate. Equation (6) will 
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be revised for variable inertia flywheel. When load pump 
is disconnected, Dp = 0 is used.

3.2 � Modeling of variable inertia flywheel

In variable inertia flywheel, the inertia of the flywheel var-
ies due to the movement of the slider through the slot. The 
schematic diagram of the variable inertial flywheel is shown 
in Fig. 3. The springs are initially at their free-length in the 
extended position touching the hub when the flywheel 
speed is zero. The effect of gravity is neglected here. The 
springs cannot extend further, but can only come under 
compression.

The moment of inertia of the slider abouts its own mass 
center and that of the fixed structural part about the shaft 
center, respectively, are expressed as

where ms , ds , ls and Ns = 4 are the slider mass, slider 
diameter, slider length and number of slots, respectively, 
Jscd =

1

2
mscd

(
r2
i
+ r2

o

)
 is the polar moment of inertia of a 

solid flywheel of uniform thickness, mscd is its mass, Jshaft is 
the polar moment of inertia of the shaft, and ri and ro are 
the inner and outer radius of the circular disk, respectively, 
and the lost inertia of the removed material from each rec-
tangular slot

where mslot and lslot are the mass of the removed material 
from each slot of the circular disk and the length of the 
slot, respectively.

The slider moves along the slot while it rotates along with 
the flywheel. The equation of the motion of the slider can be 
obtained using Lagrange’s approach [29–32]. The Lagran-
gian is expressed as

(7)Js =
1

4
ms

(
d2
s

4
+

l2
s

3

)
,

(8)Jf = Jshaft + Jscd − NsJslot ,

(9)Jslot = mslot

{
1

12

(
d2
s
+ l2

slot

)
+
(
ro − 0.5lslot

)2}
,

where T and U are the kinetic and potential energy of the 
variable inertial flywheel, respectively. The kinetic energy 
can be formulated from radial and tangential velocity 
components of the ith slider, l̇i and li 𝜃̇ , respectively, as

where l̇i and 𝜃̇ = 𝜔f  are the instantaneous linear velocity of 
the ith (i = 1.0.4) slider and angular velocity of the flywheel, 
respectively, and Jf  is the polar moment of inertia of the 
flywheel given in Eq. (8).

The potential energy U of the slider, neglecting the 
gravity, and the Rayleigh dissipation function D for resis-
tive losses are introduced as

where kfs is the spring stiffness of the variable inertia fly-
wheel, lmin denotes the free length of the spring, c� is the 
combined viscous damping co-efficient for loss at the 
bearings and viscous drag on the flywheel, cline is the coef-
ficent of line resistance of the circuit and cl is the viscous 
damping between the slider and the slot. The radial and 
tangential components of acceleration of the ith slider are 
ar = l̈i − li 𝜃̇

2 and a𝜃 = 2l̇i 𝜃̇ + li 𝜃̈ , respectively. The normal 
reaction on the slot from the slider is msa� and this reac-
tion gives a part of the load torque.

The Lagrange’s equations of motion in generalized 
coordinates are given as [29–32]

where Tm = Dm

(
Pmi − Pmo

)
 is the torque produced by 

the hydro-motor, Tl = Dp

(
Plup − Pldn

)
 is load from load-

ing system, Plup and Pldn are the pressures in the load-
ing system (see Fig.  1), Dp is load pump’s volume dis-
placement rate, and Fci is the constraint force on ith 
slider,. The constraint force results from exceeding the 
limits of piston travel, i.e. when l > lmax or l < lmin . 
It may be written explicitly by using Lagrange mul-
tipliers. However, here it is implemented implicitly 
by assuming contact of piston with hard stops. Thus, 
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Fig. 3   Schematic representation of variable inertia flywheel
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kst and cst are the high stiffness and damping, respectively, 
at the metal to metal contact.

For the considered system, the simplified forms of 
Eqs. (13) and (14) are expressed as

Note that for the VIF, Eq. (16) replaces Eq. (6), which was 
written for constant inertia flywheel. Equations (6) and (16) 
are equivalent when ms = 0.

3.3 � Modeling of soft switch

The soft switch absorbs any unbalanced thrust force on 
its piston during the transition of the 4/2 direction control 
valve from normal to cross port and vice versa (refer Fig. 1). 
Effectively, the soft switch acts as a second-order low-pass 
filter which can be tuned to adjust the time constant and 
the overshoot. A schematic diagram of the soft switch is 
shown in Fig. 4. During the valve transition, the high-pres-
sure throttle fluid pushes the piston towards the tail end 
of the soft switch. After enough piston travel, the piston 
annulus and the internal port of the soft switch coincide 
and the fluid is passed through the internal port to the 
tank. The spring force tries to push the piston back to its 
position. Simultaneously, the flow is passed through the 
check valve from the tank to the tail end of the soft switch 
to avoid the cavitations and the piston returns to its ini-
tial position. Another check valve at safety line is used for 
safety purpose, especially to prevent piston seizure.

(15)

msl̈i −msli 𝜃̇
2 + kfs

(
l − lmin

)
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)
= 0, i = 1… 4;

(16)
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i
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4∑
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li l̇i 𝜃̇ + c𝜃𝜃̇

+ cline𝜃̇ = Dm

(
Pmi − Pmo

)
.

The equations of motions of the soft switch piston is 
expressed as

where mss and yss are the mass and displacement of the 
piston, respectively, vss = ẏss is the corresponding veloc-
ity, Ps , Pst and Ass = �d2

ss
∕4 are the plenum pressure, soft 

switch back chamber pressure and the effective surface 
area of the piston, respectively, Fplsp , ksp , �0 , dss , lss and �ss 
are preload force in the spring, spring stiffness, oil viscos-
ity, diameter of the soft switch piston, length of the piston 
and diametrical clearance of the piston, respectively.

The pressure at the tail end (back chamber) of the soft 
switch is expressed as

where Vssc and yssmax are the clearance volume at the tail 
end of soft switch and maximum possible travel distance 
of the soft switch, respectively, and Qtchv , Qschv and Qssprt 
are the flow through two check valves connecting to tank 
and pump plenum, and the flow through the internal port 
respectively. These flows are given as

In Eqs. (19–21), Cdchv and Achv are the co-efficient of 
discharge and orifice area of the check valve, respec-
tively, Pcrck is the cracking pressure of the check valve, 
Cdpt and Apt are the co-efficient of discharge and the area 
of the internal port of the soft switch, respectively, and 
sign(.) is the signum function. The cracking pressure Pcrck 
is the minimum differential upstream pressure between 
inlet and outlet ports of the check valve. When the sys-
tem pressure is higher than the cracking pressure, the 
check valve starts to operate and allows flow through it.

The internal port area of the soft switch is conditioned as

(17)
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√√√√2
|||
(
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�
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Fig. 4   Schematic diagram of the soft switch
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where lpt is the axial length of the internal port and ycrck is 
the crack length of the piston travel.

3.4 � Modeling of the loading system

For initial numerical study, the loading system will be 
neglected from the model by considering Dp = 0 . How-
ever, it would be included later to study the effect of 
variable load. The plenum pressures in the loading 
pump are determined from

where Plup and Pldn are the pressures in the loading system 
(see Fig. 1), Vlup = Vldn = Vl is the load pump’s equivalent 
plenum volume, Dp is load pump’s volume displacement 
rate, Ril and Rleak are the internal and external leakage 
resistances as defined for the motor, Quchv and Qdchv are 
flows through the check valves in the suction lines from 
the tank, and the Qurlv and Qdrlv are flows through the load 
or relief valves. These flows (Quchv ,Qdchv ,Qurlv and Qdrlv) are 
given as

(22)
Apt =

⎧
⎪⎨⎪⎩

0 if yss < ycrck ,

𝜋 dss
�
yss − ycrck

�
if ycrck ≤ yss < ycrck + lpt ,

𝜋 dss lpt if yss ≥ ycrck + lpt ,

(23)

Ṗlup =
Bef

(
Plup

)
Vlup(

Dp𝜔f − Plup
/
Rleak−

(
Plup − Pldn

)/
Ril + Quchv − Qurlv

)
,

Ṗldn =
Bef

(
Plup

)
Vldn(

−Dp𝜔f − Pldn∕Rleak+
(
Plup − Pldn

)/
Ril + Qdchv − Qdrlv

)
,

(24)Qdchv =

⎧⎪⎨⎪⎩

0 if Pt − Pldn < 0,

CddchvAdchv

�
2(Pt−Pldn)

𝜌
if Pt − Pldn ≥ 0;

(25)
Quchv =

⎧⎪⎨⎪⎩

0 if Pt − Plup < 0,

CudchvAuchv

�
2(Pt−Plup)

𝜌
if Pt − Plup ≥ 0;

(26)
Qurlv =

⎧⎪⎨⎪⎩

0 if Plup − Pt < Pset ,

CdurlvAurlv

�
2(Plup−Pt−Pset)

𝜌
if sPlup − Pt ≥ Pset ;

(27)
Qdrlv =

⎧⎪⎨⎪⎩

0 if Pldn − Pt < Pset ,

CddrlvAdrlv

�
2(Pldn−Pt−Pset)

𝜌
if Pldn − Pt ≥ Pset ;

where Cddchv = Cduchv = Cdchv are discharge coefficients 
of check valves, Adchv = Auchv = Achv are the port areas 
of open check valves, Cddrlv = Cdurlv = Cdrlv are discharge 
coefficients of relief valves, Adrlv = Aurlv = Arlv are the port 
areas of open relief valves, and Pset is the set pressure of 
the pressure relief valve.

4 � Results and discussion

The parameters used for model simulation are given in 
Table 1. The parameters related to the hydraulic system 
and soft switch correspond to the experimentally vali-
dated data given in [26]. The performance of the vari-
able inertia flywheel has been validated experimentally 
in [21] and the parameters used therein are considered 
in the present study. All the four different models (HSTCIF, 
HSTVIF, HSTCIFSW and HSTVIFSW) are simulated and responses 
of pressures and hydro-motor speeds are compared. Ini-
tial simulations are done without loading system which is 
later introduced in Sect. 5.1. Note that HSTCIF is the base 
model in which constant inertia flywheel is used; there is 
no inertia variation or soft switch.

When the pump flow is passed through the normal 
port of the 4/2 DCV, the upstream side pressure is about 
3.01 MPa, downstream side pressure is about 0.11 MPa 
and flywheel rotates with 191.5  rad s−1 speed. After a 
certain period of the operation (after 11.5 s), the valve 
position is changed to cross-port position and the pres-
sure line is changed accordingly, i.e. the upstream pres-
sure is changed to downstream pressure and vice versa 
(refer Figs. 5, 6, 7). Also, the flywheel starts to rotate in the 
reverse direction with the same speed. Again, after 20 s the 
valve position is reversed to its normal port position and 
all the states return to their previous condition. The sud-
den speed reversal sets up pressure transients or shocks 
and thus, the primary objective of this research is to study 
how the added devices (soft switch and/or VIF) absorb 
those shocks and reduce the energy loss by limiting the 
vibrations.

It is observed that the steady state responses of all the 
four systems are identical. The only variation is observed 
during the transient periods. The pressure surge among all 
the responses is highest for HSTCIF system and lowest for 
HSTVIFSW system. The fluctuations are least when both the 
soft switch and variable inertia flywheel are used together.

The upstream and downstream side pressures ( Pmi 
and Pmo ) of different configurations are shown in Figs. 5 
and 6, respectively. The maximum value of the pres-
sure surge is about 6.97 MPa in HSTCIF system and its 
numerical value has been decreased to 6.69  MPa in 
HSTCIFSW system. Further, it is reduced to 6.27 MPa for 
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the system HSTVIF. In HSTVIFSW, the maximum value of the 
pressure surge is almost same as the system HSTVIF and 

it is 6.25 MPa. Therefore, when the soft switch and the 
variable inertia flywheel are used simultaneously, the 

Table 1   Parameter values 
chosen for simulation

Variable Description Value

Achv Orifice area of check valve 8.2 × 10−6 m2

Arlv Port area of relief valve in loading circuit 6.0 × 10−6 m2

B Air-free hydraulic fluid bulk modulus at atmospheric pressure 1.9 × 108 N m−2

cl Viscous damping in slider of VIF 1.3 N s m−1

cline Line resistance in hydraulic circuit 2 × 10−2 N m s rad−1

cst Metal to metal contact stiffness at stops in VIF 40 N s m−1

c� Viscous resistance on the flywheel (including bearings) 1.6 × 10−5 N m s rad−1

C
d

Coefficient of discharge of 4/2 DCV 0.9
Cdchv Coefficient of discharge of check valve 0.9
Cdpt Coefficient of discharge of internal port of the soft switch 0.9
Cdrlv Coefficient of discharge of relief valve in loading circuit 0.6
ds Diameter of the slider in VIF 0.02 m
dss Diameter of the soft switch piston 9 × 10−3 m
Dm Volume displacement rate of the hydro-motor 1.31 × 10−6 m3 rad−1

Dp Volume displacement rate of the loading pump 1.00745 × 10−6 m3 rad−1

Fplsp Preload force of compression spring in soft switch 170 N
Jf Constant inertia of the flywheel 1 × 10−3 kg m2

Jshaft Inertia of fixed part of shaft 1 × 10−4 kg m2

kfs Spring stiffness of the flywheel spring in VIF 4990 N m−1

ksp Compression spring stiffness in soft switch 2 × 104 N m−1

kst Metal to metal contact stiffness at stops in VIF 106 N m−1

lmin Minimum position of VIF slider 0.0225 m
lmax Maximum position of VIF slider 0.0375 m
lpt Axial length of the internal port in soft switch 0.008 m
ls Length of the slider in VIF 0.015 m
lslot Length of the slot in VIF 0.03 m
lss Length of the piston in soft switch 13 × 10−3 m
ms Mass of the VIF slider 0.035 kg
mscd Mass of flywheel in VIF if slots were absent 1.066 kg
mslot Mass of the removed material from each slot of the VIF circular disk 0.079 kg
mss Mass of soft switch piston 0.007 kg
Pcrck Check valve crack pressure in soft switch 55 kPa
P
0

Atmospheric pressure 105 m
Qpump Pump flow 25 × 10−5 m3 s−1

ri Inner radius of circular disk in VIF 0.01 m
ro Outer radius of the circular disk in VIF 0.047 m
Ril Internal leakage resistance in motor 17 × 1018 N s m−5

Rleak External leakage resistance in motor 6.5 × 1018 N s m−5

td Time delay for valve transition 1 ms
Vl Volume of loading plenum fluid 4.8 × 10−4 m3

Vm Volume of motor plenum fluid 4.8 × 10−4 m3

Vssc Clearance volume at the tail end of sift switch 10 × 10−6 m3

Vsw Switched volume 1 × 10−6 m3

ycrck Crack travel length in soft switch 7 × 10−3 m
yssmax Maximum allowable piston travel distance in soft switch 17.5 × 10−3 m
�ss Diametric clearance of the piston in soft switch 0.4 × 10−6 m
�
0

Dynamic viscosity 1 N s m−2
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maximum value of the pressure surge does not reduce 
as compared to use of only the variable inertia flywheel. 
However, it would be shown later that there using both 
the devices together increases the energy efficiency; in 
fact the VIF does not reduce throttling energy loss at all 
and all the energy saving comes from the soft switch 
alone.

The corresponding peak value of the flywheel speed 
during the valve transition is maximum ( �f  is 307 rad s−1) 
in HSTCIF system as shown in Fig. 7. The lowest peak value 
of the flywheel speed is observed in HSTVIFSW system and it 
is about 290 rad s−1. In case of the other two systems, the 
peak values are 301 rad s−1 and 292.5 rad s−1 in HSTCIFSW 
and HSTVIF, respectively. Therefore, the peak value of the 

flywheel speed decreases by using soft switch and VIF, 
either individually or together; and hence, the system 
vibration reduces. However, the degree of vibration con-
trol achieved by the soft switch and the VIF is not clearly 
understood at this point. To investigate further, the throt-
tling energy loss and throttling power loss of all four sys-
tems are studied (refer Figs. 8, 9).

When the control valve is in transition period, it dis-
sipates energy which is termed as throttling energy loss 
[23–25] and it is associated with loss of pressure head 
through the DCV. An amount of power is required to 
overcome the head loss of the valve and is estimated as 
a product of pressure drop across the valve port ( ΔP ) and 
the flow rate ( Q ) through it. The throttling energy loss is 
the integration of the throttling power loss of the system. 
The power loss ( Ploss ) and the energy loss ( Eloss ) during the 
throttling of the DCV are, respectively, given as

(28)Ploss = (ΔP.Q)nport + (ΔP.Q)cport ,

(29)Eloss = ∫ Ptlossdt.
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The throttling energy losses of all four systems are plot-
ted in Fig. 8. It is observed that the throttling energy loss 
of the system is reduced from 347 to 203 J when only the 
soft switch is incorporated into the system. The throttling 
energy loss is almost unchanged when variable inertia 
flywheel is into the system in place of constant inertia fly-
wheel, without incorporating the soft switch (HSTCIF = 347 J 
and HSTVIF = 341 J). Therefore, the variable inertia flywheel 
does not contribute towards reduction of the throttling 
energy loss. On the other hand, it reduces the pressure 
transients and vibration of the system whereas the soft 
switch reduces the throttling energy loss.

The throttling power losses of all the systems are shown 
in Fig. 9. The throttling power loss is similar in all the four 
systems during steady state. However, a significant change 
is observed during the valve transition, i.e. the transient 
period. The throttling power loss is highest (640 W) in 
HSTCIF and lowest in HSTVIFSW (120 W). In the other two 
systems, the throttling power loss is intermediate (i.e. 
HSTVIF = 610 W, HSTSW = 144 W).

5 � Influence of different system parameters

The results presented in Sect. 4 consider the inertial load 
of the constant and variable inertia flywheel. A major part 
of the load torque occurs due to acceleration and decel-
eration of the flywheel, and a small part is present due to 
Coriolis forces and viscous damping, as described by the 
left side of Eq. (16). However, in practice, some useful work 
is extracted out of the system in the form of additional 
load. The load can be a complicated driven system such 
as an oscillating slider-crank mechanism, a gear train driv-
ing a wheel, a power steering, a hydraulic jack or hydrau-
lic press, a robot arm, a compressor, excavator or other 

earth moving equipment, a boom crane, and other such 
hydraulically actuated systems. These loads are generally 
represented as a generic loading circuit, such as in Fig. 1, 
during design of hydraulic control system.

5.1 � Influence of the loading unit on different 
configurations of the hydraulic system

The influence of the loading unit on the different con-
figurations of the hydraulic system such as HSTCIF, HSTVIF, 
HSTCIFSW and HSTVIFSW are analyzed in this section. The 
loading unit consists of a radial piston pump and two relief 
valves [26, 27]. When the flywheel rotates in clockwise 

Table 2   Comparative performance analysis in various loading conditions

Set pressure (MPa) System con-
figuration

Pmi (MPa) Pmo (MPa) �f  (rad s−1) Plup (MPa) Pldn (MPa) Qurlv (m
3 s−1) Qdrlv (m

3 s−1) Eloss (J)

Pset = 0.6 HSTCIF 6.36 6.26 ±252 2.37 2.33 2.21 × 10−4 2.19 × 10−4 216
HSTCIFSW 6.19 5.91 ±251 2.37 2.29 2.21 × 10−4 2.17 × 10−4 63.9
HSTVIF 5.99 5.88 ±245 2.33 2.20 2.15 × 10−4 2.13 × 10−4 215.8
HSTVIFSW 5.84 5.59 ±242 2.25 2.16 2.15 × 10−4 2.11 × 10−4 63.8

Pset = 0.8 HSTCIF 6.42 6.27 ±253 2.4 2.35 2.22 × 10−4 2.20 × 10−4 216
HSTCIFSW 6.24 5.91 ±250 2.4 2.3 2.23 × 10−4 2.18 × 10−4 63.9
HSTVIF 6.05 5.89 ±246 2.27 2.21 2.14 × 10−4 2.13 × 10−4 215.8
HSTVIFSW 5.92 5.59 ±244 2.27 2.17 2.17 × 10−4 2.12 × 10−4 63.84

Pset = 1.0 HSTCIF 6.48 6.28 ±254 2.4 2.36 2.24 × 10−4 2.21 × 10−4 216
HSTCIFSW 6.29 5.92 ±251 2.43 2.31 2.24 × 10−4 2.18 × 10−4 63.9
HSTVIF 6.12 5.98 ±247 2.3 2.22 2.18 × 10−4 2.14 × 10−4 215.8
HSTVIFSW 5.97 5.6 ±244 2.3 2.18 2.18 × 10−4 2.12 × 10−4 63.85
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direction, the loading pump supplies flow to the tank 
through one pressure relief valve (PRV). A pressure vari-
ation can be generated in the loading unit by varying the 
set pressure (Pset) of the relief valve. Similarly, the opera-
tion is repeated whenever the flywheel rotates in counter-
clockwise direction, but in that case the loading pump 
supplies flow to the tank through the second relief valve. 
Both relief valves are alternatively used for clockwise and 
counter-clockwise rotations of the flywheel. The value of 
Pset , i.e. the set pressure of the relief valve, is varied here 
in three steps: 0.6 MPa, 0.8 MPa and 1.0 MPa. The corre-
sponding peak fluctuation values of Pmi , Pmo , �f  , Plup , Pldn , 
Qurlv , Qdrlv and Eloss are presented in Table 2. As a sample 
response, the responses of the Pmi and Pmo for all the four 
different configurations of the system for Pset = 0.6 MPa 
are shown in Fig. 10.

It is observed that with the increase in Pset , the peak 
fluctuation values in all the responses increase but their 
steady state values remain unchanged. Also, the peak 
fluctuation values of all the responses are highest in the 
HSTCIF configuration, which is the base configuration, as 
compared to the other three configurations. The lowest 
peak fluctuation values are observed in the HSTVIFSW sys-
tem. The remaining two systems, i.e. HSTVIF and HSTCIFSW, 
provide intermediate peak response values.

5.2 � Influence of spring stiffness and the slider mass 
of the VIF on the hydraulic system

The influence on the performance of the hydraulic system 
(HSTVIFSW with the loading unit) with different values of 
the spring stiffness (kfs) and mass of the slider (ms) of the 
VIF are tabulated in Table 3. The values of parameters kfs 
and ms are varied individually, while keeping the other 
parameters fixed. It is observed that with increase of kfs , 
the pressure surge and the speed surge decrease mar-
ginally and the peak deflection of the VIF slider reduces, 
thereby reducing the peak effective inertia. For lower value 
of kfs , it slider reaches its maximum allowable deflection 
value, i.e. 0.0375 m, as shown in Fig. 11. If the kfs is higher, 
position of the VIF slider is lower. Similarly, the mass of 

the slider ms of the VIF is varied in three levels: 0.025 kg, 
0.035 kg and 0.045 kg. It is observed that with increase of 
ms , the pressure and the speed surge both are increased 
and the VIF slider deflection also increases due to increas-
ing centrifugal force [see the second term in the left side 
of Eq. (15)]. For 0.045 kg mass, the peak deflection reaches 
its maximum allowable value or the extreme position, as 
shown in Fig. 12. Apparently, higher stiffness and lower 
mass, i.e. higher natural frequency of vibration of the slider 
system, is able to better reduce the pressure surge. On the 
contrary, higher mass and lower stiffness, i.e. lower natural 
frequency of vibration of the slider system, reduces the 
energy loss. While the energy saving does not appear to be 
significant, over many cycles of operation, this small saving 
accumulates. Therefore, the medium range of parameter 

Table 3   Comparative 
performance analysis on 
various kfs and ms

Varying param-
eter (others 
fixed)

Nominal value Varied value Pmi

(MPa)
Pmo (MPa) �f  (rad s−1) l  (m) Eloss (J)

kfs 4990 N m−1 4490 N m−1 5.862 5.626 ±244 0.037 64.45
4990 N m−1 5.839 5.604 ±242 0.037 64.48
5490 N m−1 5.822 5.587 ±237 0.035 64.50

ms 0.035 kg 0.025 kg 5.711 5.477 ±238 0.031 64.57
0.035 kg 5.839 5.604 ±242 0.037 64.48
0.045 kg 6.012 5.774 ±247 0.037 64.34
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values is chosen as a trade-off to extract the best perfor-
mance out of the VIF device.

6 � Conclusions

This study presents a comparative study between four dif-
ferent configurations of power hydraulic systems, namely 
a constant inertia flywheel, a variable inertia flywheel and a 
soft switch, first individually and then together. The steady 
state responses are same for all the four configurations 
whereas variations are observed in the transient periods. 
The pressure surge and speed fluctuations are reduced 
with the incorporation of variable inertia flywheel and the 
soft switch in the system. The system vibration and the 
throttling energy loss are reduced due to the reduction 
of transition peaks, i.e. the reduction of pressure head of 
the system. The following key observations are made from 
the present study:

1.	 Incorporation of the soft switch or the variable inertia 
flywheel, or combination of both in the on/off valve 
controlled power hydraulic system reduces the transi-
tion peak of the responses.

2.	 The value of the transition peak of the responses is 
lowest when the variable inertia flywheel and the soft 
switch are used together; whereas the peak attains the 
highest value when only the constant inertia flywheel 
is used.

3.	 The throttling energy loss is reduced due to the incor-
poration of the soft switch, although it does not con-
tribute significantly towards reduction of the vibration 
amplitude.

4.	 The speed fluctuation is reduced due to the incorpora-
tion of variable inertia flywheel in comparison to the 
constant inertia flywheel. However, it does not have 
significant contribution towards reduction of throt-
tling energy loss.

5.	 Both the benefits, i.e. energy saving and vibration 
reduction on an on/off valve controlled power hydrau-
lic system, can be gained by incorporating soft switch 
and variable inertia flywheel together in the system.

In the present work, only numerical simulations are car-
ried out to investigate the effects of VIF and soft switch in 
reducing the pressure surge, speed fluctuation and energy 
loss. The observations made in this study can be validated 
experimentally. Moreover, the parameters chosen for this 
study are taken from independent sources which indi-
vidually dealt with VIF and soft-switch implementations 
in laboratory-scale experiments. With integration of both 
the devices together into a common system, the chosen 
parameters and the design may not be optimal. Thus, 

optimization of the system parameters may be taken up 
as a future research activity. Moreover, the damping in 
the slider is almost negligible. If stick–slip friction condi-
tions are implemented in the slider then the device may 
act as the so-called nonlinear energy sink (NES). Therefore, 
NES may be able to dissipate transient vibrations during 
large acceleration/deceleration, because the radial iner-
tial forces on the slider would cause it to slip under high 
force and stick under low radial force with the force limit 
decided by the Coulomb friction law. The Coulomb friction 
force limit depends on the normal force at the slider-slot 
contact which results out of the Coriolis and tangential 
inertial forces on the slider. Thus, the slider system model 
becomes highly non-linear with coupled dynamics. At 
the same time, the NES may reduce system efficiency due 
to dissipation during the slip phase. Therefore, VIF with 
stick–slip friction between the slider and the slot can be 
an important area for future research.
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