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The priority flow divider valve (PFDV) is used in power hydraulic system to split the supply flow
in dual paths, i.e., primary path and secondary path. The flow ratio in each path is either predetermined or
can be adjustable as per the loading conditions. The stated properties of the valve can be applied in a steering
mechanism in automobile and a hydrostatic power transmission unit in a wind turbine. In a steering mechanism,
it helps the system to perform two different functions against two different loads simultaneously, whereas, in
a wind turbine, it can be used in hydrostatic power transmission unit to reduce the power fluctuation obtained
from it. The hydrostatic power transmission system with PFDV (SMHPTSprpy) used in a steering mechanism
and the hydrostatic power transmission system with PFDV (WTHPTSPFDV) used in a wind turbine are modeled
using the bond graph technique, and simulated in SYMBOLS Shakti software to analyze the steady and dynamic
performance of the PFDV. The user-defined rectangular and sinusoidal variable pump speed has been used as
inputs for system performance analysis. It is found that the PFDV may handle dual loads simultaneously, and
it eliminates the use of multiple control valves to operate the same dual loads. Hence, it not only improves
the system stability but also reduces the maintenance cost of the system. Moreover, the power and energy loss
through the PFDV have been analyzed for both applications. It has been found that the power loss through the
PFDV is higher when it is connected with SMHPTSp]:DV. Also, the influences on the power and energy loss
through PFDV are analyzed under various loading conditions.

A hydrostatic transmission system generally transmits power
from one rotating element to another rotating element using a
fluidic medium. It is capable of transmitting higher power in
a compact area. The well-known components for a hydraulic
system are a hydraulic pump, different control valves, an ac-
cumulator, and an actuator or hydraulic motor. The overall
efficiency of a hydraulic system is an important parameter,
and it is adversely affected by the leakages from its different
components. The leakages are more with the increment of
the number of hydraulic components and hence decrease the
overall efficiency of the hydraulic system. Therefore, an ef-
fective hydraulic system design may improve the overall effi-
ciency of the system (Ding et al., 2020; Mahato and Ghoshal,

2021). When it is required to perform dual functions by a
hydraulic power system, the engagement of the hydraulic
components are generally more. Hence, the probability of af-
fecting the overall efficiency of the system is comparatively
higher. To reduce the engagement of the hydraulic compo-
nents or to improve the system design, a priority flow divider
valve (PFDV) is a key component of a dual-function deliver-
able hydraulic system.

A PFDV performs a crucial role when two hydraulic cir-
cuits or two hydraulic actuators function simultaneously.
This is a very high-precision hydraulic component, and its
primary port orifice area is adjustable as per the primary load,
whereas the secondary port allows the excess flow to pass
through it. Sometimes the flow is split into a predefined ra-
tio (Alderson and Truesdell, 1980). An auto-regulated high-



precision flow divider/combined valve has been investigated
by Fedoroff et al. (1992). The authors have developed a lin-
earized model of the valve and described its operation in de-
tail. Generally, the flow divider valves are of the following
two types: rotary- or gear-type or a spool-type flow divider
valve. The rotary-type flow divider valve provides better ac-
curacy compared to the spool-type flow divider valve. But the
spool-type flow divider valves are more flexible regarding the
design and manufacturing process. Also, they can easily in-
tegrate with other components (Cheng, 2010). Metwally et
al. (2012) presented a special split-spool-type flow divider
valve, and the dynamic and static characteristics at various
loading pressures have been studied. Another work by Vacca
and Cerutti (2007) developed an algorithm for analyzing and
optimizing the hydraulic components parameters. The algo-
rithm is based on the response surface with steepest descent
method that provides advantages of design of experiments
techniques. The stated algorithm has been applied on a two-
way flow-divider spool valve. A normal flow-divider valve
splits the flow into two different actuators or circuits, such
that the flow ratio does not depend on the load pressures. But
in reality, it is very difficult to vary the flow ratio after man-
ufacturing. To overcome the stated issue, Wiens (2004) and
Wiens et al. (2005) introduced a new design of a flow di-
vider valve with an adjustable flow ratio. The basic principle
of the proposed valve is similar to the typical flow divider
valve. But the effective pressures or the forces acting on the
spool ends are modified by the pilot stage. Recently, Coskun
et al. (2017) designed a PFDV and investigated the input pa-
rameters by a simulation using a one-dimensional simula-
tion technique. Also, the simulation responses are validated
experimentally. Darling et al. (1999) designed an integrated
hydraulic supply system with the help of a PFDV. The PFDV
assists in controlling the power supply to the power steering
and braking system of a vehicle. Also, the PFDV is a criti-
cal part of the hydraulic system that is used in mining ma-
chineries. Kumar et al. (2019b) used the PFDV in a typical
power hydraulic circuit of a mining equipment to drive the
twin hydromotor simultaneously. Thereafter, the same power
hydraulic system is considered for performing the fault de-
tection, isolation, and prognosis by Kumar et al. (2019a).
Besides, some literature has been found regarding the use of
the PFDV in wind power applications. Mahato et al. (2018)
used the PFDV in a wind turbine power transmission system
to reduce the speed fluctuation of the Pelton wheel. The au-
thors used a well-known on/off controller to reduce the power
fluctuation in the wind turbine. Besides, the other closed-
loop conventional controllers, such as PI (proportional inte-
gral), PD (proportional derivative), PID (proportional inte-
gral derivative), etc., can be implemented for the same func-
tion. However, an inverse model-based controller that maps
the desired output into the input of the controller can re-
place the closed-loop controller. The popular inverse model-
based control techniques are a neural network inverse model
control strategy (Hussain et al., 2014), a system inversion-

based control (Tripathi et al., 2022), etc. Presently, the in-
verse model-based controller is popularly used in various in-
dustries, and its principle can be implemented in open-loop
off-the-shelf controllers (Giacomelli et al., 2018). In 2016,
Fan et al. (2016) used a similar type of proportional flow con-
trol valve to control the pump flow. The stated proportional
flow control valve divides the pump flow into two different
paths and reduces the power fluctuation in wind turbine. This
work is based on simulation, and the valve, i.e., proportional
flow control valve, which is used to control the pump flow,
is quite different in working principle from PFDV. However,
the purpose of use for both valves, i.e., PFDV and propor-
tional flow control valve, is similar. Also, the manufactur-
ing feasibility of the proportional flow control valve is highly
challenged and not cost-effective as per its design. Therefore,
the flow divider valve can be used for both applications, i.e.,
to perform dual functions against dual loads concurrently us-
ing a single hydraulic pump and to generate stable power in
wind turbine using a hydraulic power transmission system.
As the stated valve is key equipment for these two identified
applications, it is, thus, highly important to describe the de-
tailed modeling and dynamic analysis of the proposed valve.
The present study covers the detailed analysis of the flow di-
vider valve in both applications.

This study addresses the detailed bond graph modeling of
two simple power hydraulic systems with a PFDV. The first
hydraulic system with PFDV, i.e., SMHPTSpppy is based on
performing dual functions concurrently against dual loads
in steering mechanism whereas the second hydraulic system
with PFDV, i.e., WTHPTSppDV is designed to obtain a con-
stant power from a wind turbine against a variable input to
the system. Both systems, SMHPTSPFDV and WTHPTSprpy,
are simulated to analyze the steady and dynamic performance
of the PFDV by applying various unstable inputs using SYM-
BOLS Shakti software (Samantaray and Mukherjee, 2006).
This study is application based and presents dual application
scopes of the PFDV in the signal platform. A bond graph
is chosen for modeling the systems because it has a unified
multiphysics system modeling tool and is used for the graphi-
cal representation of a physical dynamical system with power
exchange among system components. Also, it is highly capa-
ble of interacting with multiple energy domains (Mukherjee
et al., 2006; Borutzky, 2017; Merzouki et al., 2013; Mahato et
al., 2017). The power and energy loss through the PFDV have
been analyzed for both applications. Also, the influences on
power and energy loss through PFDV are analyzed under var-
ious loading conditions.

According to the actuation process, PFDV is of two types,
i.e., spool type and rotary or gear type. A spool-type PFDV
is designed to deliver proportional flows from two outlets, a
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Schematic diagram of the physical model of PEFDV.

priority flow from one outlet, and excess flow from another
outlet. Besides, the rotary or gear type PFDV differs from its
actuation process, and it has a rotary spindle. The main com-
ponents in a spool-type PFDV are the housing with an inlet
port and two outlet ports, a compression spring, and an inter-
nal moveable spindle/spool. The spindle movement controls
the flow rate through the primary and the secondary port of
the PFDV. The cross-sectional view of the PFDV is shown in
Fig. 1.

Power hydraulic systems transmit power using a fluidic
medium. It converts the mechanical power from an engine
or an electric motor to hydraulic power by rotating the shaft
of a hydraulic pump. The hydraulic pump supplies flow to
the control valves that direct the same flow to the hydraulic
actuators and convert the hydraulic power back to mechan-
ical power. In this study, two different open-loop hydraulic
drive systems, i.e., SMHPTSprpy and WTHPTSprpy (refer
to Figs. 2 and 3, respectively), are identified to analyze the
performance of the PFDV. The SMHPTSpgpy is useful for
performing two different functions concurrently using PFDV.
Besides, another YTHPTSpppy is suitable for supplying con-
stant flow whenever the input flow is of a fluctuating nature.
This stated concept is preferable in wind turbine power trans-
mission systems to produce stable power.

In Fig. 2, a variable displacement hydraulic pump is used
to supply a variable flow to the PFDV. The PFDV is con-
nected with two different loads, namely a primary load and a
secondary load of the steering system. The PFDV directs the
pump flow towards the primary and secondary loads of the
steering system. It controls the pump flow by controlling the
movement of the spindle as per the loading condition of the
system. Additionally, a pressure relief valve is incorporated
between the hydraulic pump and the PFDV to maintain the
normal system pressure and is hence used as a safety valve.
The dynamic model of the steering system is not discussed in

the present study, as the focus of the study is to analyze the
performance of the PFDV using steering mechanism. More
details about the dynamic model of the steering system are
discussed by Chen and Guo (2020) and Wang et al. (2020).

The scheme to obtain a constant speed from the flywheel
using a PFDV and an accumulator is shown in Fig. 3. In this
scheme, a variable flow is supplied to the PFDV using a vari-
able displacement hydraulic pump. The primary flow of the
PFDV is adjusted and fixed at a threshold value as per the
stable loading condition. If the supplied flow from the hy-
draulic pump is exceeded to maintain the stable loading, then
the extra amount of flow supplied by the pump is allowed to
pass through the secondary port of the PFDV. Thus, the ex-
cess flow is stored in the accumulator in the secondary line of
the system. Contrarily, when the supply flow from the pump
to the PFDV is insufficient, then the primary flow is unable
to supply the required flow to the hydraulic motor to main-
tain the constant speed of the flywheel. In such a situation,
the control valve receives a signal from the on/off controller.
Thereafter, the control valve is enabled and allows the sec-
ondary line to flow to the hydraulic motor. In the secondary
flow line, the accumulator releases the stored fluid to the hy-
draulic motor. Therefore, the stored fluid of the accumula-
tor compensates the flow to the hydraulic motor and helps to
maintain a constant speed of the flywheel whenever the pump
supply is insufficient. The stated power hydraulic system can
replace the mechanical power transmission in a wind turbine
application to obtain stable power from it.

This section presents the bond graph modeling of the open-
loop SMHPTSprpy to perform dual functions simultaneously.
The bond graph model is shown in Fig. 4. The developed
dynamical model of the hydraulic system manages some as-
sumptions, which are as follows:

1. Negligible fluid inertia

2. Tank pressure is atmospheric

3. Fluid properties do not vary with temperature
4

. Pump and motor leakages are considered only for study
purposes

5. Resistive and the capacitive effects are lumped wherever
appropriate

6. Hydraulic pump and motor specifications can be
changed as per the loading condition of the system.

A variable speed control electric motor helps to supply a
variable flow from the hydraulic pump to the PFDV. The an-
gular speed of the shaft of the hydraulic pump (wp) is repre-
sented by a source of flow (Sfj) generalized bond graph el-
ement. The mechanical energy of the shaft is converted into
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hydraulic energy by a transformer generalized bond graph
element (TF), where the volume displacement rate of the hy-
draulic pump (Dy) is assigned as the modulus of TF. The
bulk stiffness of the working fluid (Bp) and the external leak-
age (Rpikg) of the hydraulic pump are represented by gener-
alized bond graph capacitive element (Cs: ;) and resistive
element (Rg: Rpikg), respectively, at 0, junction. The mea-
sured pressure at the pump plenum is indicated by P,, which
can be computed from the definition of the bulk modulus of

the flowing fluid, and it is expressed as follows:

: P
sz\f_P{Dpwp— P (1)

SW Rplkg

- erv} s

where V. is the constant line volume, which includes the
average effective volume of gerotor lobes. The pressure relief
valve is used for safety purposes, and its flow is modeled as
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follows:

[2[Po—Py] .
Cd_rivary % if (Pp - va) > Piy_set ,

erv = { .
0 if (Pp— Ppv) < Prv_set

where, the pressure relief valve resistance (Rjipe1) is rep-
resented by the element Rg at 1, junction. Cq_dy, ary and
Piy et are the co-efficient of discharge, port area, and set
pressure of the relief valve, respectively. The C1; element
at Opy junction represents the bulk stiffness of the working
fluid (Bpy) at the PFDV plenum. The resistances of the pri-
mary port and the secondary port of the PFDV are modeled
by resistive elements Ry3 (= Rpa) and Rys(= Rspr), respec-
tively. Similarly, the primary load (Pp) and the secondary
load (Pg) are expressed by the source of effort elements Seqg
and Sejo, respectively. The PFDV spindle travels due to an
effective force which is generated due to three different pres-
sure forces, such as pressure at PFDV plenum (Ppy), pressure
due to primary load (Pp;), and pressure due to secondary load
(Ps). The transformer element (TF) which is connected be-
tween 1 and 14 junctions, converts the pressure force into
the mechanical force by assigning the area of the spindle
(Asp) as the modulus of the TF. The displacement of the spin-
dle (xgpa) is detected by a displacement sensor at 1xs junc-
tion. The flow resistances of the PFDV are varied, as per the
spindle displacement of the PFDV. The mass (m,) and the
stiffness (Kjp) of the spindle spring are expressed by /39 and
C»g elements at 145 junction, respectively. Also, the viscous
resistance of the spindle (Rspar) is expressed by Ry in the
bond graph model. The pressure at PFDV plenum (Ppy) is
expressed as follows:

(©))

TF’% i”

TF TF /‘ v
-

R

Valve spindle
dynamics

0 C: Ky~—- st\ST R: Ry
r 30
197 Df: x?"”
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va = - Qpﬁ Osti
szpv Riinel

- Abrvspdl - AspUspdl } s (3)
where Vswpy and vgpq) are the constant line volume and the
linear velocity of the PFDV spindle, respectively. The PFDV
splits the pump flow into two different paths, i.e., primary
and secondary paths. The flow through the primary and sec-
ondary ports of the PFDV depends on the displacement of
the valve spindle (xspa1), which is estimated by solving the
ordinary differential equation, i.e., Eq. (4), obtained from the
bond graph model.

(va - Ppl) Agp + PoyAvr — PplApe
—KspXspdl — RspdiVspdl

{)spdl = m s
s

“4)

where Agp, Apr, and Ay, are the area of the PFDV spindle,
the area towards the secondary port, and the area towards the
primary port of the PFDV, respectively. The stiffness and the
mass of the spring are denoted by Ky, and my, respectively.
The viscous resistance works against the movement of the
spindle of the PFDV, and it is denoted by Rgpq.

In PFDV, the primary flow is adjusted as per the predefined
ratio or as per the primary loading condition, and the other
excess flow is allowed to pass through the secondary port of
the PFDV. The primary flow of the PFDV (Qpq) is expressed

as follows:
kq pﬁAl pﬂ,/ va Pp] sign bV

when (xgpar < x;)

kd_pfi Aimax_; pﬂ\/ va_Ppl sign va_Ppl

when (xspdl > x,)

Pp1

13:0p = )



where kq_pi (= Ca_pfin/2/p) is the flow constant. The Cqy_pf
is the coefficient of discharge through the primary port of
PFDV. x; is the desired spindle displacement supplying the
necessary flow to operate the primary circuit successfully.
The A; p and Ajmax_pfi are the instantaneous opening area
and the maximum opening area of the primary port of the
PFDV, respectively. The A; pn depends on the Ajmax_pfi, size
of the indenter, i.e., diameter of the indenter (d;), angle of
the indentation (), and the displacement of the valve spin-
dle, etc. (Watton, 2009). It can be expressed as follows:

o sin«a
Ai?pﬂ = Aimaxfpﬂ |:; - o :| (6)
2
o = cos] (1—M>. %)
d

Similarly, the secondary flow through the PFDV (Qgy) is ex-
pressed as follows:

Rie: Qs = Ca_snAi_sfiv/2/p ! (va - Psl) | sign (va - Psl)
when (xgpa1 > x;) (®)

where Cy ¢ is the coefficient of discharge through the sec-
ondary port of the PFDV. A; ¢p is the instantaneous flow area
through the secondary port of the PFDV. It is the function
of maximum flow area through the secondary port of the
PFDV (Ajmax_sf1), displacement of the spindle towards the
secondary port (ys), size of the indenter, and angle of inden-
tation (Watton, 2009). The ys is the same as the excess dis-
placement of the spindle, i.e., ys = x; — xspa1. Therefore, the
A; ¢ is expressed as follows:

o  sin2a
Ai_sﬂ = Aimax_sﬂ - — 5 (9)
T 2
2vq
a = cos™! (1—i). (10)
d;

The bond graph model derives the state—space equations
of the physical hydraulic system, given as Egs. (11)—(13).
These are derived using a well-known computational causal-
ity method and step-by-step algorithm (Mukherjee et al.,
2006; Borutzky, 2017; Merzouki et al., 2013; Mahato et al.,
2017). The storage elements, having lumped the single port
(C and I elements) with the integral causality grants, led to
one coupled differential equation of the first order. Besides,
in multiport elements, which possess the integral causality,
the numbers of state equations are the same as the number of
bonds connected to them. Therefore, the total number of gen-
erated differential equations is equal to the sum of integrally
causalled bonds associated with the bond graph model. The
C and I elements, which are integrally causalled, are related
with a generalized charge for electrical domain or general-
ized displacement for the mechanical domain, i.e., ¢ = f fdt
and generalized momentum i.e. p = [eds, respectively. e
and f are the generalized effort and flow, respectively. Here,

the mathematical equation is systematically and algorithmi-
cally derived using SYMBOLS Shakti software (Samantaray
and Mukherjee, 2006).

P, P Py— P,
.Bp Rplkg Riine1
P,— P,
M - Qpﬂ — Osfl — (Abr + Asp) Uspdl = 0 (12)
Riine1
(va - pl) Asp + vaAbr - PplApr - Kspxspdl
— Rgpd1Vspdl — msi)spd] =0. (13)

The bond graph model of the physical WTHPTSprpy to ob-
tain a stable speed is shown in Fig. 5. This bond graph model
is similar to the one in Fig. 4, except for the additional model-
ing of the check valve, accumulator, control valve, hydraulic
motor, and the flywheel.

The accumulator stores excess energy and releases the
same whenever the pump supply is insufficient to compen-
sate the demand flow as per the load. The accumulator is
modeled at 1, junction by the Se3, element. It represents the
final pressure (P») that is developed by the accumulator. The
accumulator follows the nonlinear relationship between pres-
sure and volume. It is assumed that the heat loss through the
accumulator is negligible. Therefore, the pressure—volume
relationship should be reversible adiabatic and it is expressed
as follows:

P V}ll
V1 — AV’
where V| and P; are the initial volume and pressure of the
accumulator, respectively. y is the specific heat capacity ratio
of air. AV is the contemporary volume displacement obtained
from the integration of the flow output from the flow detector
Sfi9 (= Q19).

The control valve is modeled at 1., junction. The resis-
tance of the control valve port is represented by a resistive
element R34 (= Rcy). The port opening area of the control
valve is controlled as per the speed of the flywheel. The con-
trol valve is in open condition only when the flywheel speed
is lower than its threshold speed. This threshold speed is fixed
as per the load of the system. Therefore, the flow through the
control valve (Q.y) is expressed as follows:

Sesn : Py i Pacew = (14)

2|AP|
R34 : Qcy = WYoCy_cvacy P , (15)

where Cq ¢y and acy are the coefficient of discharge and the
port opening area of the control valve, respectively. ¥ is
the on/off controller output which checks the flywheel speed
(wrw) against the constant threshold speed (wy). It is ex-
pressed as follows:

1 if wfw < on

VYo = { 0 if wpyw > o (16)
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The primary flow and the secondary flow of the PFDV are
combined at Op; junction. The bulk stiffness of the working
fluid at the same junction is denoted by C36 (= B;), whereas
the pressure (Pj) is measured by another sensor, and it is
represented by an effort detector (Deyg). The P; is computed
from the definition of bulk modulus of the flowing fluid, and
it is expressed as follows:

Pj = # Qpﬂ + Aprvspdl + Aspvspdl
(Pj — Pm)
—L 17
+ QCV Riine2 } ( )

where V; and B; are the constant line volume and the bulk
modulus of the working fluid at the junction of the primary
and the secondary flow of the PFDV. The pipe resistance
(Rjine2) is represented by Rzg at 1; junction.

The hydraulic motor is modeled at O, junction in the bond
graph model. At the same junction, the external leakage of
the hydraulic motor (Rmikg) and the bulk stiffness of the
working fluid at the motor plenum (8y,) are represented by
the resistive element (R43) and capacitive element (Cyp), re-
spectively. The measured pressure at the motor plenum is in-
dicated by Pp,, and it is obtained from the definition of bulk
modulus of the flowing fluid, refer to Eq. (18), in the follow-
ing:

" Vim Riine2

— Dmotw ¢ (18)
lekg e

where YV, and By, are the constant line volume and the bulk
modulus of the working fluid at the motor plenum. The line
volume represents the volume of the flowing fluid in each op-
eration of the hydraulic motor. The hydraulic energy of the

v o ——— i

motor is converted into mechanical energy by a transformer
element (TF), where the modulus of TF is assigned as the
volume displacement rate of the hydraulic motor (Dy,). The
mechanical energy or the torque which is produced at the
shaft of the motor helps to manage the angular rotation of
the flywheel. The moment of inertia (Jr,) and the viscous
frictional resistance (Ryy) of the flywheel are represented by
the inertial element /46 and the resistive element R47, respec-
tively. The angular speed of the flywheel (wyy) is measured
using a speed sensor which is represented by a flow detector
(Dfy5) in the bond graph model. Hence, wyy is expressed as
follows:

. 1
Wiy = ]_ {PmDm — Rworpw} . (19)

fw

The state equations of the bond graph model, i.e., from Fig. 5,
are obtained with the same conditions as that of the state
equations obtained from the bond graph model of Fig. 4. The
state equations, i.e., Eqs. (11)—(13), are repeated whenever
the state equations are derived from the bond graph model of
Fig. 5, except for two parameters Py and P that are replaced
by P; and Pccy, respectively. The other state equations for
Fig. 5 are given as follows:

Qpﬂ + Ocv + AprUspdl + Aspvspdl

P;—P, P;
_ (/—m) — 19 (20)
Riine2 Bj
P;—P, P, P
BiPu)  Po =P @
Riine2 lekg ,Bm
P D — Riwwtw — Jiw@fw = 0. (22)

In this study, it is considered that fluid properties do not vary
with temperature. Therefore, the bulk modulus of the work-
ing fluid is constant. Hence, B, = Bpv = Bj = Bm. Also, the



leakages through the hydraulic pump and motor are consid-
ered the same, i.e., Rpikg = Rmikg.

The state equations, i.e., Eqs. (11)—(13), of the open-loop
SMHPTSprpy and the Eqs. (11)—(13) and (20)—(22) of the
WTHPTSprpy are obtained from the bond graph models
Figs. 4 and 5, respectively. Thereafter, the same equations
are solved in SYMBOLS Shakti software. This software con-
tains different modules, such as the graphical model builder,
simulation workbench, control theoretical analysis tool, FDI
(fault detection and isolation) model builder, etc. In the
present study, the graphical model builder module is used to
generate the state equations by modeling the bond graph of
the systems, whereas other module, i.e., the simulation work-
bench is used to simulate the bond graph models. The sim-
ulation workbench module is embedded with various inte-
gration techniques such as Runge—Kutta—Gill, Runge—Kutta—
Fehlberg, Gear’s predictor—corrector algorithm, etc., to solve
the state equations (Borutzky and Granda, 2002). In this
present simulation study, the fifth-order Runge—Kutta—Gill
method is used to solve the differential equations. The preci-
sion of the simulation is improved by adjusting the step size
in time stepping in such a way that the relative truncation er-
ror should be lesser. In the present simulation study, the error
limit is chosen as 5x 10~°. The numerical values of the simu-
lation parameters are presented in Table 1. The values of the
parameters related to PFDV are taken from experimentally
validated data given in the article by Kumar et al. (2019a, b),
and other parameter values are used therein are considered in
the present study.

The simulation responses of the SMHPTSprpy are pre-
sented in Figs. 6 and 7, whereas the simulation responses
of the WTHPTSprpy are shown in Fig. 8. Figure 6a shows
that the hydraulic pump is operated with a variable speed.
The speed of the hydraulic pump (w)) is varied from 180 to
36rads~!. The corresponding pressure at the pump plenum
is varied from 5.06 to 1.31 MPa (refer to Fig. 6b). To operate
the primary circuit, the desired displacement of the spindle
(x;) is taken as 3 x 103 m (refer to Fig. 6c¢). The spindle
displacement is the major criterion for whether the flow is
passed through the secondary port of the PFDV or not. When
the spindle displacement of the PFDV (xgpa1) is more than
X;, the secondary port of the PFDV is enabled, and hence,
it allows the excess flow to pass through it. From Fig. 6c¢,
when time (¢) is less than 1.001 s, the spindle displacement
is more than the desired displacement, i.e., 3 x 1073 m; as
a result, both ports, i.e., primary and secondary ports, are
inactive modes and allows flow through these ports (refer
Fig. 6d). In the subsequent time period between 1.001 to
2.001 s, the spindle displacement (xspqy) is lesser than its de-
sired displacement; as a result, only the primary port of the
PFDV is enabled, and flow passes through it. At the same

time, the secondary port of the PFDV is disabled, and it does
not allow the flow to pass through it (refer to Fig. 6d).

Similarly, a sinusoidal speed is supplied to the pump, as
shown in Fig. 7a. The speed is varied from 20 to 180 rads~!.
The corresponding minimum and maximum pressures at the
pump plenum are 0.94 and 5.07 MPa, respectively (refer to
Fig. 7b). When the xgpar is less than x;, the secondary port
is closed, and no flow passes through it. But when the xgpq
is larger than x;, both ports are opened, and then both pri-
mary and secondary circuits are in functioning mode (refer
to Fig. 7c and d).

The responses of the W THPTSprpy are presented in Fig. 8.
The objective of the stated system is to obtain a stable speed
from the flywheel whenever the input speed is of fluctuat-
ing manner. Figure 8a shows that the speed of the hydraulic
pump (wp) is varied from 160 to 36 rad s~!, whereas the out-
put speed or the flywheel speed (wry) is obtained as stable,
and its numerical value is about 150rads™! (refer Fig. 8e).
This power hydraulic scheme can be useful for transmitting
the power from the turbine rotor to the generator in a wind
turbine when a stable power supply is essential against a fluc-
tuating wind speed supply. As the w, is variable, the sup-
ply flow from the hydraulic pump to the PFDV is also vari-
able in nature, and hence, the flow through the primary and
secondary port of the PFDV is also unstable in nature. The
flow through the primary port of the PFDV (Qpq) is con-
trolled as per the loading conditions of the system. The spin-
dle displacement of the PFDV is adjustable as per the load
of the system to supply a desired flow to the hydraulic mo-
tor through the primary port of the PFDV. In this system,
the threshold value of the spindle displacement (x;) is about
3.5 x 1073 m. This threshold value or the desired value of
the spindle displacement is decided as per the loading condi-
tion of the system. If the instantaneous spindle displacement
(xspa1) is more than the desired spindle displacement (x;) or
Xspdl > X;, then the excess spindle displacement helps to en-
able the secondary flow through the PFDV. The secondary
flow is the excess flow at that corresponding load, and it is
stored into the accumulator in the secondary flow line. The
same situation is observed in time durations t =0-1, 2-3,
and 4-5 s (refer Fig. 8b and c). In a counter-situation, when
the pump supply is comparatively low, the spindle displace-
ment (xspar) of the PFDV is also lower than its desired spin-
dle displacement (x;), i.€., Xspd1 < X;. As a result, the pump
flow is only passed through the primary port of the PFDV,
and hence, there is no flow through the secondary port of the
PFDV. The stated situation is observed whenever time dura-
tions ¢ = 1-2 and 3-4s (refer Fig. 8b and c). In these time
periods t = 1-2 and 3—4 s, the primary flow of the PFDV is
unable to manage the desired flow supply to the hydraulic
motor in order to maintain a stable speed of the flywheel.
To compensate for the desired flow to the hydraulic motor
and to obtain a stable speed of the flywheel, the accumula-
tor starts to discharge and, hence, supplies an additional flow
to the hydraulic motor through the secondary flow line (re-



Simulation parameters.

Parameter description Value

Volume displacement rate of the hydraulic pump (Dp) 1.91 x 10~%m?3 rad !
Bulk stiffness of the working fluid (8, = Bpv = B; = Bm) 8x 1012Nm~2
Pump and motor leakages (Rpjkg = Rmikg) 1x 100 Nsm™
Relief valve resistance (Rjjpe]) 1.8 x 10’ Nsm™3
Constant line volume (Vgw) 1x1076m3
Area of the PFDV spindle (Asp) 5% 1079 m?
Area towards primary port of the PFDV (Apr) 2 x 1075 m?
Area towards secondary port of the PFDV (Ay,) 5% 1079 m?
Mass of the spring on PFDV () 2x 1073 kg.
Stiffness of the spring on PFDV (Kp) 1x10°Nm™!
Viscous resistance on PFDV spindle (Rgpd1) 2%x103Nsm™!
Coefficient of discharge through primary port of PFDV (Cy_pf) 0.6

Maximum opening area of the primary port of PFDV (A;max_pfl) 3% 107 m?
Diameter of the indenter (d;) 3% 1073 m
Density of the working fluid (p) 870kg m~3
Desired spindle displacement (x;) 35%x103m

Coefficient of discharge through the secondary port of the PFDV (Cyq_s1) 0.6
Maximum flow area through the secondary port of the PFDV (A;max sa) 2 X 10~ m?

Initial pressure of the accumulator (Pj) 63.7 x 108 Nm—2
Initial volume of the accumulator (V1) 630 x 1072 m3
Heat capacity ratio of air (y) 1.4
Coefficient of discharge of the control valve (Cq_¢y) 0.6
Port opening area of the control valve (acy) 70.7 x 10™° m?
Pipe resistance (Rjjne2) 1.8x 101°Nsm™>
Constant threshold speed of the flywheel (wg,) 150rads~1
Volume displacement rate of the hydraulic motor (Dy,) 1.1057 x 1079 m3 rad—!
Moment of inertia of the flywheel (Jpy) 1.02 x 103 kgm™2
Viscous frictional resistance of the flywheel (Rgy) 25 x 1073 Nmsrad™!
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fer Fig. 8e). This secondary flow is controlled by the control
valve. The operation of the control valve is controlled by an
on/off controller, which receives a signal from the speed sen-
sor of the flywheel. In order to maintain a stable speed of the
flywheel, when the supplied flow to the hydraulic motor is
less than its desired value, the instantaneous speed of the fly-
wheel is decreased from its threshold speed (wy,), and at that
instant, the control valve is enabled and allows flow through
it (refer Fig. 8e). The threshold speed of the flywheel (wg)
depends on the loading condition of the system. In this sys-
tem, the threshold speed of the flywheel is about 150 rad s~ .
The control valve is in an open condition during time period
t =1-2 and 3-4s (refer Fig. 8e). The pump plenum pres-
sure of the system is varied from 10.2 to 7 MPa, whereas
the motor plenum pressure is almost constant, and it is about
6.5 MPa.

The responses of power and energy loss through the ports of
the PFDV are presented in Figs. 9 and 10 for both applica-
tions. The energy is dissipated as heat energy, which is as-
sociated with pressure head loss. To overcome the head loss,
additional power is needed to the system, and it is estimated
as a product of flow rate (Q) and the pressure drop across
PFDV ports (A P) through it. Moreover, the integration of
the power loss (P}) provides the energy loss (E]) of the sys-
tem. The power and energy loss are expressed as follows:

P =(AP- Q)Primary port of PFDV

+(AP- Q)Secondary port of PFDV (23)

E\ = / Pd:t.

(24)

The power loss through the PFDV in both applications
is at its maximum when the system is in transition mode,
which means during the variation of the input of the system.
The power loss through the PFDV is higher when it is con-
nected with dual loads for performing dual functions, i.e.,
SMHPTSPFDV. The maximum power loss in SMHPTSPFDV
is 1.9kW, and WTHPTSpppy is almost 1.5kW. Similarly,
the energy loss is also higher when the PFDV is connected
with the same system, i.e., SMHPTSprpy. The energy loss in
SMHPTSprpy is 2.3kJ, and WTHPTSppy is almost 1.2KJ.

Influences on the power and energy loss through the PFDV,
due to the variation in the viscous friction resistance are stud-
ied and presented in Fig. 11. From Fig. 11, it can be ob-
served that the energy loss and power loss decreases with
the increase in Rpy in W THPTSprpy. In Fig. 11a, the energy
loss is increased from 1.5 to 1.2kJ, when Ry, is decreased
from 0.04 to 0.025 Nmsrad~!, respectively. Similarly, from
Fig. 11b, the power loss is decreased from 1.2 to 0.8 kW,
when Rp, is increased from 0.04 to 0.025Nmsrad~!, re-
spectively.

This section discussed the influence of power and energy loss
through the PFDV in SMHPTSpgpy circuit when primary and
secondary loads are varied. From Fig. 12a, the energy loss is
decreased with the increase in the primary load (Fp), which
has been varied from 1 x 10° to 1 x 10° Pa. During the Py
variation, the secondary load (Py)) is considered to be fixed,
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ie., 1x10°Pa. Similarly, at the same conditions, the power
loss is analyzed. It is observed that it decreases with the in-
crease in the Py (refer Fig. 12b). On the contrary, when Py
is fixed, and Py is varied from 1 x 107 to 1 x 10° Pa, then it is
observed that both energy loss and power loss are decreased
with the increase in load.

This article presents a simulation-based work for the perfor-
mance analysis of three ports-based PFDV. This valve is the
key equipment in the power hydraulic system, and it can be
used with two different power hydraulic schemes to trans-
mit the power. First, the scheme which is performed has dual
functions simultaneously with separate loading conditions,
i.e., SMHPTSprpy, and the second scheme is used to obtain
a stable output against a stable demand whenever the input
parameter is of a fluctuating nature i.e. W THPTSprpy. The
prior scheme is mostly used in automobile steering systems
with a load-sensing control strategy in the presence of multi-
ple actuators, whereas the latter scheme can be used in wind
turbine application to obtain a stable power as the input wind
velocity is of a fluctuating nature due to cyclones, storms,
etc. This scheme may reduce the probability of loadshedding
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at the power supply point of the wind turbine with the help of
a PFDV, an accumulator, and a control valve. The following
findings have been obtained from the present study.

1. The SMHPTSprpy (refer to Fig. 2) is implemented when
it is required to operate dual hydraulic circuits simul-
taneously with different loading conditions. The stated
system successfully divides the pump flow into two dif-
ferent paths in a specified ratio by the use of PFDV. The
flow rate ratios through these two paths are adjustable
as per the loading conditions.

2. The WTHPTSprpy (refer to Fig. 3) can be suitable
whenever it is required to have a stable output from a
variable input to the system. This scheme is success-
fully operated with the help of a PFDV, an accumulator,
and a control valve.

3. The power and energy loss through the PFDV is higher
when it is connected with the dual loads for perform-
ing dual functions, i.e., SMHPTSprpy, compared to the

other hydraulic drive systems used in wind turbines to
obtain stable output, i.e., WTHPTSprDy.

The WTHPTSprpy can be executed in wind turbine ap-
plications to transmit the power from the turbine rotor
to the generator. The present work is based on simula-
tion analysis. Therefore, experimental work is required
to validate the responses of the system. It may help to
improve the credibility and superiority of the proposed
schemes.
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