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Hydraulics is a promising technology for robots. However, traditional hydraulic infrastructures are often large
and power-inefficient, with large power sources that hinder mobility. In contrast, electro-hydrostatic actuators
are relatively power efficient, but their cost and weight can be excessive in systems with a higher number of
degrees of freedom. In this paper, we propose a new alternating pressure control system for hydraulic systems

with a higher number of degrees of freedom based on an alternating pressure source system. In this system,
the valves open and close in synchronization with a pump with sensor feedback, allowing either pressure or
position in each actuator to be controlled independently. With the proposed system, a centralized pump can
be used with simplified tubing and simple on-off valves. Moreover, we developed a dynamic duty ratio system
that improves performance and reduces pump utilization time. The experimental results confirmed that both
the position and pressure of each actuator can be controlled in parallel on a multi-degree-of-freedom system.

1. Introduction

Hydraulic actuators have been employed in heavy machinery for
a long time owing to their large force output, high force and power
density, and good impact resistance. These advantages make them
suitable for tough robotic applications [1-4], mobile robots [5-8], and
wearable robots [9,10]. Hydraulic actuators also have a potential to be
adopted in other multi-degree-of-freedom mechanical systems, which
are also considered as robots in the context of this paper. In addition,
soft hydraulic actuators that often operate using fluid power are utilized
for applications such as hydraulic artificial muscles. In our earlier work,
we developed a sit-to-stand support device based on hydraulic artificial
muscles [11]. While the device had a satisfactory force output, the hy-
draulic supply system and its power consumption remained a challenge.
In mobile robots and wearable robots, reduced power consumption will
improve operational range and duration, which are crucial in actual
application.

Traditional hydraulic infrastructure consists of a centralized pump
and tank, and the hydraulic pressure is delivered to the actuators
through piping. The supply pressure is controlled via a pressure relief
valve, and the actuators are controlled with flow control valves or
pressure control valves. However, it has been mentioned in the liter-
ature that in conventional valve-controlled hydraulic systems, where
hydraulic pressure is supplied from a central hydraulic unit and con-
trolled through a valve, the hydraulic unit runs continuously, even
when not active, leading to a lower efficiency [10,12-14].

In contrast, the electro-hydrostatic actuator (EHA) only needs to be
powered when actuated, leading to a higher power efficiency compared
to traditional systems [10,12-14]. Originally developed for applications
in aircrafts, the EHA combines electrical motors, pumps, accumulators,
valves, hydraulic actuators, and electrical circuits into a single unit. The
EHA is a pump-controlled system, and pressurized fluid is only used for
transmission between the motor and actuator. In robotic applications,
EHAs are often utilized when smaller sizes and weight-to-power ratios
are essential, such as in prostheses or exoskeletons [9,14].

In systems with a higher number of degrees of freedom, all EHAs
operate in parallel with each other. This is an advantage for aircraft
applications when each actuator is positioned in a different part of
the aircraft since piping from a centralized supply unit is then elim-
inated [12,13]. On the other hand, in robots, where actuators are
positioned close to each other, the weight of the piping is negligible.
However, the redundant hydraulic components of each EHA, particu-
larly pumps and motors, result in an excessive cost and weight of the
entire system.

Another alternative to the conventional centralized hydraulic sys-
tem is the alternating pressure source with a synchronized valve sys-
tem, which has been previously proposed for microactuators [15,16]. In
this system, an alternating pressure is supplied to all actuators simulta-
neously. Control valves, which are directly connected to the actuators,
open and close in synchronization with the pump. For example, to
elongate the actuator, the valve opens during the pressurized period
and closes during the suction period.
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With the alternating pressure system, the piping is simplified and
only a simple on-off valve is required, rather than the complex 3/3
flow control valve required to achieve the same functionality as the
traditional single-acting cylinder system. In both studies, an electro-
rheological fluid, controlled with flexible electro-rheological
microvalves, was utilized as the hydraulic fluid. They achieved inde-
pendent motion of the two actuators. However, as the system was
designed for a microactuator, its functionality as a hydraulic supply
system is very limited: neither pressure nor volume can be controlled,
and the input peak-to-peak pressure is only 110 kPa. Lastly, the pump
in this system also needs to run continuously, resulting in low power
efficiency.

Another important component of hydraulic systems is hydraulic
fluid. While oil-based hydraulic liquids are often used in traditional
systems, water-based hydraulic liquids have also been proposed as al-
ternatives because they are more user-friendly, accessible, and environ-
mentally friendly [17,18]. These advantages make water an appealing
choice for wearable devices that are in close contact with the user.

In this paper, we propose a new alternating pressure control system
(APCS) based on an alternating pressure source system, wherein each
hydraulic actuator is connected to a centralized alternating pressure
source and an on-off valve. However, instead of simply synchronizing
the valves to the pump in an open-looped fashion, the pressure and
position sensors allow a more complex algorithm to be utilized, thereby
improving functionality. We propose a control algorithm utilizing on—
off valves, feedback signals, and an alternating pressure source in a
multi-degree-of-freedom system. In the proposed system, the pressure
in each actuator is “updated” at a semi-fixed period, allowing both
pressure and volume in each actuator to be controlled simultaneously.
Furthermore, we also propose a dynamic duty ratio algorithm to reduce
total pump utilization time and improve power consumption. The
performance and effectiveness of the proposed system are validated
through simulations and experiments. The APCS reduces the weight and
cost of EHAs while enabling lower power consumption and requiring
fewer components than conventional centralized systems. We believe
this system will be beneficial multi-degree-of-freedom systems where
high power efficiency is needed, such as mobile robots.

2. Proposal of the alternating pressure control system

A general APCS consists of one centralized servo pump and one
on-off valve per actuator, similar to the alternating pressure source
system. However, in APCS, pressure sensors or position sensors can also
be installed for feedback according to the desired operating mode, as
shown in Fig. 1. The inclusion of feedback sensors allows the controller
to control either pressure or position of each actuator, as well as stop
the motor when not required to reduce power consumption.

The control algorithm of APCS can be described as follows. First,
the controller compares the setpoint and output of the system and
determines the operating mode required. If all actuators are at the
setpoint, the valves are closed, and the motor stops. However, if the
pressure or volume in one or more actuators needs to be increased or
decreased, the motor turns forward or backward, respectively. Simul-
taneously, the valves at the corresponding actuator open, allowing the
motor to power the actuator as a motor-controlled hydraulic system.
If the pressure or volume in certain actuators must be increased and
decreased simultaneously, then the motor applies alternating pressure
to the system. Subsequently, the controller compares the supply and
actuator pressures, and then opens or closes the valve according to
the algorithm. In addition, a dynamic duty ratio was employed to
maintain a balanced performance between all the actuators during the
alternating pressure mode, i.e., the APCS operates as a hybrid of a
pump-controlled system and a valve-controlled system.

The system in this study consists of one positive displacement pump
powered by a servo motor, four double-acting cylinders operating as
single-acting cylinders, four on-off valves, and five pressure sensors,

Mechatronics 85 (2022) 102822

On-off Valve 1

Actuator 1 }—{ Sensor 1 ‘

Actuator n }—{ Sensorn ‘
T

On-off Valve n

Pressure
Sensor

Motor @:é@ Pump

vl
Alternating |
Pressure |
Command .

|

Feedback
Signal

Command
Signal

Fig. 1. Outline of the proposed system, consisting of a motor, a pump, and a
theoretically unlimited number of sets of on—off valves and actuators. The on/off valves
open and close in sync with the alternating pressure from the pump.

with water as the hydraulic fluid. The pump operated in a pressure-
controlled mode and had a maximum operating pressure of 5 MPa.
To utilize the double-acting cylinder as a single-acting cylinder, the
hydraulic pressure is only connected to one side of the cylinder, while
a constant pneumatic pressure is applied to the other side as a return
mechanism. Further, instead of simply synchronizing the valves to the
alternating pressure in an open-looped fashion, pressure sensors and
linear potentiometers were installed for feedback, which allows a more
complex control algorithm to be utilized for pressure and position
control.

2.1. Alternating pressure source

The alternating pressure source is an integral part of this study.
Higher frequencies result in quicker system response and less delay;
however, this response is restricted by the limitations of the pump and
servo motor and the operating speed of the valve. Moreover, different
alternating pressure waveforms can also lead to variable performance
depending on the type of application. An APCS with a rectangular
wave, associated with abrupt changes of pressure in the alternating
pressure source, would enable a faster response with a higher alternat-
ing frequency. This makes a rectangular wave source pressure suitable
if the actuator only requires the pressure to be on or off. In contrast, a
sinusoidal wave alternating pressure source exhibited a more gradual
change in pressure. This allows the valves to open or close at any point
between the maximum and minimum pressures and additionally allows
any pressure value between the minimum and maximum values to be
used as a setpoint.

For a rectangular wave, it is also possible to manipulate the duty
ratio to improve the overall performance of all the cylinders. Herein,
the dynamic duty ratio function for a system with n actuators is
expressed as Eq. (1)

pR= L ZimSE0n X)L €
2\ Zicy Isgn(x,; — x))]

where

i is the number of the actuator;
»i is the setpoint of actuator i for the relevant mode (force or
displacement); and

X
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x; is the current output of actuator i.

Function sgn denotes the signum function, which is defined as
follows:

-1 ifx<0,
sgn(x) :=490 if x=0, 2
1 ifx>0.

However, a duty ratio value that is too low results in a short pulse,
which does not provide sufficient time for the pump to reach the
desired value. Similarly, a very high duty ratio value results in the
pressure not falling to the desired value. To prevent this, the rise time
(t4se), fall time (), and alternating pressure frequency (f) of the
pump can be used to calculate the applicable range of the dynamic duty
ratio value, as shown in the equation below:

0 if DR =0,
tise if 0 < DR < thjge f,
DRapplicable =4DR if tise/ < DR <1 —teyf 3
l_tfallf ifl—tfanfSDR<l
1 if DR=1.

The value of 7. and 7g,; in the context of this paper are obtained
experimentally as the time taken by the pump to reach maximum
pressure or minimum pressure after receiving a step input signal.

While only the rectangular wave and the sinusoidal wave were used
in this study, other waveforms such as sawtooth or triangular waves,
which also have gradual pressure changes, can also be considered in a
future study.

2.2. Valve controller

2.2.1. Pressure control

The valve controllers compare the source pressure, the pressure
inside the actuators, and setpoint, and then open or close the valves
depending on the situation. The basic logic of the valve controller is
given by Eq. (4). The logical operator AND and OR are denoted as A
and V respectively.

((P,>P)AP,>P)V(P, < PY)A(P,<P)) = V, &)

open*

where

P, is the source pressure;

P, is the reference pressure; and

P, is the actuator pressure.

Moreover, to prevent overshoot, which would increase the error
instead of reducing it, the valve should only open when P, is closer
to P, than to P, i.e.,

|Pr_Ps|<|Pr_Pa|' ()

The stability of the system can be improved by using a dead zone
around the target pressure. The implementation of the valve controller
in MATLAB Simulink is shown in Fig. 2

2.2.2. Position control

Operation in this mode is relatively simple: a rectangular wave with
a dynamic duty ratio expressed in Eq. (1) is provided to the pump. The
valve then opens or closes according to the direction of the pump and
the desired cylinder direction.

The dynamic duty ratio allows all the actuators to be equally
prioritized while improving the performance when only a number of
actuators are active.
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Fig. 2. Implementation of the valve controller logic in a pressure-controlled pump for
a force-controlled mode in Simulink where e is the value of dead band.

Table 1
Parameters used in the simulation.

Parameter Value

293.15 K
0.101325 MPa

System temperature
Atmospheric pressure

Pump rise time 0.1s

Pump fall time 0.1s
Cylinder piston diameter 20 mm
Cylinder piston stroke 0.2 m
Valve delay 20 ms
Valve orifice diameter 1.5 mm
Valve leakage area 1x 10710 m?

3. Simulation

The system was simulated using MATLAB 2021a Simulink and
Simscape software. The pumps in the pressure- and volume-controlled
modes were modeled as perfect pressure sources. The transient response
of the pump was modeled as an underdamped unity-gain second-order
system with the transfer function shown in Eq. (6). Further, four sets
of hydraulic cylinders and valves were connected to the pump. The
components are modeled after the experimental equipment, which is
explained in detail in Section 4.1. We assume that liquid temperature
was constant and there was no deformation in the components. Other
conditions including cylinder friction, valve leakage, fluid compress-
ibility and viscosity, volume of tubing were already considered. The
parameters in the simulations are obtained experimentally and are
given in Table 1.

1002

G§)= ———
® 52 + 160s + 1002

(6)

3.1. Pressure control

In the pressure control mode, both rectangular and sinusoidal waves
were used for the source pressure and setpoint. This results in four
combinations:

1. Rectangular source, rectangular setpoint (R-R)
2. Sinusoidal source, rectangular setpoint (S-R)
3. Rectangular source, sinusoidal setpoint (R-S)
4. Sinusoidal source, sinusoidal setpoint (S-S).

The hydraulic cylinders in the pressure control mode were simu-
lated to be fixed with no external force acting on the cylinder. The
valves were simulated as gate valves with a transport delay of 50 ms to
emulate the actuation time of the real valve. The models of the valve
and cylinder are shown in Fig. 3.
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Fig. 3. The model of the valve and cylinder in pressure control mode simulations. The
cylinder rod was fixed, and the volume within the cylinder was constant.

input output ‘

[SINENe

! ! I I I I I I
8 10 12 14 16 18 20

Source Pressure
; ; ,
1
14 16 18 20

o
n
IS
>

R

12

o ONRa

Cylinder 1

o
N
IS
o
©

Pressure [MPa]

10 12 14 16 18 20
Cylinder 2

oNAo

0 2 4 6 8 10 12 14 16 18 20
Cylinder 3
z
ZE j
0 1 T T T 1 t T T 1
0 2 4 6 8 10 12 14 16 18 20
Cylinder 4
Time [s]

Fig. 4. Simulation results in the R-R mode with a 1 Hz source frequency and a 0.2
MPa deadband.

The performance of the simulated system is calculated using the root
mean square error (RMSE) defined as shown in Eq. (7)

RMSE = @

where:

n is the number of sampled points;

P,; reference pressure; and

P, is the cylinder pressure.

In addition, for sinusoidal setpoint modes, the output delay was
also calculated. A discrete Fourier transform is used to obtain the
phase difference between the setpoint and pressure output, which is
then used to calculate the time delay. The theoretical maximum delay
corresponds to the period of the alternating pressure.

The setpoints in the rectangular setpoint modes were rectangular
waves with different frequencies and pulse widths. The APCS could
control the pressures in all cylinders simultaneously with both rect-
angular and sinusoidal pressure sources, as shown in Figs. 4 and 5.
The sinusoidal pressure source has a more gradual change in pressure,
resulting in a larger delay compared with the rectangular pressure
source mode. However, all delays were less than the period of the
alternating pressure source. Further, the RMSE values for the R-R and
S-R modes were 1.21 and 1.56 MPa, respectively.

The application of the dynamic duty ratio reduces the total pump
utilization time in the R-R mode from 50% to 41.22% and increases
the RMSE to 1.62 MPa. The dynamic duty ratio decreases energy con-
sumption by reducing the pump utilization time when all actuators are
already in place; in addition, it improves the performance by increasing
the pump utilization time when activating an actuator. However, the
improved performance was not apparent in this simulation, where all
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Fig. 5. Simulation results in the S-R mode with a 1 Hz source frequency and a 0.2
MPa deadband.
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Fig. 6. Simulation results in the R-R mode with dynamic duty ratio with a 1 Hz source
frequency and a 0.2 MPa deadband.

Table 2

RMSE and delay in S-S mode from 1 Hz to 5 Hz. The dead band was 0.2 MPa.
Frequency (Hz) 1 2 3 4 5
RMSE (MPa) 0.69 0.52 0.41 0.40 0.46
Delay (s) 0.30 0.16 0.13 0.10 0.10

cylinders were at a fully extended position with a virtually fixed vol-
ume. The current implementation of the dynamic duty ratio increases
the theoretical maximum delay to two periods of the source pressure,
which also results in an increased RMSE. The simulation results are
shown in Fig. 6.

Simulations with sinusoid setpoint modes yielded contrary results;
using a sinusoid wave as the source pressure resulted in lower delay and
error, as shown in Figs. 7 and 8. This is because sinusoidal waves have a
more gradual change in pressure compared to rectangular waves, which
allows the valves more time to shut at the reference pressure. As a
result, the R-S mode has a larger delay (0.61 s) and RMSE (1.22 MPa)
compared to the corresponding values for the S-S mode (0.30 s, 0.69
MPa).

Increasing the source pressure frequency improves both the RMSE
and the delay of the system. The delays and RMSEs of the S-S mode
between the 1 and 5 Hz source frequencies are shown in Table 2.
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Fig. 7. Simulation results in the R-S mode with a 1 Hz source frequency and a 0.2
MPa deadband.
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Fig. 9. The model of the valve and cylinder in the position control mode simulations.
The double-acting cylinder acts as a single-acting cylinder with a constant pressure as
the return mechanism.

3.2. Position control

In the position control mode, a constant pneumatic pressure of 0.9
MPa is applied to the cylinder as a return mechanism instead of a
return spring. This was simulated as a constant force of an equivalent
magnitude acting on the rod. Further, the valves were simulated as gate
valves with a transport delay of 50 ms, similar to the pressure control
mode. The models of the valve and cylinder are shown in Fig. 9.

The simulated system could operate all four hydraulic cylinders
independently. The resulting positions of the hydraulic cylinder rods

Mechatronics 85 (2022) 102822

‘ input output ‘
200F T T T T T =
1001 4
0 | | | |
0 10 20 30 40 50 60
Cylinder 1
200F T T T
= 100 4
£
E o I I I I E|
o © 10 20 30 40 50 60
2 Cylinder 2
& 200F T T T T T =
S
7]
A 100f 4
0 I . | | E
0 10 20 30 40 50 60
Cylinder 3
200F T T T T =
1001 4
0 I I | | |
0 10 20 30 40 50 60
Cylinder 4
Time [s]

Fig. 10. The model of the valve and cylinder in the position control mode in Simulink
Simscape.

Pressure Sensor

Linear Potentiometer

Hydraulic Cylinder

SN

Servo Amplifier Solenoid Valve To compressor

Fig. 11. Experiment setup. The controller box and compressor are not shown in this
figure.

with a 5 mm dead band are shown in Fig. 10. The RMSE of all four
cylinders is 3.17 mm. The pump was activated for a total of 16.30 s,
which is 32.60% of the operating time.

While setting the dead band to 0 mm offers a very slight reduction
of RMSE to 3.10 mm, it increases the pump utilization time by 75%
to 28.14 s or 56.28% of the operating time. In contrast, increasing the
dead band to 10 mm increases the RMSE to 5.05 mm and reduces the
pump utilization time to 11.63 s, or 23.26% of the operating time.

4. Experiments
4.1. Experiment setup

The experimental setup consisted of a water pump (ASP035-T110,
LEVEX Corporation, Kyoto, Japan) connected to a 3-phase servo mo-
tor (HG-SR51B, Mitsubishi Electric Corporation, Tokyo, Japan). The
servo motor was powered by a servo amplifier (MR-J4a, Mitsubishi
Electric Corporation, Tokyo, Japan) and connected to a controller
board (MicroLabBox, dSPACE Inc., MI, USA) operating at 1 kHz. Fur-
ther, two solenoid flow control valves (HTJ262G002, ASCO Japan Co.
Ltd., Hyogo, Japan) were connected in opposite directions to operate
as a single on/off valve. The double-acting hydraulic cylinders (KS-
5LB20 x 20, JPN Co. Ltd., Tokyo, Japan) have an inner diameter
of 20 mm and a stroke of 200 mm. In addition, the pressures were
measured using pressure sensors (PSE577, SMC Corporation, Tokyo,
Japan). The constant air pressure of 0.9 MPa, which acts as a return
mechanism in the position-controlled modes, was regulated with a
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Fig. 13. Experiment results in the R-R mode with a 1 Hz source frequency and a 0.2
MPa deadband. This is an example of a suitable configuration.

filter regulator (FRF300-02-MD, Nihon Pisco Co. Ltd., Nagano, Japan)
and a positive pressure sensor (GPD-01, Nihon Pisco Co. Ltd., Nagano,
Japan). In the experiments in a loaded condition, the external load was
simulated with a pneumatic pressure regulated by an electro pneumatic
regulator (MEVT500-0C4-T11R-4U3, CKD Corporation, Aichi, Japan).
In total, 5 pressure sensors, 4 linear potentiometers, and 8 solenoid
valves were used. The experimental setup is illustrated in Fig. 11, and
the schematic of each actuator is shown in Fig. 12.

4.2. Pressure control

In the pressure control mode, all cylinders are in a fully-extended
position, and the pneumatic pressure was set to 0 MPa.

4.2.1. Rectangular setpoint

The experimental results at 1 Hz source pressure frequency were
consistent with the simulation results. In the R-R mode with a constant
duty ratio of 0.5, the RMSE was 0.61 MPa, which was lower than the
simulated result of 1.21 MPa (see Fig. 13).

Applying the dynamic duty ratio to the alternating pressure source
reduced the total pump utilization time to 40.78% and increased the
RMSE to 1.55 MPa. The increase in RMSE was due to the controller
prioritizing the activation or deactivation of the actuator. For example,
the error in Cylinder 1 in Fig. 14 between 12 and 13 s was due to the
controller prioritizing the activation of cylinder 2 before updating the
dynamic duty ratio at the 13 s mark. While this results in a larger error
in this experimental setup where the cylinders are fixed, the dynamic
duty ratio may improve performance in situations where cylinder rod
movement is required.

In the S-R mode, the RMSE was 1.13 MPa, which was lower than
1.56 MPa in the simulations. For the rectangular setpoint modes, the
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1 Hz source frequency and a 0.2 MPa deadband. The dynamic duty ratio reduces the
pump utilization.
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Fig. 15. Experiment results in the S-R mode with a 1 Hz source frequency and a 0.2
MPa deadband. This is an unsuitable configuration because sinusoidal source pressure
has a slower pressure change, resulting in a larger error.

sinusoidal source pressure offers a larger error and slower response
compared to the rectangular source pressure. Furthermore, utilization
of the dynamic duty ratio is not possible with a sinusoidal source
pressure (see Fig. 15).

To demonstrate the performance of the APCS at a higher source
frequency, experiments were also conducted between 1 Hz and 5 Hz.
Increasing the source frequency to 5 Hz reduced the delay significantly
as shown in Fig. 16. The RMSE at 5 Hz source frequency was 0.65 MPa.

Applying the dynamic duty ratio at a higher source frequency results
in a significantly reduced pump utilization time to 21.96% at 3 Hz
and 22.50% at 5 Hz source frequency as shown in Fig. 17. Moreover,
the RMSE was also substantially reduced to 0.66 MPa. Utilizing the
dynamic duty ratio at a higher source frequency results in a signifi-
cantly reduced pump utilization time with an insignificant impact on
RMSE. The pump utilization percentage at different source frequencies
is summarized in Table 3.

4.2.2. Sinusoidal setpoint

Operation in the R-S mode also returned a similar result for the
simulation. The valves could not react to the sudden pressure change,
resulting in a larger error compared to the S-S mode. The delay and
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Table 3
Pump utilization time at different source frequency with the dynamic duty ratio.
Frequency (Hz) 1 2 3 4 5
Pump utilization (%) 40.78 28.62 21.96 21.89 22.50
‘ setpoint measured output ‘
T e
0 2 4 6 10 14 16 18 20

Source Pressure

T 0 2 4 6 8 10 12 14 16 18 20
< Cylinder 1
— 6 T T T T T T T T T
@ 4t F
% S i M M s VN i M
ﬁ 0 2 4 6 8 10 12 14 16 18 20
g Cylinder 2
g T T T \‘ T T T
0 I I %ﬂ I u
0 2 4 6 8 10 12 14 16 18 20
Cylinder 3
8 : . . .
4 ] — ]
ol ; ! . . ; . . : ; !
2 4 6 8 10 12 14 16 18 20
Cylinder 4
Time [s]

Fig. 16. Experiment results in the R-R mode with a 5 Hz source frequency and a 0.5
MPa deadband.
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Fig. 17. Experiment results in the R-R mode dynamic duty ratio with a 5 Hz source
frequency and a 0.2 MPa deadband.

RMSE in the R-S mode for an alternating source frequency of 1 Hz and
a 0.2 MPa dead band were 0.29 s and 1.17 MPa, respectively.

Finally, in the S-S mode with a frequency of 1 Hz and a 0.2 MPa
dead band, the average RMSE and delay were 0.64 MPa and 0.32 s,
respectively, as shown in Fig. 19. This is similar to the corresponding
simulation results of 0.69 MPa and 0.30 s, respectively.

Similar to the simulations, increasing the source frequency reduced
the delay. Unlike the simulation, however, the RMSE increased at a
higher frequency. We believe this was caused by the valves being
slower in the experiments, resulting in a larger “overshoot” error,
as shown in Fig. 20. Moreover, the RMSE value also depends on
the frequency of the setpoint signal. The RMSE of Cylinder 3, which
has the slowest setpoint frequency, is significantly lower than that of
Cylinder 4 which has the fastest setpoint frequency within the same

configurations. The RMSE and delay values between 1 and 5 Hz with
a 0.2 MPa dead band are summarized in Table 4.
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Fig. 18. Experiment results in the R-S mode with a 1 Hz source frequency and a
0.2 MPa deadband. Operation in this mode results in “overshoot” errors because the
valves are not fast enough to close at the setpoint pressure. This is an example of an

unsuitable configuration.
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Fig. 19. Experiment results in the S-S mode with a 1 Hz source frequency and a 0.2
MPa deadband. This is an example of a suitable configuration.
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Fig. 20. Experiment results in the S-S mode with a 5 Hz source frequency and a 0.2
MPa deadband. The “overshoot errors” occurred due to the faster pressure change,

similar to the R-S mode. This is another example of an unsuitable configuration.
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Table 4

RMSE and delay in S-S mode from 1 Hz to 5 Hz. The dead band was 0.2 MPa.
Frequency (Hz) 1 2 3 4 5
Overall RMSE (MPa) 0.64 0.67 0.80 0.82 0.85
Cylinder 1 RMSE (MPa) 0.58 0.60 0.79 0.78 0.94
Cylinder 2 RMSE (MPa) 0.60 0.61 0.81 0.87 0.81
Cylinder 3 RMSE (MPa) 0.47 0.62 0.63 0.80 0.67
Cylinder 4 RMSE (MPa) 0.84 0.75 0.88 0.82 0.97
Overall delay (s) 0.32 0.17 0.14 0.11 0.13

Table 5

RMSE (mm) in position control mode at different alternating source
frequencies and dead band values.

Dead Band (mm)

Frequency (Hz)

1 2 3
0 4.45 3.03 4.99
5 4.90 3.54 3.29
10 5.51 4.53 4.48

Table 6
Pump utilization time (%) in the position control mode at different
alternating source frequencies and dead band values.

Dead Band (mm)

Frequency (Hz)

1 2 3
0 57.66% 55.82% 49.62%
47.81% 38.87% 34.51%
10 43.26% 25.72% 26.07%

Increasing the source frequency beyond 5 Hz was not possible with
our current experimental equipment.

4.3. Position control

The experiment in the position control mode with a 5 mm dead
band (see Fig. 21) also showed a similar result when compared to the
simulations, with an RMSE of 4.90 mm, compared to the simulated
value of 3.17 mm. Moreover, changing the frequency or dead band gap
showed no significant reduction in error in the experiment, as shown
in Table 5.

In contrast, increasing both the frequency and the dead band gap
resulted in a substantial reduction in the pump utilization time. At a
source frequency of 3 Hz and a dead band gap of 10 mm, the pump
utilization time was reduced to 26.07% as shown in Table 6.

4.4. Load disturbance

In this section, we verify the performance of APCS with load distur-
bance in both the pressure control mode and position control mode.

4.4.1. Pressure control

In the pressure control mode, the external force acting on the cylin-
der in the return direction was simulated by applying air pressure to
the hydraulic cylinder. For the constant loading experiment, a constant
pneumatic pressure of 0.75 MPa was applied to the cylinder, which
is the equivalent of 172.5 N. For the dynamic loading experiment, a
sinusoidal pneumatic pressure with an amplitude of 0.25 MPa, bias
of 0.25 MPa, and angular velocity of 1.5 zrad/s was applied to the
cylinder to simulate an external force between 0 to 115 N acting on
the rod. The source pressure frequency and dead band in this section
are 1 Hz and 0.2 MPa, respectively.

Adding disturbance to the system result in a slight increase in
RMSE, with a larger error with dynamic disturbance as shown in
Table 7. The errors in R-R mode with disturbance are much higher than
without disturbance but still lower than the simulated result without
disturbance of 1.21 MPa. Experiment results in R-R mode with dynamic
disturbance are shown in Fig. 22.
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Table 7
RMSE (MPa) in pressure control mode with external disturbance.
Mode Disturbance
None Constant Dynamic
R-R 0.61 1.02 1.18
S-R 1.13 1.17 1.27
R-S 1.17 1.22 1.33
S-S 0.64 0.86 0.80
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Fig. 21. Experiment results in the position control mode with a 1 Hz source frequency
and 5 mm dead band.
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Fig. 22. Experiment results in the R-R mode with dynamic disturbances. The effects
of disturbance can be seen most clearly in Cylinder 4.

4.4.2. Position control mode

In the position control mode, an external force acting on the rod
in the extension direction was simulated by reducing the pneumatic
pressure to a sine wave with an amplitude of 0.125 MPa, bias of
0.375 MPa, and angular velocity of 1.5 zrad/s. This is equivalent to
an external force between 92 N to 149.5 N.

The error in position control mode increased due to the return mech-
anism having less force and thus became slower than without external
force. The experiment results are shown in Fig. 23 and summarized in
Table 8.

5. Discussion

In the pressure control mode, we proposed the APCS with two
source pressure waveforms, namely a rectangular wave and a sinusoidal
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Fig. 23. Experiment results in the position control mode with a 1 Hz source frequency,
5 mm dead band and dynamic disturbances.

Table 8
RMSE (mm) in position control mode with external disturbance.

Dead Band (mm) With disturbance

Without disturbance

0 4.45 5.11
5 4.90 5.81
10 5.51 10.59

wave with different advantages and disadvantages. The rectangular
wave, which has an abrupt change in pressure, excels when the pressure
setpoints are also rectangular waves as demonstrated in the R-R mode.
The abrupt change allows a faster change in pressure, leading to a faster
response. Conversely, the abrupt change in pressure means that the
time window that the valve needs to operate is very short when the
setpoints are continuous waveforms. The delayed response of the valves
led to a larger error in R-S mode as shown in Fig. 18.

In contrast, a sinusoidal source pressure has a gradual change in
pressure, giving more time for the valves to operate. This results in a
lower error than rectangular source pressure with a sinusoidal setpoint
as shown in the S-S mode. However, a gradual pressure change also re-
sults in a slower response when a faster response is required, as shown
in the S-R mode. Lastly, increasing the frequency in Sinusoidal mode
shortens the time window for the valves and negates its advantage. This
results in an error similar to that of the rectangular source pressure
mode as shown in Fig. 20. A suitable configuration is required for the
APCS to operate optimally, namely a rectangular source pressure for a
step reference signal, and sinusoidal source pressure for a continuous
reference signal.

In the position control mode, the APCS is designed to operate with
single-acting cylinders as actuators. In this paper, we utilized double-
acting cylinders as single-acting cylinders by supplying a constant air
pressure on one side instead of a return spring which is more commonly
used. However, we believe that a single-acting cylinder with a return
spring as the return mechanism can also be used to a similar effect.

The specific experiment setup used in this paper cannot hold an
overrunning load beyond the pneumatic pressure due to the limitations
of a single-acting hydraulic cylinder. If the load is mainly in the
extension direction, switching the pneumatic and hydraulic port will
allow the load to be held. If both resistive load and overrunning load
are required, changing the actuator to a double-acting cylinder with a
4/3 directional control valve will allow load in both directions to be
help at the cost of a more complex valve and piping.

The challenges of implementation of APCS on the hardware are the
limitations of the pump and operating speed of the valve which limit
the maximum source frequency resulting in a larger error and slower
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response. With a faster valve, both faster response and lower error
can be achieved. Another issue that was present on real hardware was
valve leakage. This was solved by connecting two solenoid valves in
an opposite direction. The computational complexity of the proposed
controller is O(n), where n is the number of actuators.

The main limitation of this study is that both the pressure and
position are updated at semi-regular intervals instead of continuously.
This may make APCS not suitable for certain applications where a
smooth motion, a high-frequency oscillating setpoint, or an instanta-
neous response is required. However, APCS may be able to reduce
power consumption and part complexity for multi-degree-of-freedom
systems where a slower response is acceptable such as a jack-up system
for structural adjustment and construction in civil engineering [19,20],
or positioning of caisson foundation [21]. With faster equipment, the
APCS will be able to provide a faster response and may be able to be
adopted in mobile robots.

6. Conclusions

In this study, we developed the APCS based on an alternating
supply system with feedback and a dynamic duty ratio. This system
allowed the pressure and volume in each individual actuator to be
controlled simultaneously and independently, and required only one
centralized pump, and one on-off valve and feedback sensor for each
actuator. Furthermore, we proposed a dynamic duty ratio equation that
improves the energy usage in the pressure control mode and balances
the performance of all actuators in the position control mode.

We simulated the system and found that in the pressure control
mode, a rectangular wave source pressure is preferred for a rectangular
wave setpoint while a sinusoidal wave source pressure is preferred for
the sinusoidal wave setpoint. In addition, we also confirmed that the
application of the dynamic duty ratio reduced the pump utilization
time from 50% to 41.22% in the R-R mode. Further, in the position
control mode, the system could follow the position command of each
actuator independently, and increasing the alternating source pressure
frequency reduced the delay and error in all operation modes.

The experimental results were consistent with the simulated results.
We could operate four hydraulic cylinders in parallel with a similar er-
ror, which were delayed compared to the simulations. In the S-S mode,
increasing the source frequency reduced the delay and increased the
error, whereas both delay and error are reduced in the simulations. In
the R-R mode with dynamic duty ratio, increasing the source pressure
frequency reduces pump utilization to 21.96% at 3 Hz. Increasing the
source frequency beyond 3 Hz produced a negligible change in pump
utilization. In contrast, in the position control mode, increasing the
alternating source frequency or dead band gap did not show a reduced
error, but reduced the pump utilization considerably from 57.66% to
26.07%. The proposed system was able to operate under a loaded
condition in both pressure control mode and position control mode,
although with an increased error.

Future directions include conducting experiments in other load con-
ditions, improving the algorithm to operate in an open-looped fashion
with an implementation of an observer such as those proposed in [22],
and the application of the system on a real robot.
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