
Modelling and analysis of hydraulic step-down switching converters

Victor J. De Negria*, Marcos P. Nostrania, Pengfei Wangb , D. Nigel Johnstonb and Andrew Plummerb

aDepartment of Mechanical Engineering, LASHIP, Federal University of Santa Catarina, Trindade, Florianópolis, SC 88040-900,
Brazil; bDepartment of Mechanical Engineering, PTMC, University of Bath, Claverton Down, Bath BA27AY, UK

(Received 2 March 2015; accepted 26 June 2015)

In this study, a steady state analysis of step-down converter systems, considering the load losses in the inertance tube
and switched valve, is presented. The model describes the behaviour of the average load pressure as a function of the
pulse-width modulated duty cycle. The steady state expressions for the load flow rate, high and low supply flow rates,
and system efficiency are also discussed. A system prototype was developed and tested to evaluate the model accuracy.
The system parameters (e.g. tube diameter and length and switching frequency) were analysed to predict the best system
configuration. The study describes how the system efficiency is influenced by these parameters. The model presented
allows the ideal parameter combination for maximum efficiency to be determined. It can be used for the preliminary
design of switching converters, and a further time or frequency analysis can be performed for system optimization.
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1. Introduction

Recently, the energy efficiency of hydraulic systems has
been an important research topic in the fluid power
community. Consequently, industry and academia have
proposed alternative high efficiency component and
circuit designs.

It is known that the main cause of the low energy
efficiency of hydraulic systems, often less than 50%, is
the extensive use of valves to throttle the flow, limit
/reduce the hydraulic pressure, or reduce the flow rate in
a hydraulic circuit.

In this context, there are two approaches being stud-
ied in order to achieve more efficient systems: analog
control of pumps and motors and digital hydraulics. The
first one includes variable displacement pumps and
motors (Eggers et al. 2005) and fixed or variable pumps
driven by variable speed electrical motors (Willkomm
et al. 2014).

Research on digital hydraulic systems has intensified
since the beginning of the twenty-first century (Scheidl
et al. 2011). An example is the digital piston pump in
which the on/off valves are individually connected to
each piston (Rampen 2006, Linjama 2011, Karvonen
et al. 2014). Multichamber cylinders controlled by paral-
lel valves switching different pressure sources (Heitzig
and Theissen 2011, Heitzig et al. 2012) and fixed dis-
placement pumps and motors with output/input flow
rates controlled by pulse-modulated valves or parallel
valves (Linjama 2011) are examples of hydraulic compo-
nents with on/off valves connected to their ports.

These system configurations can be considered as
digital energy conversion units. Moreover, new arrange-
ments of valves are being studied for interconnecting

conventional pumps and actuators to replace the direc-
tional proportional valves or flow control valves. The
digital flow control unit combines restrictions with on/off
valves (Linjama 2011). Another alternative is the
switched-reactance hydraulics that comprises a circuit
composed of at least a pulse-width modulated (PWM)
valve and a tube of relatively long length and small
diameter.

Switched-reactance hydraulics was studied by Brown
in the 1980s (Brown 1987, Brown et al. 1988). This type
of hydraulic control is based on the cyclical acceleration
and deceleration of fluid or a solid inertance using
PWM. There is a direct analogy of this hydraulic system
with electrical switched power converters used exten-
sively nowadays. The flow or pressure control of the
switched-reactance hydraulics is not dissipative, thus
high energy efficiency is expected. However, as shown
in this study and in De Negri et al. (2014), the valve
and tube load losses can reduce the efficiency consider-
ably. Brown (1987) noted efficiency drop related to tube
viscous friction but he did not model it. Brown et al.
(1988) and Manhartsgruber et al. (2005) presented
dynamic models of switching hydraulic systems includ-
ing friction. In those papers the objective was not to pre-
sent a steady-state lumped parameter model as discussed
in the present study.

Scheidl et al. (2008) presented an overview of
switching control principles, including the buck converter
(step-down transformer) investigated by Brown (1987).
Brown et al. (1988), Hettrich et al. (2009), Wang et al.
(2011a), and Wang et al. (2011b) presented time responses
using lumped parameter modelling where the tube and/or
valve load loss were included. Manhartsgruber et al.
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(2005) presented a frequency and time-domain model of a
step-down circuit. Brown (1987), Kogler and Scheidl
(2008), and Johnston (2009) showed steady-state equa-
tions for average-values of pressure and flow rates not
considering load losses.

Kogler and Manhartsgruber (2009) presented an
expression for the average flow rate through the tube,
taking into account the tube resistance, but the depen-
dence of the output pressure and other flow rates through
the system on the tube resistance and switching fre-
quency was not the focus in the study. Dynamic time
responses of a linear hydraulic drive controlled by a
buck converter are analysed. Wang et al. (2011b) studied
a step-down system driving a hydraulic system using a
flywheel. They deduced an expression for the average
load pressure as a function of viscous friction losses and
the mechanical efficiency of the motor. However, they
did not take these losses into account in their theoretical
and experimental analyses.

In this study, a steady-state lumped parameter mod-
elling of a step-down transformer comprising one three-
port on/off valve and an inertance tube is presented. The
modelling strategy is an extension of a previous study by
current authors for a step-up configuration.

The model is experimentally validated and can be
used for the steady-state analysis and design of this type
of device in general. Based on the presented equations,
the performance related to energy efficiency is analysed.
The determination of the best values for the switching
frequency, the tube diameter and tube length is also dis-
cussed.

This paper is organized as follows. In Section 2, the
fundamentals of the step-down converter are described.
In Section 3, the hydraulic step-down converter is mod-
elled, including the resistance associated with the tube
and switching orifices. Section 4 presents the experimen-
tal setup and the system parameters. In Section 5, the
experimental and theoretical results for different switch-
ing times are compared to confirm the model validity.
Section 6 presents an analysis of the system parameters
(e.g. tube diameter and length and switching frequency)
and describes how the system efficiency is affected.
Section 7 summarizes the conclusions of the study.

2. Step-down converter

Figure 1 shows the fundamental circuit of a hydraulic
step-down switching converter and its corresponding
electrical system. A single solenoid spring return direc-
tional valve is driven by a PWM signal, to modulate the
time at which each flow path remains active. A hydraulic
tube is connected to the valve port A, which introduces
the inertance (Lt) and also the hydraulic resistance (Rt)
and capacitance (Ct) effects. As will be discussed in the
following sections, the resistance has a significant effect
on the system performance; therefore, it is included in
the mathematical modelling.

As can be seen in Figure 1, when the flow path P-A
is active, the internal pressure (pAin) tends to increase.
Consequently, the fluid accelerates through the tube.
When the valve switches to the other position, the inter-
nal chamber is connected to the port (T). However, the
fluid momentum causes the fluid to continue to move
through the tube, drawing the fluid from the port (T)
despite the adverse (low to high) pressure gradient
between the low pressure supply port (T) and the load
output. When the duty cycle (κ) is equal to 100% (P-A
and T are blocked), the load pressure (pL) is ideally
equal to both pAin and the high supply pressure (pHS).
When j ¼ 0%, the T port is connected to A, and P is
blocked such that pL and pAin are equal to the low supply
pressure (pLS). Ideally, the load pressure (pL) can be
modulated from the low supply pressure value to the
high supply pressure value, proportional to the duty
cycle.

The step-down circuit can be analysed as a pressure
regulator in the same manner that an electrical converter
is a voltage regulator. Therefore, the average flow rate
consumed by the load is a perturbation signal for the
system and, as discussed in the following sections, it
reduces the regulated pressure.

3. Step-down PWM valve modelling

Assuming that the load capacitance (CL) in the step-
down circuit shown in Figure 1 is sufficiently high for
the load pressure (pL) to be considered constant. Then
the switching circuit can be analysed separately from the
main load system.

Therefore, the step-down system can be modelled on
the basis of the circuit shown in Figure 2, where Δp
corresponds to the pressure drop through both the direc-
tional valve and inertance tube and qVI is the inertance
tube flow rate.
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Figure 1. Step-down converter: (a) hydraulic circuit; (b) elec-
trical circuit; (c) PWM input signal.
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As previously stated, in the step-down circuit, there
are two different valve flow paths at the tube upstream
that are switched alternately. These consequently connect
the high supply (pHS) or the low supply (pLS) lines to
the tube. Assuming that both valve flow paths have the
same resistance (Rv), the circuit model is given by

Lt
Req

dqVI
dt

þ qVI ¼ 1

Req
Dp; (1)

where Dp ¼ pHS � pL for 0� t� jTsw, Dp ¼ pLS � pL
for jTsw � t� Tsw, and Req = Rv + Rt.

The tube inertance is determined by

Lt ¼ 4qlt
pd2t

(2)

and the tube resistance for a laminar flow, calculated by

Rt ¼ 128qltm
pd4t

: (3)

Based on the approach by Millmann and Taub
(1965) for electric circuits, the time response of this
hydraulic system for a square-wave input can be
expressed by

qV1ðtÞ ¼ pHS � pL
Req

þ
 
qV1ð0Þ � pHS � pL

Req

!
e�t=s

for 0� t� kTsw

(4)

and

qV2ðtÞ ¼ pLS � pL
Req

þ qV2ðjTswÞ � pLS � pL
Req

� �
e�ðt�jTswÞ=s

for jTsw � t� Tsw;

(5)
where s ¼ Lt

�
Req is a time constant.

Figure 3(a) shows the graphical representation of
these functions and their specific values at 0, jTsw and
Tsw. As demonstrated by Millmann and Taub (1965), the
average output value (qVI ) is equal to the average input
value (Dp) multiplied by the steady-state gain for an
entire period. Figure 3(b) presents a specific condition
where the duty cycle is equal to 50%.

Calculating the high pulse flow rate at t ¼ jTsw, i.e.
ðqV1ðjTswÞ ¼ qV1ðjTswÞÞ and the low pulse flow rate at
t ¼ Tsw, i.e. qV2 Tswð Þ ¼ qV1 0ð Þð Þ, the amplitude of the
flow wave can be expressed by

DqVI ¼ DqV1 ¼ DqV2 ¼
ð1� e�ð1�jÞTsw=s � e�jTsw=s þ e�Tsw=sÞ

ð1� e�Tsw=sÞ � ðpHS � pLSÞ
Req

:

(6)

According to De Negri et al. (2014), for the step-up
converter, the average flow rate through the inertance
tube (qVL), average high supply flow rate (qVHS), and
average low supply flow rate (qVLS), respectively, can be
obtained from Equations (4) and (5) to give

qVL ¼ ðpLS � pLÞð1� jÞ
Req

þ ðpHS � pLÞj
Req

; (7)

qVHS ¼ sð1� e� Tswð1�jÞ=sÞð1� e�Tsw j=sÞðpLS � pHSÞ
ð1� e�Tsw=sÞReqTsw

þðpHS � pLÞj
Req

;

(8)

and

qVLS ¼ sð1� e� Tswð1�jÞ=sÞð1� e�Tsw j=sÞðpHS � pLSÞ
ð1� e�Tsw=sÞReqTsw

þðpLS � pLÞð1� jÞ
Req

:

(9)

According to Equation (7), the output flow rate of
the step-down converter depends on supply pressures
and duty cycle and it is influenced by the tube and valve
load losses. Moreover, the system can be observed as a
pressure controller, the load flow rate being a disturbance
input and Equation (7) can be rewritten as

pL ¼ ðpHS � pLSÞjþ pLS � qVLReq: (10)

Equation (10) shows that the load pressure in a step-
down converter does not depend on the switching period,
and has a linear behaviour with respect to the duty cycle.
However, the flow rate required by the system causes a
load loss in the tube and switching valve, which reduces
the regulated pressure. Equation (10), ignoring the last
term on the right-hand side, corresponds to the ideal
step-down converter (Brown 1987, Kogler and Scheidl
2008, Johnston 2009).

qVL=qVI(Lt)
Rv

pHS or pLS

(Rt)

Figure 2. Step-down fundamental hydraulic circuit with
resistances.

(b)

(a)

Figure 3. Inertance tube response for a square wave (system
with resistance): (a) general response; (b) response for j ¼ 0:5.
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Assuming average values of pressures and flow rates
over a switching period, the energy efficiency under
steady state conditions can be expressed by

g ¼ pLqVL
pHSqVHS þ pLSqVLS

: (11)

Using Equations (5)–(8), the efficiency can be written
as a function of system inputs (qVL, pHS, pLS, κ) and
parameters (Tsw, Req, τ (τ = Lt/Req)), as follows

g ¼ qVL½pHSjþ pLSð1� jÞ� � q2VLReq

ðpHS � pLSÞ2w
Req

þ qVL½pHSjþ pLSð1þ jÞ�
; (12)

where

w ¼ jð1� jÞ � sð1� e� Tswð1�jÞ=sÞð1� e�Tsw j=sÞ
ð1� e�Tsw=sÞTsw : (13)

The function wðj; Tsw; sÞ does not include supply
pressures and load flow rate and, therefore, it is indepen-
dent of the power controlled by the converter. Further-
more, since the switching period does not occur in any
other term of Equation (12), its influence on the
efficiency can be analysed exclusively by this function.
Numerical results are discussed in Section 6.

Neglecting the valve load loss (Rv = 0), Equation
(12) can be derived in relation to the tube length and
equalling it to zero to determine the tube length for the
maximum efficiency, that is:

lt ¼
�f1wþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðf1wÞ2 þ f2

q
f3

pd4t ; (14)

where

f1 ¼ 2q2VLðpHS � pLSÞ2;

f2 ¼ 4q4VLðpHS � pLSÞ2½ðpHSjþ pLSÞ2 � p2LSj
2�; and

f3 ¼ 256q3VLqm½pHSjþ pLSð1þ jÞ�:
Equations (7)–(14) presented above model analyti-

cally the steady state average behaviour of a step-down
converter. They are suitable for system dimensioning
from the point of view of output flow or pressure perfor-
mance and energy efficiency.

4. Experimental system setup

A hydraulic circuit (Figure 4) was implemented for the
experimental study. The circuit comprises four turbine
flow meters (S1, S6, S8, and S9), four strain gauge pres-
sure transducers (S3, S4, S5, and S7), and a thermocou-
ple (S2). The accumulators (Ac2 and Ac3) were used to
keep the high and low supply pressures as constant as
possible and the accumulator (Ac1) was used to absorb
pressure peaks. The nominal accumulator volumes are
one liter and the preload pressures are equal to 80% of
the nominal working pressure on each line. The role of

the directional valve shown in Figure 1(a) is performed
by a directional proportional valve, V1, (Parker
D1FPE50MA9NB01) whose parameters are presented in
Table 1. The equivalent resistance was calculated from
the experiments, as shown in De Negri et al. (2014).

The inertance tube (T1) has internal diameter (dt) of
7.1 mm and length (lt) of 1.7 m. The hydraulic fluid has
density (ρ) of 870 kg/m3, kinematic viscosity (ν) of
32 × 10−6 m2/s and is assumed to have an effective bulk
modulus (βe) of 1.6 × 109 Pa. Using the Equation (2),
the tube inertance (Lt) is 3.75 × 107 kg/m4. The tube
capacitance (Ct = Vt/βe) is 4.23 × 10−14 m3/Pa and the
load capacitance is approximately 10 × 10−11 m3/Pa. The
tube measured resistance (Rt) is 1.67 × 109 Pa s/m3,
resulting on the equivalent resistance ðReqÞ of the valve
and tube as 5.55 × 109 Pa s/m3.

5. Theoretical and Experimental Results

5.1. Introduction

The equations presented in Section 3 describe the steady-
state behaviour of a step-down PWM valve, i.e. assuming
that the inputs duty cycle and average load flow rate are
constant as well as the switching frequency and high and
low supply pressures. The resulting response corresponds
to the average values of a time period.

To validate this model, experiments were conducted
using the setup described in Section 4. Switching periods
of 125 ms (fsw = 8 Hz), (fsw = 16 Hz), and 25 ms
(fsw = 40 Hz), were used, taking into account the valve
settling time shown in Table 1. For the first two periods,
the spool achieved total displacements on the boundary
duty cycles of 10 and 90%. As shown below, for 25 ms,
the valve responded for duty cycles between 30 and 70%.

The experiments were conducted for different duty
cycles while keeping the average load flow rate constant,
which was adjusted by valve V2 (Figure 4). The average
high supply pressure (pHS) was adjusted to 2.4 MPa, and
the values of the average low supply pressure (pLS) dur-
ing the tests are shown in Table 2.

5.2. Switching period of 125 ms

Figure 5 presents the load pressure controlled by the step-
down converter as a function of the duty cycle and load
flow rate. The switching frequency (fsw) is 8 Hz
(Tsw = 125 ms). As one can see, the tube and valve load
losses have a large influence on the system performance,
and thus, the regulated pressure is reduced as the load
flow rate increases. In this figure, and in the following
ones, the lines correspond to the theoretical results accord-
ing to the equations presented in Section 3, whereas the
points correspond to the experimental results.

The experimental values in Figure 5 demonstrate that
the load pressure has a linear dependence on the duty
cycle and its magnitude depends on the load flow rate
(qVL), as denoted by Equation (10). Since a linear, rather
than a square root, function of the flow rate with the
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valve pressure drop is assumed, the theoretical results
differ from experimental ones as the flow rate through
the valve increases. The valve characteristic curves are
shown in De Negri et al. (2014).

Furthermore, negative pressures can be determined
numerically, but they do not occur in practice because of
the air solubility and/or fluid vaporization at such condi-
tions. Therefore, the achieved minimal value of the duty
cycle that results in a load pressure equal to the low sup-
ply pressure increases as the flow rate to the load system
increases.

Figures 6 and 7 present the average high and low
supply flow rates, respectively, where the experimental
points confirm the model prediction.

5.3. Switching periods of 62.5 and 25 ms

Theoretical and experimental results for the same condi-
tions as those described in the Section 5.1 were obtained

using switching frequencies (fsw) of 16 Hz
(Tsw = 62.5 ms) and 40 Hz (Tsw = 25 ms).

Figure 8 presents the load pressure for 16 Hz. At this
frequency the pulse time at 10 and 90% is 6.25 ms,
which is equal to the valve settling time. As the valve
dynamic response is not considered in the modelling, it
is possible to conclude that the valve opening transient
does not introduce substantial load losses as the valve
achieves its full opening.
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Figure 4. Hydraulic circuit diagram.

Table 1. Parameters of the proportional valve.

Nominal flow rate (qVn) 0:67 L=s 40 L=minð Þ
@ Dpp ¼ 3:5 MPa b

Valve resistance (Rv) 3:88� 109 Pa:s=m3@ Uc ¼ �Ucn
a

Settling time (ts) 3:5 ms @ Uc ¼ 0 ! þ100%b

6:25 ms @ Uc ¼ �100 ! þ100%a

Natural frequency (ωn) 120 Hz @ 90� ðUc ¼ �90%Þb
aExperimental data.
bCatalogue data.

Table 2. Average low supply pressures.

Load flow rate

Average low supply pressure

For Tsw ¼ 125 ms For Tsw ¼ 62:5 ms For Tsw ¼ 25 ms

0 L/s 0.22 MPa 0.25 MPa 0.23 MPa
0.1 L/s 0.20 MPa 0.21 MPa 0.22 MPa
0.2 L/s 0.17 MPa 0.19 MPa 0.20 MPa
0.3 L/s 0.15 MPa 0.19 MPa 0.16 MPa

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

1

2
qVL=0 L/s
qVL=0.1 L/s
qVL=0.2 L/s
qVL=0. 3L/s

p L
[M

Pa
]

2.5

1.5

0.5

-0.5

-1

-1.5

-2

Figure 5. Load pressure vs. duty cycle for 8 Hz (Equation
(10)).
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The good proximity of the experimental points in
relation to the theoretical curves corroborates the model
adequacy.

Experimental and numerical results using a switching
frequency (fsw) of 40 Hz (Tsw = 25 ms) are shown in
Figures 9–11. As can be observed, the experimental
curve shapes are close to the ones predicted by the
model, but some points are dispersed.

For 40 Hz, the valve does not respond fast enough,
particularly, for boundary duty cycles. For example,
Figure 12(a) shows the dynamic valve spool position for
a duty cycle of 40% when the valve achieves the final
position at each pulse. However, for a duty cycle of 90%
(Figure 12(b)), the valve is unable to fully connect ports
A to T. Consequently, the load pressure and the high
supply flow rate are higher, whereas the low supply flow
rate is lower than the theoretical values (Figures 9–11).

Generally, for lower duty cycles, when the valve
does not achieve full opening of P to A and a full clos-
ing to port T, the regulated pressure and high supply
flow rate tend to be lower than expected. Conversely, for
higher duty cycles, the regulated pressure is higher and
the low supply flow rate is lower than expected.

6. Parameter optimization

6.1. Switching frequency

As it could be observed in the previous section, the theo-
retical model predicts very well the steady state average
response as the switching valve can achieve full opening
and closing during a time period.

Therefore, the equations presented in Section 3 can
be used for the analysis of the influence of the step-
down parameters in the energy efficiency as presented
hereinafter. Simulation results are based on the opera-
tional conditions shown in Table 3.
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(Equation (8)).
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As shown in Sections 3 and 5, the switching fre-
quency has a significant influence on the average high
and low supply flow rates for intermediate duty cycles.
Consequently, the switching frequency directly influences
the step-down efficiency.

Considering a tube of 6 m of length and 7 mm of
internal diameter, Figure 13 shows how the efficiency
varies with different switching frequencies according to
Equation (11).

As shown in Figure 13, as the switching frequency
increases, the efficiency increases too for intermediate
values of the duty cycle. This effect can be understood
by analysing Equations (12) and (13).

Figure 14 shows that Ψ(κ, Tsw, τ) (Equation (13)) is a
symmetric function with respect to κ and the minimal val-
ues occur at the boundaries. The function magnitude
decreases as fsw and τ increase and, consequently, the effi-
ciency increases (according to Equation (12)). Unlike for
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Figure 10. High supply flow rate vs. duty cycle for 40 Hz
(Equation (8)).
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(Equation (9)).
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Table 3. Operational conditions used in simulations.

High supply pressure (pHS) 12 MPa
Low supply pressure (pLS) 0.3 MPa
Load flow rate (qVL) 2 × 10−4 m3/s
Fluid properties According Section 4
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Figure 13. Efficiency vs. duty cycle for different switching
frequencies (Equation (11)).
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the switching period, the tube and valve resistances are
present in other terms of Equation (12) and, therefore,
their influence cannot be only based on the Ψ behavior.

According to Figures 13 and 14, frequencies of
40 Hz (Tsw = 25 ms) and 50 Hz (Tsw = 20 ms) result in
very similar efficiencies. Figure 15 shows the efficiency
for switching frequencies from 8 Hz (Tsw = 125 ms) to
150 Hz (Tsw = 6.6 ms) which points out that the subse-
quent frequency increase from 50 Hz does not contribute
significantly to the system performance.

Therefore, the efficiency is not significantly improved
using switching valves with extremely high response time.
For example, at 50 Hz, valves with settling times of 2 ms
are qualified for operation with duty cycles between 10
and 90%. Valves with such dynamic performance are
being developed by research institutes (Winkler et al.
2008, 2010, Uusitalo et al. 2010). Commercial valves up
to 10 ms are reported by (Murrenhoff, 2003, Linjama and
Vilenius 2008).

6.2. Diameter and length

As discussed previously, the step-down converter effi-
ciency (Equation (11) or Equations (12) and (13))
depends on the system parameters, i.e. the tube inertance
and resistance, valve resistance, and switching period.
Moreover, the tube inertance (Equation (2)) and resis-
tance (Equation (3)) depend on the diameter and length.
Therefore, the system performance can be evaluated
according to these two elementary parameters.

The following analysis considers a tube diameter
between 5 and 20 mm. The minimal tube length is calcu-
lated by lt = 138dt for laminar flow (Fox et al. 2011).
The operational conditions are according to Table 3 and
the switching frequency is 40 Hz (Tsw = 25 ms). The
duty cycle is adjusted to 0.5, in which the influence of
the parameters in the system performance is more signifi-
cant (Figures 13 and 14).

Figure 16 exemplifies the use of Equation (11) to
predict how the different combinations of tube diameter
and length affect the step-down efficiency. The results
demonstrate that for diameters smaller than 10 mm there
is an optimum tube length that provides maximum effi-
ciency. For greater diameters, the reduction in the effi-
ciency is not significant from the length where the
maximum efficiency is achieved.

Neglecting the valve resistance, the ordered pairs of
tube length and diameter resulting on maximum efficien-
cies can be determined using Equation (14). Figures 17
shows that greater diameter requires longer tube to
achieve the maximum system efficiency.

The influence of the valve resistance on the tube siz-
ing and the step-down converter efficiency can be evalu-
ated using Equation (12). Starting from Rv = 0, the
maximum efficiency was determined as a function of the
valve resistance and for different tube diameters. As can
be seen, to achieve the maximum efficiency as possible,
the tube length must be increased from that obtained

 =5.2 ms =12.8 ms

 =20.2 ms

fsw [Hz]

[1]

[1
]

Figure 14. Function Ψ vs. switching frequency and duty cycle
for different time constant values (Equation (13)).
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Figure 15. Efficiency for switching frequencies from 8 to
150 Hz (Equation (11)).
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Figure 16. Step-down efficiency vs. tube diameter and length
for j ¼ 0:5 (Equation (11)).
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using Equation (14) (Figure 17). However, the higher the
valve resistance, the lower the efficiency, as expected.

The analysis presented in this section does not take
into account the resonance frequencies of the tube and
the excitation that can be caused by the valve switching.
Considering the fluid parameters presented in Section 4,
the first resonant frequency for a tube length of 6 m with
open-open boundary conditions is 113, and 45.2 Hz for
15 m, for example. Thus, the longer the tube, the greater
the possibility of exciting the resonance, resulting in
undesirable noise and vibration.

Furthermore, when resonance occurs, the flow beha-
viour will be far from that represented in Figure 3 and,
consequently, the modelling presented in this paper will
not be valid.

As an example of tube sizing of a step-down con-
verter working on the operational conditions shown in
Table 3, a tube of 7 mm diameter was chosen. This tube
size can be easily conformed in spiral, reducing the
occupied space and resulting on a feasible step-down

converter. The step-down converter comprises a valve as
described in Table 1 (Rv = 3.88 × 109 Pa s/m3). Accord-
ing to Figure 18, the tube length for maximum efficiency
is 6.95 m and the corresponding efficiency equal to
0.696. Based on that, a standard 6 m length tube was
chosen since the corresponding efficiency of 0.693
(calculated by Equation (12)) is very similar to the tube
using the ideal length.

7. Conclusions

A steady state lumped parameter model of the step-down
PWM valve, which is of interest for the analysis and
design of new systems based on the switched inertance
principle is presented. Using the model that includes lin-
ear resistance, theoretical and experimental results show
that it is possible to predict the average value of the con-
trolled pressure and flow rates at the step-down converter
ports.

Therefore, despite the flow-pressure nonlinearity
and the limited time response of the switching valve
as well as the pressure wave propagation in the
inertance tube, the presented linear model describes
very well the global behaviour of step-down switching
converters.

The dynamic behaviour of switching converters is
complex. Several phenomena occur such as fluid com-
pressibility in the internal chambers and wave propaga-
tion through the tube. Determining the effectiveness of
the system design on the basis of dynamic simulation is
straightforward. In this context, the proposed model can
be used for the preliminary design of switching con-
verters, and a further time or frequency analysis can be
performed for system optimization.

According to the equations presented in this paper,
in the step-down converter, the average high and low
supply flow rates depend on the PWM signal period,
resistance, inertance and the average load flow rate, but
the load pressure does not depend on the switching per-
iod. A study of the parameters of the inertance tube
(diameter and length) and switching period was
conducted; thus, the presented equations can be used to
predict the best combination for the maximum efficiency
in each case.

The study presented in this paper is valid when the
resonance frequency of the tube is not excited by the
switching valve. Therefore, it is suggested the switching
frequency to be lower than the tube first resonant fre-
quency.

The switching frequency directly influences the sys-
tem efficiency; however, for high values, the variation in
efficiency is insignificant. The valve dynamics must be
sufficiently high to operate with duty cycles between
10% and 90%. Therefore, using this model, it is possible
to determine the ideal parameter combination for maxi-
mum efficiency and time response of the valve.
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Figure 17. Tube length vs. diameter for maximum efficiency
(Equation (14)).
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Figure 18. Tube length vs. valve resistance for maximum
efficiency (Equation (12)).
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