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Abstract

In recent years, water hydraulics has been getting more and more attention from the fluid
power society because of its inherent merits, including environmental friendliness, high
safety against fire hazards, running cost reduction, and easy availability. However, water
hydraulics still has two main problems to make it popular in application; fist one is the much
higher price of water hydraulic devices in comparison with the conventional one and the
other is energy loss because of more leakage and larger friction than oil hydraulics due to its
low viscosity. Water hydraulic systems without using servo valve such as a water hydraulic
fluid switching transmission (FST) and a water hydraulic pump motor transmission (PMT)
that can recover energy in deceleration period are good solutions for these difficulties.

This paper investigates two most important points on velocity response and energy saving per-
formance consisting of recovery energy and energy consumption of water hydraulic FST and
PMT. The comparison between the experimental results of these two transmissions also will
be presented in this research to get the conclusion for the advantages and disadvantages of
each transmission. The PMT system has proved its many advantages such as reducing noise
because of smooth operation, lengthening the life duration of the devices, and the drastic re-
ducing of both steady state error in a working phase and energy consumption. The recovered
energies of the both systems are almost same and get the values from 26.3 to 31.7% of the
kinetic energy of flywheel.

Keywords: Water hydraulic, fluid switching transmission, hydraulic pump motor transmis-

sion, velocity performance, energy saving, energy consumption

1 Introduction

In modern society, using safe and clean systems is the one
of the most important requirements for technical fields; from
this point, water hydraulics that uses pure tap water as pres-
sure medium emerges as an excellent solution and it is consi-
dered as the fourth driving source beside electricity, pneuma-
tics, and conventional oil hydraulics, especially in the fields
of food and medicine processing, steel and glass production,
nuclear power generation, ocean exploration, underwater ro-
botics [I], and underwater gait training orthosis. Water hy-
draulic has a very long story as mention in [P]; however, wa-
ter hydraulic systems was only paid much attention by resear-
chers from late 1990s, when advances in materials and machi-
ning technology realized the longer life times and higher flow
rate and pressure for water hydraulic components [3]. Today,
water hydraulics tends to divide into two branches: water hy-
draulic servo systems and water hydraulic systems without
using servo valve.

For water hydraulic servo systems, researches mainly concen-
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trated on precise control such as simple adaptive control [3]
and [@], robust control [§], and sliding mode control com-
bined with disturbance observer in [B] for dealing with non-
linearities in water hydraulic component, e.g. high friction,
leakage, dynamic dead zone character, and so on. The control
response is getting better day by day; conventional systems
using servo or proportional valves, however, remain inhere
restrictions consist of expensive devices [[Z], especially for
water hydraulics, lower energy efficiency in comparison with
the system using ON/OFF valve shown in [B], and the dif-
ficulties in recovering energy in deceleration period because
of conflict in control algorithm. Thus, servo valve mainly
uses for the systems that require highly precise control per-
formance and quick response.

To make water hydraulics more popular to protect environ-
ment as its original purpose, reducing cost of such systems is
primary requirement. In recent years, some researches intro-
duced hydraulic fluid switching transmission [J] or water hy-
draulic fluid switching transmission (FST) [Z], [T0], and [T1],
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that is a good method to reduce the original price of the sys-
tem because of using ON/OFF valve that is much cheaper than
servo valve. Moreover, FST system also can recover kinetic
energy of load in deceleration period to become high pressure
fluid energy stored in accumulator and it can be reused in the
acceleration process in next cycle [2]. The two properties of
FST system are very important and make it be useful in real
application.

However, FST system inherently exposes limitations that
need to be improved. First, FST system uses the fast swit-
ching logic to control the velocity; hence, the ON/OFF valves
of the system switch many times in the condition of high fluid
pressure that makes the hydraulic motor to change the state of
working and breaking for each switching. It causes unendu-
rable noise and the duration of the motor to be reduced. Se-
cond, to control the velocity of the load, it needs setting a ve-
locity threshold to make the velocity theoretically work inside
the bounds, but in fact, the steady state error goes beyond the
bounds because of the time delay of devices. The methods to
reduce the error are using the quick response devices and the
restricting the velocity threshold as mentioned in [7] and [1];
however, the restriction has its limit depending on the charac-
teristic of the ON/OFF valves, that means the steady state er-
ror inherently remains in the control logic. The first method
will bring the price of the system up and the second one will
make the number of switching of ON/OFF valves increase,
that leads to shorten the lifetime of the valves. Last, in wor-
king phase, FST system operates in condition of high pressure
that acts as the load of hydraulic pump; thus, the system dis-
sipates large amounts of energy, because an amount not less
losses via relief valves and other amount stores in shock ab-
sorbed accumulator and then disappears after action cycle.

To deal with the limitations of FST system, this research stu-
died on a new water hydraulic transmission that is the directly
connection of a water hydraulic pump and a motor, it can be
called a water hydraulic pump motor transmission (PMT). In
the past, there are very few research concerned with the sys-
tem that is the direct connection between a hydraulic pump
and an actuator such as in [I2] and [[3]; however, all the re-
searches worked for controlling the displacement of a cylin-
der and the systems cannot recover energy in the deceleration
period. PMT system mentioned in this paper is an improve-
ment of FST system. It can work smoother and reduce noise
drastically because ON/OFF valves only switch one time in
all cycle consist of acceleration, working or constant, and de-
celeration phases. By this way, the durations of the hydraulic
motor and ON/OFF valves will be lengthened due to stable
working pressure and much fewer states changing.

The main objectives of this study are twofold:

1. To examine the velocity responses of FST and PMT sys-
tems and then compare the results to prove the advantage
of PMT in experiments.

2. To evaluate the saved energies of FST and PMT systems
based on energy consumption in all a working cycle and
recovered energy in deceleration period. From these re-
sults, compare the consumption of each system.

The remainder of the paper is organized as follows. In Sec-
tion 2, the introductions of FST and PMT systems including
the structures, operations, and specifications of experimental
devices are shown. Then, the control logics of FST and PMT
system are presented in Section 3. Sections 4 and 5 are the
experimental results of velocity responses and energy saving
for FST and PMT systems, and at the end of each section is
the comparison of results of FST and PMT system to draw
conclusions.

2 FST and PMT Systems

In this section, the structures, operations, and specification
of experimental devices of the two water hydraulic transmis-
sions, FST and PMT, will be presented and discussed.

2.1 FST System

A simple FST circuit used for experiments in this research
will be introduced in fig. M. The system consists of fol-
lowing main elements: a fixed displacement pump (P) that
is connected with an electric motor (M), a fixed displace-
ment pump/motor (PM), two accumulators (ACC;, i = 1, 2),
three ON/OFF valves (VS;, i=1,...,3). The two accumulators
ACC; and ACC; are used as a pressure surge absorber and
an energy storage, respectively. The fluid energy with the
pressure p; generated by the pump P is considered as the in-
put energy, kept as 12 MPa in all experiments. The flywheel
(FW) connected to PM is considered as a working load. The
specifications of main experimental devices will be shown in
tab. .

Figure 1: Schematic of water hydraulic FST system.

The goal is to control the flywheel velocity to meet the desired
constant velocity at the working time. An operational cycle
can be divided into three phases: an acceleration phase, a wor-
king or constant phase, and a deceleration phase as shown in
fig. @ (a). In the acceleration phase, there is no control for
ON/OFF valves, they are opened to make the water flow di-
rectly from the pump P to the pump/motor PM. After once
getting the desired constant velocity, the state of the system
is changed to the working phase. At this time, the control
logics for ON/OFF valves are used to force the flywheel velo-
city to oscillate around the constant value. When the working
finishes, the system turns to the deceleration phase, the elec-
tric motor M is stopped and all the ON/OFF valves are in
close state; however, the pump/motor PM still works because



Table 1: Specifications of experimental devices.

Symbols Specifications Values

P Displacement volume ~ 15x107%m?3

PM Displacement volume ~ 15x107%m?3

ACC, N, gas volume 0.005 m?
Precharge pressure 5.0 MPa

ACC, N, gas volume 0.01 m?
Precharge pressure 7.8 MPa

FW Moment of inertia 1.58 kgm?
Mass 78.9 kg
Diameter 0.4 m
Thickness 0.08 m

Electric motor ~ Revolution 1200 min~!

of kinetic energy of flywheel and it acts as a hydraulic pump
to convert the kinetic energy into high pressure fluid that is
stored in the accumulator ACC;, it supplies the water via the
suction line that contains the check valve VC,. This energy
is called recovery energy and will be reused in the next action
cycle in the acceleration phase to make the transient time of
the acceleration phase shorten, and also to reduce the energy
consumption in this cycle.

2.2 PMT System

A new water hydraulic pump motor transmission PMT will
be introduced in this subsection, fig. O is the schematic of
the system. The PMT system is set on the basis of the FST
system, only some devices was changed and the control al-
gorithms for the ON/OFF valves and the electric motor M
are different. Note that, the same symbols of devices of the
FST and PMT systems in figs. 0 and D represent for the same
devices in the real systems, and the specifications of the expe-
rimental devices of the PMT system can be seen in the tab. .
In the PMT system, the ON/OFF valve VS| was replaced by
the check valve VCj3, the accumulator ACC; was eliminated,
and the accumulator ACC, was used for both tasks: pressure
surge absorber in acceleration and constant phases and energy
storage for recovered energy in deceleration phase.

ACC,

Encoder

Frequency
Converter

u(®) Controller ? -
+
r(t)

Figure 2: Schematic of water hydraulic PMT system.
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The most important point of the PMT system is control lo-
gic for the two ON/OFF valves VS,, VS3, and the electric
motor M. In the acceleration and constant phases, all the two
ON/OFF valves VS, and VS3 are opened and they will be
closed for all time of the deceleration phase. The controller
receives the reference signal r(¢) as in fig. @ and the feedback
of the flywheel velocity that is provided by an encoder to ge-
nerate the control signal u(r). The hardware for controller is
dSPACE and the software is MATLAB; thus the control signal
u(r) is limited by + 10 Voltage. The rotational velocity of an
electric motor can be calculated via following equation [T4]

n= 120f,
P

6]
where n is the rotational velocity of the electric motor, f the
frequency of electrical power supply, and P the number of
poles of the motor, in this case P = 4. Thus, the control si-
gnal that is dilivered to the electric motor M is frequency. A
frequency converter is used for converting the control signal
out of dSPACE in voltage to frequency signal supplied to the
electric motor M. The specification of the frequency converter
can be derived by doing some tests on it. The experimental
data of the tests will be shown in tab. O, the results are the
average of five times of experiments; for more detail, fig. B
shows the input-output mapping of the frequency converter.

Table 2: Test data of the frequency converter.

Input (V)  Output (Hz)
0.1 0.70
0.2 1.30
0.4 2.60
0.8 5.08
1.0 6.30
1.5 9.40
2.0 12.50
2.5 15.50
3.0 18.70
3.5 21.75
4.0 24.80

30

Output (Hz)

2
Input (V)

Figure 3: Frequency converter input-output mapping.

From the experimental results, it is easy to realize that, the
relationship of the input and output of the frequency converter



can be considered as linear mapping, and it can be written
approximately as following equation
f=¢u, @)

where € is the frequency coefficient and get the value of
6.1817 Hz/V.

In the deceleration phase, all the ON/OFF valves are closed as
mentioned above, and the electric motor M are also stopped.
Thus, there is no energy supply to the hydraulic pump/motor
PM but it still works same as FST system and also converts
the kinetic energy of the flywheel FW into high pressure fluid
stored in the accumulator ACC,.

3 Control Logics of FST and PMT Systems
3.1 FST System

The drive pattern of the flywheel shown in fig. B (a) consists
of three simple phases: an acceleration phase (Phase 1), a
constant speed phase (Phase 2), and a deceleration phase
(Phase 3). This section will explain the logic to control the
ON/OFF valves, depending on the flywheel drive pattern and
the variable reference velocity of the flywheel (fig. @ (b)). The
valve VS is opened in both Phase 1 and Phase 2, and only
closed in Phase 3. The two valves VS, and VSj3 received
the same control signal depending on the flywheel rotatio-
nal velocity @wgw. The electric motor M is operated with the
constant velocity in all Phases 1 and 2, it is stopped in Phase 3
for saving energy. Following, the valve switching algorithms
corresponding to the three phases will be introduced.

Phase 1 ! Phase 2 ! Phase 3

ref

Flywheel rotational velocity

Time

(a) Drive Pattern

Phase li Phase 2 i Phase 3

I I
| | | |

(’Jclose T M
| | | |
wopen | ! | !
A A T
| | | |
| | | |
| | | |
oo
Lil 11
Open| 2021 1 3
AR
Close i i i i
| | | |

(b) Valve control logics

Figure 4: Control logic of ON/OFF valves.
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3.1.1 Acceleration Phase (Phase 1)

In this phase, the FST accelerates the flywheel FW from sta-
tionary state to a given reference rotational velocity. Once
reached to the reference rotational velocity, the control sys-
tem is switched to Phase 2. In this phase, all of the ON/OFF
valves are opened full time and the electric motor is operated
with the velocity of 1200 min~".

3.1.2 Constant (Working) Phase (Phase 2)

This phase maintains the rotational velocity of the flywheel
FW between @open and @jose as in fig.ll (b). Two Phases 1
and 2 take 100 seconds. Tables B presents the control logics
of the three ON/OFF valves. In the control logic, when the
velocity of flywheel reaches out of @cose, the both ON/OFF
valves VS, and VSj are changed the state from open to close
to brake the flywheel. Inversely, when the velocity downs
less than @open, the state of the both ON/OFF valves VS, and
VS3 are altered from close to open. By this control logic,
the velocity of the flywheel will oscillate theoretically inside
Wopen and @close; however, in fact, the steady state error of the
flywheel velocity is larger because of the effect of the time
delay of the real devices in the system.

Table 3: Valve operation logic in Phase 2.

Valves Open Close
VS, Open
VS, Wpw < 795 min~! opw > 805 min~!
VS;  @pw <795min~!  @rw > 805 min~!

3.1.3 Deceleration Phase (Phase 3)

In the final phase, the speed of the flywheel is decelerated to
zero and note that also in this phase, no velocity control is
executed. In this phase, all the ON/OFF valves are closed, the
closing of ON/OFF valve VSj3 is to brake the flywheel FW
and also induce energy recovery process, ON/OFF valve VS
is closed to cut the supply energy, and ON/OFF valve VS,
is closed to keep the recovery energy inside the accumulator
ACGC,;. The recovery energy is mainly produced in this Phase;
at this time, the pump/motor PM is act as a pump to convert
kinetic energy of the flywheel into high pressure fluid that is
stored in the accumulator ACC,.

3.2 PMT System

The controller of PMT system that is depicted in fig. His a
feedback control that aims to make the velocity of the flyw-
heel track a desired reference velocity r(¢) as shown in fig. D.
The controller in this study is conventional PID control that
was tuned manually to attenuate the steady state error and
overshoot. The PID controller has the transfer function

3)

where Kp, Kj, and Kp are the proportional, integral, and de-
rivative gains; in the experiment, they get the value of 0.002,

K,
Q®:M+%+@&
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Ge(s)

F(s)

Figure 5: Control structure of PMT system.

0.001, and 0.001, respectively.

In the feedback loop, a first order low-pass filter that can be
described by eq. (#) was used to eliminate the high frequency
noise caused by measurement devices that consist of an enco-
der and a frequency-velocity (FV) converter.

10

F(s)fs_i_lo.

“

The reference r(¢r) was generated after a reference model
G, (s) as in eq. (B) by a rectangular input signal u,,(z).
1

Onls) =577

(&)

4 Velocity Response

In this section, the velocity response of the flywheel FW for
both FST and PMT systems will be shown and compared.

4.1 FST System

In the drive pattern as shown in fig. B (a) consists of three
phases; however, Phase 2 is the most important for velocity
response because the system will work and do its function
mainly in this phase. Phase 2 is also called constant (velo-
city) phase or working phase and its reference velocity @,
in this research is constant for the values from 600 min~! to
1000 min~!. Table B is bounds of the velocity responses at
Phase 2 of FST system when reference velocity w,, varies
from 600 min~! to 1000 min~! and fig. B has a more detail
view about the velocity response when the reference velocity

@, is 800 min—".

Table 4: Experimental velocity response of FST system.

Reference velocity Opmin Omax €min  €max
@y, [ min~!] [min~']  [min~!] [%] [%]

1000 968 1028 3.20 2.80

900 869 927 3.44  3.00

800 767 827 4.13 3.38

700 669 726 443 371

600 570 625 5.00 4.17

As showing in tab. B the flywheel velocity errors was regu-
lated in a range from —33 min~! to 28 min~! correspon-
ding with the bound of percentage errors epni, and enmax that
will be defined in eqs. B and [ to 5% and 4.17%, respecti-
vely, when the reference velocity changes from 600 min~!
to 1000 min~!. Note that these bounds of the flywheel velo-
city errors are almost same when the reference velocity varies,
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Figure 6: Experimental velocity response of FST system
(@wr = 800 min—1).

they depend mainly in the range of the threshold and the time
delay of the devices as mentioned in [7],

Wy — Oy
€min = ﬁa (6)
emax = M) (7)
a’max

where @y, and Wyax are the minimum and maximum velo-
city in the working phase.

Another property of the flywheel velocity response in Phase
2 needs to be noticed is that the velocity response of FST sys-
tem oscillates around the reference velocity. Figure @ shows
the control signal of the ON/OFF valves VS, and VS3 that
presents for the ON or OFF state of the valves. With the
working time of 100 seconds, the number of switching of the
valves is 80 times. The oscillation of the velocity is not good
for operation of the system, so it should be improved. The
excessive changing states of the ON/OFF valves make the li-
fetime of not only the ON/OFF valves but also the hydraulic
pump/motor PM decrease.
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Figure 7: Control signal of ON/OFF valves VS, and VS3.

4.2 PMT System

PMT system was controlled by a conventional PID as men-
tioned above, the target of the control is to make the velocity
of the flywheel converge to a reference signal r(¢). To com-
pare with the velocity response of FST, the reference signal is
also divided into three parts: an acceleration phase, a constant
(working ) phase, and a deceleration phase. The acceleration
phase can be calculated when the velocity is the stationary
state to get the constant value of the reference signal @, the



constant and working phase is defined same as FST system,
the acceleration and constant phases also took 100 seconds
for each cycle.

The velocity responses in working phase of PMT system cor-
responding with the reference velocity @,, from 600 min~!
to 1000 min—! are shown in tab. B, and fig. B shows the
velocity response in case of reference velocity m,, = 800
min—!. Base on the tab. B, it is easy to realized that the li-
mit of the bounds of the velocity errors is 3.92 min~! and
4.18 min~! corresponding with the bound of percentage er-
Iors epin and em,x that also will be defined in eqs. B and @ to
0.49% and 0.52%, respectively, when the reference velocity
changes from 600 min~! to 1000 min~!. As showed in fig. @,
the transient time (in the acceleration phase) of the response
takes longer time than the reference, it can be improved by
using larger gains of PID controller, however, it will bring the
larger overshoot. Thus, finding a method to reduce the tran-
sient time and still keep a small overshoot is a requirement of
this research in the future.

Table 5: Experimental velocity response of PMT system.

Reference velocity ®pmin WOmax €min  €max
@y [ min~'] min~']  [min~']  [%] [%]
1000 996.85 1003.20 0.32 0.32
900 896.88  904.18 035 046
800 796.08 80299 049 0.37
700 697.22 704.10 040 0.59
600 59834  603.13 0.28 0.52
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Figure 8: Velocity response of PMT system (g = 800
i1
min~").

Figure B shows the control signal of the electric motor M. In
the working phase, the controller sent to the motor a signal
that is not changed much. This is really good for the duration
of the motor. For all the time of the acceleration and working
phases, the ON/OFF valve VS, and VS3 were opened, that
made the supply pressure for hydraulic pump/motor PM was
steady; therefore, the lifetime of the both ON/OFF valves and
also the hydraulic pump/motor is not affected.

4.3 Comparison

This subsection aims to analyse and compare the velocity res-
ponse between FST and PMT to derive the advantage and di-
sadvantage of each transmission. The percentage errors ep;p
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Figure 9: Control signal of electric motor.

and epmax are shown in figs. [ and [, respectively. Base
on the figures and tabs. B and B, it can be concluded that the
steady state error of PMT system is much smaller than FST
system in both percentage errors epin and emax and the maxi-
mum difference is nearly 18 times and the minimum one is
approximately 6 times.
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Figure 10: Percentage error epypy.
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Figure 11: Percentage error ep,y.

Figure 2 shows the velocity responses of both FST and PMT
systems in case of reference velocity @, = 800 min~!. At
the beginning of the acceleration phase, the control perfor-
mances of the both transmissions are almost same; only the
end of this phase, the PMT responded slower than FST a lit-
tle bit however it is smoother. In the most important phase,
working phase, the flywheel velocity of PMT system not only
much more precise but also is smoother and does not oscillate
rapidly in comparison with FST system.
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S Energy Saving

Energy saving is one of most important property of water hy-
draulic systems without using servo valve. The energy saving
of both FST and PMT systems that concerns with recovered
energy in deceleration process and energy consumption in ac-
celeration and working phase will be presented in this section.

5.1 Energy Consumption

Because of the energy loss of the water hydraulic transmis-
sions is considerably higher than conventional one; thus, ta-
king into account of the energy consumption is an important
requirement of the water hydraulic systems in general and the
water hydraulic systems without using servo valve in particu-
lar.

5.1.1 FST system

Energy consumption of the FST system is only for Phase 1
and Phase 2, because in Phase 3, the electric motor M is stop-
ped. Table B shows the energy consumptions of the system in
a cycle when the reference velocity varies from 600 min~! to
1000 min~!. The energy consumptions are almost same and
decrease if the reference velocity increases. The reason for
this can be explained as follows. The velocity of the electric
motor M is constant for all the reference velocities and gets
the value of approximately 1200 min~"! to force the system to
complete full cycle when the reference velocity gets the hi-
ghest value of 1000 min~!. The energy consumption for the
acceleration phase is higher if the reference velocity is big-
ger; however, in phase 2, when the reference velocity is big-
ger, the flow rate flows through the hydraulic pump/motor is
also bigger and the supply flow rate from the hydraulic pump
P is almost constant, it leads to the working pressure that can
be considered as load of the hydraulic motor is smaller and
the energy consumption of the electric motor will decrease
in this phase. The energy consumption is the combination of
the both phases. Thus the energy consumption of the system
depends on both the working time of the system and the refe-
rence velocity.

5.1.2 PMT system

Energy consumption of PMT system is only for the accele-
ration and working phases same as FST system, because the
electric motor M is also stopped in the deceleration phase.
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Table 6: Energy consumption of FST system.

Reference velocity Energy consumption

@y, [ min~"] [Wh]
1000 137
900 138
800 140
700 140
600 141

Energy consumption of the system when the reference velo-
city is from 600 min~! to 1000 min—! will be shown in tab. Q.
The energy consumptions of PMT system decreases if the re-
ference velocity goes down. It is not difficult to understand
because the velocity of the electric motor M also varies de-
pending on the reference velocity.

Table 7: Energy consumption of PMT system.

Reference velocity Energy consumption

@, [min~'] [Wh]
1000 28.5
900 26.0
800 23.0
700 20.8
600 18.4

5.1.3 Comparison

The comparison of the energy consumption between FST and
PMT is one of the major purposes of this research. Figure [3
shows the energy consumption of FST and PMT systems. Ba-
sed on the figure and tabs. B and [, the advantage in the energy
saving of PMT is displayed clearly. The minimum difference
between FST and PMT is 4.8 times and the maximum one is
7.7 times corresponding with the reference velocities of 1000
min~! and 600 min~!, respectively. The difference is because
of the energy loss of FST system via relief valve, stored in
ACC; that will disappear after the cycle. Morover, the energy
lose when the ON/OFF valves change its state that contributes
the bigger part and the energy stored in accumulator ACC,
which can be reused same as the recovered energy.
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Figure 13: Energy consumption of FST and PMT.
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Figure T4 shows the instantaneous value of the supply po-
wer to the electric motor M of FST and PMT system in expe-
riment. At the beginning of the acceleration phase, the energy
consumption of FST and PMT is similar; however, at the end
of the phase, energy consumption of FST still increase and the
energy consumption of PMT reduces, because the velocity of
the electric motor M increases rapidly for FST case and slo-
wer for PMT case that make the velocity response of PMT is
slower. In the working phase, the energy consumption of FST
is much higher than PMT because the pressure in the output
line of the hydraulic motor of FST system is higher than PMT
system.

5.2 Energy Recovery Efficiency

Energy recoveries of both FST and PMT systems were pro-
duced in the deceleration phase. The deceleration phases of
FST and PMT systems were exactly same, all ON/OFF valves
were closed, the electric motor M was stopped. ON/OFF
valve VS3 was closed to break the flywheel; at that time, the
hydraulic pump motor PM acted as a pump and converted the
kinetic energy of the flywheel FW that caused by high speed
of the flywheel into high pressure water and it was stored in
the accumulator ACC;. The recovered energy would be reu-
sed in the next cycle of the systems. The ON/OFF switching
valve VS, was closed to cut the supply energy to the hydraulic
pump/motor PM directly and preserve the recovered energy.
The recovered energy stored in the accumulator ACC; is de-
fined as follows

Tend3

PACC, " gACC,dt,
Istart3

®

Erecovery =

where Epecovery 18 the recovered energy to the accumulator
ACC, during the deceleration phase, pacc, the pressure of
the accumulator ACCs, gacc, the flow rate stored in the ac-
cumulator ACC;, and fart3, fends the times at the beginning
(the time of 105 second) and the end of Phase 3, respectively.
Because the pressure pacc, and the flow rate gacc, are same
as the pressure p; and the flow rate ¢», eq. (8) can be written

as
Tend3

p1-qdt.

Istart3

&)

Erecovery =

To estimate the recovered energy, the efficiency index n will
be introduced as the ratio of the recovered energy and the
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maximum kinetic energy of the flywheel FW in the decele-
ration phase as follows

_ Erecovery

i (10)

where Epw is the maximum kinetic energy possessed by the
flywheel in Phase 3. This evaluates how much energy will be
recovered from the kinetic energy of the flywheel dissipated
in conventional operations and can be reused in next action
cycle in real application. In this case, Erw is calculated by
following equation

L

31 D an

Erw =

where Wmax s the maximum rotational velocity of the flyw-
heel in the deceleration phase.

Table 8: Recovered energy of FST system.

Reference velocity  Erecovery EFw n
@y [ min~'] [kJ] kIl [%]
1000 3.17 8.65 36.7
900 2.49 7.16 348
800 1.88 5.67 332
700 1.27 422 30.1
600 0.86 327 263

Table 9: Recovered energy of PMT system.

Reference velocity  Erecovery EFw n
@y [ min~] [kJ] kIl [%]
1000 3.21 8.66 37.1
900 2.48 7.02 353
800 1.85 5.54 334
700 1.29 425 304
600 0.83 3.12  26.6

Tables B and B shows the recovered energies of FST and PMT
systems in the deceleration phase, all the results are the ave-
rage of five times experiments. From the tables, it is easy to
realize that the recovered energy of the FST and PMT systems
are almost same; however, they still exist a minor difference
because the maximum rotational velocities of the flywheel in
the deceleration phase Wp,x of the FST and PMT systems are
not the same and the measurement devices have its deviations.
The recovered energies of the both systems increased when
the reference velocities raised and got the maximum values
of 3.17 and 3.21 corresponding with the energy recovery ef-
ficiency index 1 of 36.7% and 37.1% for the FST and PMT
systems, respectively.

6 Conclusion

This paper is an investiagation on the FST and PMT systems
that do not use servo valve. The easiest advantage of the sys-
tems is cheap and the energy loss can be reduced.



The FST system is good at recovering energy in the decelera-
tion period, it is almost same as the PMT system, and it can
save from 26.3 to 26.7% of the kinetic energy of the flyw-
heel. However, the steady state error of the flywheel velocity
in the working period is still large, it is from 2.8 to 5% and it
is very difficult to be reduced because the error exists in the
control logic. The energy consumption of the system is quite
high because of lossing via the relief valves, the accumulator
ACC|, and the process of changing state of ON/OFF valves.
It needs from 137 to 141 Wh for all acceleration and wor-
king phases that last 100 seconds when the reference velocity
changes from 600 to 1000 min~!.

The PMT system displayed more advantage than FST sys-
tem. Fist, the system can reduce the noise because of smooth
operation and enlarge the duration of the devices such as the
ON/OFF valves VS;, VS3 and the hydraulic motor. Second,
the steady state error in the working phase decreased drama-
tically in the PMT system, from 6 to 18 times, it is from 1.66
to 4.1 min~! corresponding with the percentage errors of 0.28
to 0.59%. Following, The energy consumption of PMT sys-
tem reduced much, it was only from 4.8 to 7.7 times less than
energy consumption in FST system.

However, PMT system remains some restrictions that need
to be improved consist of long transient time in acceleration
phase and taking time to tune the gain of PID controller.
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