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Abstract - This paper is concerned with the application of
switching technology to hydraulic actuation. Over the last 50
years with advances in power electronics, faster and faster static
switches have been developed and applied to the control of
motors. Hydraulic technology evolved in the opposite direction:
switching control was not considered, and more and more
accurate proportional flow/pressure control devices (servo-
valves etc) were developed. However despite the sophistication
of such valves, from an energetic viewpoint proportional control
is dissipative and inefficient. Indeed, by analogy it can be seen as
the equivalent of resistive (rheostatic) motor control.

In robotic applications where high power density, ruggedness
and reliability are key requirements hydraulic actuation can be
a sensible choice. However, the low efficiency of proportional
control can be a limitation and it is necessary to go beyond the
paradigm of proportional flow/pressure control.

One response to this challenge is to revisit traditional on-off
hydraulic technology and develop “power hydraulic” devices
that behave in analogous manner to their power electronic
counterparts. “Power hydraulics” is a challenging and little
explored technology due to the markedly non-linear behaviour
of hydraulic systems and the need of components with dynamic
specifications that are not readily available off-the-shelf.

After an analysis of the real on-off characteristics of a valve,
a prototype hydraulic switching converter, inspired by the
electric DC-DC Buck converter, is presented and its
performance in pressure control mode, relative to a classical
proportional valve-controlled system, are assessed. An energy
saving of 75% is achieved. Merits and limitations of the current
design are identified.

[. INTRODUCTION

Energy efficiency is a critical issue in most engineering
applications, and particularly in mobile ones where battery
charging or refuelling may not be always readily available or
may take place only at the end of a working cycle/day. In
particular mobile robots development is constrained by this
limitation and in their design a significant effort is invested in
achieving a high level of energy-autonomy, using not only
high efficiency actuators but also compliant elements storing
energy [1].

It is germane that the efficiency of the actuation of a
mobile machine dictates the onboard engine/tank size or the
motor/battery size. This in turn impacts on the weight of the
robot and ultimately on its autonomy.

Today’s robots tend to be electrically-actuated. On the
other hand in a significant number of robotic and automation
applications where there is a need for high power-to-weight
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ratios, fast dynamics, high reliability and ruggedness,
hydraulic actuation can be a sensible choice in lieu of electric
actuation. It is worth noting that few decades ago hydraulic
power was commonly used to actuate robots [2, 3] and
recently there has been a renewed interest in robotic
hydraulic actuation [4, 5]. However despite the technological
improvements (e.g. better seals, non-flammable oils, fluid-
borne noise reduction), the efficiency of fluid power still
remains a key constraining feature. Conversely electric
actuation has achieved a high level of efficiency with the
advent of power electronics. Switching control has replaced
dissipative motor control systems based on rheostatic
devices.

If the technological development of electric actuation and
hydraulic actuation are analysed in the light of efficiency
improvements, interesting conclusions can be drawn and new
avenues for improving efficiency envisaged.

The invention of the bipolar junction transistor (BJT) in
1947 and the subsequent developments in electronics
(integrated circuit in 1958, CMOS technology in 1963 [6, 7])
paved the way to the development of power electronics. Over
the years static switches (GTO, MOSFET, IGBT etc) have
reached higher and higher switching speeds and power
capability [8].

Hydraulic technology over the past 50 years has instead
followed the opposite path. On-off valves (i.e. the equivalent
of power electronic switches) were and are still used only for
simple sequences and few efforts have been made to improve
their performance. Research efforts were instead aimed at
achieving more and more accurate proportional flow and
pressure control. The main technological breakthrough in
hydraulics was the development of the servo-valve [9]. Its
performance is excellent: up to 200-300 Hz bandwidth, high
linearity, low hysteresis, high reliability. It has a track record
of successful applications in demanding applications such as
aerospace or Formula 1 cars. Servo-valves rely their
performance on an internal hydraulic pilot stage working
closed-loop and on a torque motor actuating the spool and on
micron-order machining tolerances. The price of such valves
is consequently high. The second breakthrough in hydraulic
technology was the proportional valve [10]. These meter the
flow in and out in a proportional fashion, like servo-valves.
Their core component is the proportional solenoid [11], a
specially designed solenoid that gives an output force which
is approximately proportional to the input current and
independent of position to actuate the spool. The bandwidth
is more limited, typically up to 100 Hz and performance
slightly lower (and so the cost lower). These valves appeared
to be a low-cost good-performance solution. Hybrid types of
valves were subsequently developed, sometimes referred to
as servo-proportional valves.
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However both servo and proportional valves suffer from a
major drawback: proportional control of a fluid with valves is
inherently dissipative, albeit it requires sophisticated
components. Hence valve-controlled actuators, which form
the majority of hydraulic drives, have a generally rapid
response but their efficiency figure is low.

Other options to increase efficiency are: (i) hydrostatic
actuation by variable displacement pumps, motors, or hydro-
transformers [12, 13] which are heavy devices, hence not
generally suitable for robotics or (ii) independent meter-in
and meter-out control [14] which is a resistive-type control.
However, there is a need to go beyond the paradigm of
proportional flow/pressure control that it is leading to the
design of new smart hydraulic actuation systems for robotics
and other applications. Such systems should have good
efficiency, high dynamics and light weight. On-off
technology can be a response.

Only in very recent years the hydraulic community has
realised the potential advantages of the on-off technology as
in power electronics [15, 16, 17, 18]. This is also due to the
technical challenges associated with the development of a
“power hydraulic” technology. This requires fast switching
valves to achieve sufficiently high switching frequencies and
to minimise the pressure losses, a redesign of several
components that are not available on the market with the
right specifications and a refined understanding of both the
behaviour of valves in on-off mode and of fast dynamic
hydraulic processes.

This paper presents a work on the development of a
hydraulic switching converter. Section II investigates the
performance of a valve when used in on-off mode, in
particular how leakage affects the real on-off characteristics.
Section IIT describes a hydraulic switching converter inspired
by the electric DC-DC Buck converter. Section IV presents
the performance of the hydraulic Buck converter (HBC) and
of a hydraulic proportional drive (HPD) in a pressure control
system. Conclusions and comments on proposed further
developments are presented in section V.

II. ANALYSIS OF THE REAL ON-OFF VALVE CHARACTERISTICS

Switching valves are key elements in the design of
hydraulic converters. In this section the analysis of the actual
characteristics of the on-off response is presented. In on-off
operations the spool moves around the central position and
the pressure toggles between its maximum value (typically
supply pressure) and its minimum value (typically tank
pressure). In the theoretical case of an ideal leak-free valve
the transition from the off-state to the on-state would have an
ideal infinite gradient. Hence when “on” the resistance is nil
(ideal hydraulic short circuit) and when “off” the hydraulic
resistance is infinite (ideal open circuit). The real on-off
characteristic depends on the valve geometry and ultimately
is dictated by leakage flows. In hydraulic literature leakage
flow is often overlooked or crudely approximated as laminar
flow. However depending upon the length and the shape of
the flow paths the regime can be laminar, transitional or
turbulent depending on the actual value of the Reynolds
number. Therefore a sufficiently accurate model of the flows

past the valve is crucial for capturing the actual on-off
behaviour of the “hydraulic switch”.
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Fig. 1. 3-way valve with load ports blocked.

Typically standard on-off valves have poor dynamic
performance and a significant hysteresis, hence they are not
suitable for “power hydraulic” applications [18, 19]. Custom
component should be developed or alternatively proportional
valves (with sufficiently high dynamics) working in on-off
mode could be used. For the purpose of analysing the effect
of the leakage flows on the on-off characteristics, a 3-way
underlapped proportional valve with both ports blocked
(pressure control mode) is considered (Fig. 1).

The model here described combines the classic
Bernouilli’s equation with a model for flow through narrow
edges depending on the edge size (i.e. the valve underlap u)
and a leakage coefficient k;; [20]. With reference to Fig. 2 the
governing equations are:

Q1 = Qz + Q3 (1
0,=C,mD(u+z) /M if >0 (2a)
P
_ 2
0, =C,aD s =P u if z<0 (2b)
p  (u—ky2)
v dP,
_r 3
&=2 3)
2
0, =C, D 2P, -F) _ u if 220 (4a)
P (u+k,z)
0, = C,mD(u - z) /w if z<0 (4b)
o,
with —u < z < u; p is the oil density, C, the valve

discharge coefficient, D the bore diameter, B the oil bulk
modulus and V the small volume upstream the valve.

The expression of pressure vs. demand input signal
(sometimes referred to as pressure gain) can be analytically
obtained considering that under static conditions O, =0,.

Electromechanical valve spool dynamics can be well
approximated by a second order model. The measured value
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was 80 Hz which is fast enough for power hydraulic
applications [18]. This switching frequency may seem slow
compared to that of a classical PWM command to a motor
(kHz order) but this is due to the difference in the electrical
dynamics of a motor and of a hydraulic circuit (the switching
frequency must be chosen sufficiently above the natural
frequency of the system). The latter is dictated by the
relatively limited valve dynamics of the switching valves and
the hydraulic capacity effects of the fluid in the system.

Fig. 3 shows the experimental and simulated results. A
sensitivity analysis varying the leakage coefficient k;; was
performed. It is evident that for a set value of the underlap u
the slope of the curve depends on the amount of leakage. In
particular the matching is better in the upper bound region of
the characteristics rather than in lower bound region. The
asymmetry in the behaviour either side of the central position
(0 V) is caused by a small amount of hysteresis in the upper
bound region, likely to be due to machining tolerances of the
spool-bore assembly.
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Fig. 2. 3-way valve flow paths.
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Fig. 3. Comparison of experimental (black) and predicted control valve on-
off characteristics, varying the leakage coefficient &, from 0.5 to 2.5.

III.

After having analysed the on-off characteristics of a valve
-the core element of any converter- a hydraulic switching
converter is now presented. It is the hydraulic analogous of a
classical power electronic converter: the DC-DC Buck

HYDRAULIC SWITCHING CONVERTER

converter [8]. The circuit of the equivalent electric converter,
and of the hydraulic Buck converter alongside its idealised
response are shown in Fig. 4. The key elements of the HBC
are the switching valve Vs, a hydraulic diode or check valve
Venkr, an inductance and a capacitance. The converter can
work in two modes, termed “forward mode” and “reverse
mode”.
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Fig. 4. Electric and hydraulic Buck converter and its basic operation
characteristics in “forward mode”; Vs and Vy: switching valves for high and
low supply pressure; Veuks and Veugr: check valves, p; load pressure, O flow
rate in the pipe; v cylinder speed, ys and yr the switching signals of Vsand V7
respectively.

In “forward mode” energy is fed to the load by operating
the valve Vg with a PWM command. The inertia of the fluid
in the hydraulic inductance (a pipe of length / and diameter d)
forces flow Q to continue after Vs is switched off; at the same
time hydraulic fluid is also sucked from the low pressure line
(tank) through the corresponding check valve Veggr In
“reverse mode” Vr is PWM operated, directing fluid to the
low pressure line when Vris on. When V7 is shut off the fluid
linear momentum in the inductance forces some fluid to flow
to the high pressure line over Vgykp , hence some energy is
recuperated. Flow pulsations are filtered by the hydraulic
capacitance that together with the inductance is a hydraulic
LC low-pass filter. The capacitance can be realised with a gas
filled accumulator of nominal volume V;, and gas filling
pressure py. The tuning of this filter is more difficult than that
of an equivalent electric LC filter, due to the strong non-
linear behaviour of the hydraulic components.

Fig. 5 depicts the prototype converter and Table I lists its
main parameters. It has been built in a compact way
considering that often in robotics small size is a critical
requirement. The dimensions of the block (Fig. 5) are
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175x112x85 mm. The first prototype in steel the HBC
weighs 14 kg. This can be reduced to less than 4 kg if an
aluminium alloy is used and the design is further optimised.
Further component miniaturisation is possible compatibly
with machining capabilities, but viscous forces would start
playing a larger role and this might penalise the efficiency. A
conventional HPD (considering that proportional valves need
to be mounted on a manifold) has a comparable weight.
Weight is the main reason to keep the system simple and to
prefer the HBC to a full (H-) bridge concept as used in power
electronics.

Fig. 6 shows experimental efficiency results on the HBC
prototype. They exceed those of an equivalent conventional
HPD (with a 4-way proportional valve, see Fig. 8) over the
operating range of interest.
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Fig. 5. Low power HBC prototype; all accumulators are piston-type.

TABLE I

HBC PROTOTYPE PARAMETERS
Quantity Value
Supply pressure 160 bar
Nom. flow rate Vs, Vr 10 1/min at 5 bar
Pipe length 1.I5m
Pipe radius 2 mm
Oil density 860 kg/m’
Accumulator volume 0.0751
Nom. flow rates of Vcyks, Venkr 30 I/min at 5 bar
Tank pressure 5 bar
Switching time of Vs, Vr 1 ms
Oil bulk modulus 14000 bar
Oil kinematic viscosity 46 mm?/s
Accum. C,P,T volume 0.041
Accum. C,P,T filling pressures 50, 50, 2.5 bar

Block dimensions 175x112x85 mm

The electric DC-DC converter can operate either in
current control mode or voltage control mode. Analogously
the HBC can operate either in flow control mode or pressure
control mode. In the former mode flow is present only for a
part of the switching period 7" and the average flow rate can
be controlled by the duty cycle x [18]. Fig. 7 shows how the
duty cycle x controls pressure or flow rate in the two modes
of operation.

In [21] the application and performance of a HBC in flow
control mode applied to a hydraulic robotic leg was studied

numerically. It is reported that for a typical leg motion a 75%
energy saving was achieved with respect to the HPD. In the
subsequent section the performance in pressure control mode
is investigated.
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Fig. 6. Experimental efficiency results of the hydraulic Buck converter
prototype compared to a HPD.
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T N T
1 : 1 PN :
i T PyON
Pl A | i PR
k=01 |02 03 04 05086
e e e ]
:
< gl T N M W 1
!
|
/
/
0 i i i i f
20 40 80 80 120

|
100
pressure [bar]

140 160

Fig. 7. Characteristic curves of a HBC showing the effect of duty cycle on
pressure and flow rate. The dotted parabolic line divides the flow control
mode region (below) from the pressure control mode region (above).

IV. EFFICIENCY ASSESSMENT OF HBC IN PRESSURE
CONTROL MODE

Pressure control with a HBC has not been investigated so
far. Pressure control translates to force control in fluid power
and in robotics, pressure control applications arise, e.g., in
grasping control, in fluidic muscle control or, in industrial
robotics, in grinding operations when the tool is guided with
a set contact on the work-piece.

Pressure control could be obtained in quite a direct manner
by operating both switching valves Vs and V7 alternatively. In
this case, the HBC operates always in pressure control mode.
If the system only works in this mode it could be built in an
even more compact size as check valves would not be
necessary. It should be noted that the “flow mode” (used for
instance in position and velocity control loops) as described
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above is potentially better from an energetic viewpoint as
energy recovery can be achieved, whereas in pressure control
mode this is not possible.

A simulation has been carried out in pressure control mode
using an appropriate model for the switching valves as
outlined in section II. Wave propagation effects are included
in the pipeline (inductance) model; a frequency-dependent
friction model is used, based on a method of characteristics
with a Kagawa friction model [22]. A polytropic state change
is used for the accumulator pressure. As in most hydraulic
circuit a cooler is present or the tank is big enough,
temperature effects (that mostly affect viscosity) are
negligible.

The benchmark for comparing the performance of a HBC
and a HPD is a force-controlled piston producing a constant
force while following a set sinusoidal profile (Fig. 8). In the
HBC this translates to pressure control of p;, while in the
HPD both chamber pressures vary according to the flow
metered over two edges of the proportional valve.

The focus of this study is not on the performance of the
control algorithm but on the efficiency of the system.
However, a control is required as the system inherently
works in closed loop. Furthermore, it has to ensure a fair
comparison of the efficiency of both drives. The converter
data used in the simulation are listed in Table I; the double
acting cylinder has a 16/10 mm piston/rod diameter, the
exerted motion has amplitude s,,=0.025 m, vy /Ay =2 s'. The
desired force is F;=500 N which corresponds to a pressure
p1=123 bar.

+ T

Fig. 8. HBC (dark) or HPD (grey) in force (pressure) control of a hydraulic
cylinder performing a sinusoidal motion.

Control in both cases is proportional-type; HBC employs
also a velocity feed-forward control. The required duty cycle
x is computed from the velocity, the pressure p; and the
characteristic curves of Fig. 7. The result is added to the
output from the proportional controller. The gains of the
controllers are kz=20/F,; for the HBC and kz=10/F, for the
HPD. The velocity profile is plotted in Fig. 9.

Although the controller is simple, the HBC succeeds in
controlling the average force (Fig. 10). A ripple is
superimposed to the mean value of the force due to
switching. These fluctuations could be reduced by a larger
accumulator, which, however, reduces the bandwidth for
position or velocity control. Another factor affecting pressure
ripple is the choice of the cylinder rod diameter as the
required cylinder pressure is better balanced between
pressure and tank line.
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Fig. 9. Cylinder velocity enforced by an external process; force (pressure) is
controlled.
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Fig. 11. Energy consumption over time of the HBC, the HPD, and the PDC.
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The most important result of this simulation is the energy
consumption (Eyy), that in the case of the HBC is in average
less than 25% of that of the HPD, as plotted in Fig. 11, i.e. an
energy saving of about 75% is achieved. If only the piston
side pressure is proportionally controlled and the ring side is
connected to the high pressure line analogously to the HBC
schematic, the energy consumption is reduced and indicated
by PDC in Fig. 11. But still, HBC consumes 59% less
energy. This is an excellent result that shows the potentiality
of this technology.

V.CONCLUSIONS AND FUTURE WORK

This paper has presented a novel high efficiency hydraulic
technology based on the switched control of valves. A
hydraulic switching converter inspired by the electric DC-DC
Buck converter has been prototyped and its performance has
been assessed in pressure control mode and compared to that
of a traditional proportional-valve drive. It is shown that
hydraulic switching control can achieve an energy saving of
75% compared to conventional resistive control using
proportional valves.

Furthermore on-off valves offer several benefits for
robotic actuation, particularly for outdoor applications as
they are less sensitive to oil contamination, besides being
cheaper than servo and proportional valves.

This research area is quite new in the hydraulic
community and still several open questions need to be
answered, as far as new components, system design and
control are concerned to fully optimise the technology. This
technology offer high potential for developing a new
generation of hydraulic actuators having high efficiency. In
particular the energy recuperation is of interest in mechanical
motion control where a high recoverable power from mass
acceleration is present.

Future work will involve the study of advanced position
and force controllers for robotic joints and the application of
this technology to legged robotic locomotion on a
hydraulically-actuated quadruped platform.
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