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Abstract 

The hydraulic buck converter requires a pressure attenuation device at its output to 

smoothen the pressure ripples excited by the switching process. For this purpose often 

gas filled accumulators are used. Such accumulators’ installation with low hydraulic 

impedance is challenging and maintenance causes and extra effort. Furthermore, the 

nonlinear behavior of the gas spring is often unwanted. A number of applications, 

especially high force hydraulics, use huge cylinders with a correspondingly high fluid 

volume which may have sufficient capacitance for pressure attenuation. Additionally, a 

phase shifted operation of several parallel hydraulic buck converters reduces the 

pressure pulsations by increasing the effective switching frequency at the load. This 

paper investigates such a multi hydraulic buck converter arrangement with a phase 

shifted operation and with just the cylinder capacitance for pressure attenuation. 
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1. Introduction 

The idea to exploit switching control, which is common in modern electrical machines, 

also in hydraulics has the first time been tested by an American research group in 1988 

/1/. Switching control means to use on-off valves which are periodically switched, e.g. 

in PWM mode, to control the system. From the mid nineties of the last century on, 

different other groups published ideas and research results concerning hydraulic 

switching control /2/ to /6/.  

The hydraulic buck converter (HBC) corresponds directly to its electrical pendant. This 

standard circuitry of modern electric power supply units generates the required low 

voltage DC supply from the electric net. Both buck converter circuitries, the electrical 

and the hydraulic, are shown in Fig. 1.  



   

Figure 1: The electrical and the hydraulic buck converter; equivalent components:  

S~VS, D~VT, L~LH, C~Acc; remark: for the sake of direct comparison the hydraulic 

converter is shown only with one active valve VS; to lower the load a second active 

valve connecting the system with the tank line is required.  

/6, 7, 8/ present results of the authors’ research on the buck converter, run in a PWM 

mode of operation, concerning efficiency and dynamical performance. They show 

theoretically and experimentally that a decisive gain in efficiency can be obtained. In 

particular, energy can be also recuperated, if a second active on-off valve is provided, 

as mentioned in the caption of Figure 1.  

Major challenges of the HBC are its components. Fast switching valves are required 

with a durable switching frequency in the range of > 50 Hz to render a compact design 

of the hydraulic inductance (LH) and of the accumulator (Acc) possible. The inductance, 

which is just a straight or curved pipe, is suffering from the trade-off between high-

inductance, low resistance, and low capacitance. Shrinking the pipe diameter increases 

the inductance and shrinks the capacitance – which is wanted – but same time 

increases resistance which deteriorates efficiency. The accumulator has to flatten 

pressure ripples and is exposed to high frequency impulsive load. Standard 

accumulator technologies can hardly compete with these requirements and extra 

measures have to be taken to provide the required performance.  

Accumulators based on a gas spring only work above their charge pressure and exhibit 

a fairly nonlinear behavior. Furthermore, large capacitance makes the system soft. 

Though the latter can be compensated by advanced control techniques (see, e.g. /9/), 

it is desirable to keep the accumulator small or to avoid it at all. Avoidance of 

capacitors or at least capacitance reduction is also a point of interest in power 

electronics, since capacitors are the components limiting the lifetime, in particular if 

electrolytic capacitors have to be used. In /10/ a power electronic circuitry and a 

corresponding switching strategy are presented by means of which capacitors can be 

avoided. 



In this paper the avoidance of the load sided hydraulic accumulators (Acc in Figure 1) 

is discussed. Avoidance is based on two features: i) the exploitation of the hydraulic 

capacitance of the cylinder and ii) the application of two or more buck converters which 

are run in a phase shifted mode. It is a theoretical study using analytical and numerical 

methods which have been verified by several buck converter experiments in the past. 

2. Multiple hydraulic buck converters actuating one load  

Figure  2 shows the hydraulic system under study. A double acting cylinder acting 

against a process force FP is connected to system pressure pS at its rod side and to the 

multiple (number N) HBCs at its piston side. For the further it is assumed that the acting 

of the individual HBCs, i.e. the switching of their pressure and tank sided valves (VS,n, 

VT,n), is phase shifted by a phase angle 2π/N. If the switching frequency is fSW the time 

delay of switching the n-th valve (VS,n or VT,n, respectively) relative to the first valve (VS,1 

or VT,1, respectively) is 

( )
Nf

n

SW

1−=∆ nt . (1) 

 

Figure 2: A hydraulic linear drive controlled by N hydraulic buck converters.  



2.1. Simplified, nondimensional mathematical model  

The simplified, nondimensional mathematical model which provides the basis for an 

assessment of the pros and cons of N HBCs instead of only one is a combination of the 

previous models presented in /6/ and /11/.  

 

Figure 3: Schematic and nomenclature of the HBC model.  

It employs the following scales for nondimensionalization (they refer also to the states 

of the cylinder; see Figure 2).  
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Qi,n and qi,n are the physical and nondimensional pairs of the flow rates (i = S, T, 1, 2) of 

the n-th HBC, pk and ψk the pressure pairs (k = S, T, 1, 2), t, τ the time pairs, ω, Ω the 

angular frequency pair, ω0 the scaling frequency, R, r’ the inductance pipe radius pair, l 

the pipe length, X is the maximum stroke of the piston, A1 the piston area, V0 the 

hydraulic dead volume for the retracted piston, ν the kinematic fluid viscosity, c the 

wave propagation speed, E the fluid bulk modulus, and ρ the fluid density. The 

nondimensional state equations of that system consider the dynamics of the 

inductance pipe by frequency domain model (3) according to /11/. 
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The hat (^) indicates the Fourier transform of a variable according to (4)  
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The pressure buildup equation in the piston chamber and its frequency domain 

approximation (change of piston position x is neglected) and the momentum equation 

of the piston are given in (5) and (6), respectively. 
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In order to estimate the effect of using N smaller HBCs instead of one larger HBC by a 

quite simple model, the following simplifying assumptions are made. The effect of the 

piston motion on the pressure pulsation (role of ξ̂  in Eq. (5)) is negligible. The 

pulsation is studied for the retracted piston ( 0=ξ ), which is the worst case. If (5) is 

evaluated, the following formula results 
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According to (7) the pressure pulsation is the sum of all flow rate pulsations times the 

ratio of the inductance pipe volume VPipe and the dead volume V0 of the cylinder 

chamber. 

In a steady state operation an essentially periodic behavior can be expected resulting 

in a discrete spectrum of all states. This is of course not fully true for ξ, but if its change 

rate is small compared to the switching frequency ΩSW, this assumption is justified.  

The flow rate q2,n(τ) contributed by the n-th pipe can be represented by a Fourier series 

with the fundamental frequency ΩSW as given by (8) since the n-th HBC operates with a 

phase shift of 2π (n-1)/N. 
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By inserting (8) in (7), the pressure fluctuation in the cylinder of n HBCs can be written 

as follows 
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The pulsation attenuation effect of N converters operating in a phase shifted mode is 

represented by the last sum in (9). Its absolute value is  

( )
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is any positive integer number. (10) 

Thus, only frequencies of order Nk γ=  are present and their pulsation amplitude 

generated by all N converters is N times that of one pipe, all other frequencies are 

cancelled. Considering that each of the N converters delivers only 1/N-th that of one 

converter in case N = 1, this N times pulsation amplitude indicated by the result of (10) 

is no change for the worse. Quite the contrary, there is a strong reduction in pulsation 

by employing N converters resulting from two effects: 

1. The order N amplitude is typically much smaller than the order 1 amplitude. 

They decrease at least by a factor 1/N if ψ1 is a rectangular signal and with 



even higher order in N for a ramp type ψ1 - signal which is the case because of 

the finite response dynamics of the switching valve. 

2. The hydraulic capacitance filters flow pulsation due to its integrating nature by 

1/Ω=1/(N*ΩSW) (see Eq. (7)). 

Thus, the improvement in pulsation reduction at the load rises quadratically with N.  

3. Numerical simulations 

A configuration according to Fig. (2) is modeled. It represents a high force application. 

The cylinder areas are 2
2

2
1 6.0,2.1 mAmA ≈≈  and the dead volume in the piston 

chamber is lV 1500 ≈ , which is sufficient for a good pressure attenuation in case of a 

phase shifted HBC configuration. A typical velocity for positioning the piston is 4 mm/s, 

which requires a flow rate of about 300 l/min in this case. Such large flow rates cannot 

be reasonably handled by a single hydraulic buck converter with state of the art 

switching valves. Thus, the following simulations consider 6 HBCs in parallel, which 

operate at a switching frequency of 50 Hz. The pipe inductance of one individual HBC is 

about 2.5 m with a hydraulic diameter of 10 mm. Also the effect of wave propagation in 

the fluid is accounted for by a linear method of characteristics in the simulation model. 

The switching valves of the converter have a nominal size of 40 l/min and the check 

valves of 120 l/min, each at a nominal pressure drop of 5 bar. The dynamics of the 

digital valves is represented by a ramp with a rise time of 1 ms. 

In the simulations three different configurations are compared. The reference case is a 

conventional servo drive in plunger mode. The servo valve has a nominal flow rate of 

400 l/min at a nominal pressure drop of 35 bar and acts as a 3/3-valve. The servo valve 

dynamics is taken into account by a PT-2 element with a cut-off frequency of 100 Hz. 

The mentioned reference servo drive is compared to two different HBC clusters, each 

consisting of 6 parallel converters. The first HBC cluster is pulsed synchronously, i.e., 

each switching valves of each converter are switched at the same time for the same 

duty ratio. On the other hand the individual HBCs of the second multi HBC 

configuration are controlled with a phase shift according to Eq. (1) with N = 6 and fSW = 

50Hz. In this case, the PWM duty cycle of each converter is equal for one switching 

period. 

In the following, two different operating scenarios are investigated. First, a positioning 

of the piston in form of a ramp with constant slope and, second, the reaction to a 



trapezoidal load force variation are studied. Both cases are closed loop controlled by a 

simple P-controller. All simulations were carried out in Matlab/Simulink. 

3.1. Movement of the Piston 

Fig. (4) depicts the simulation results for the positioning motion with 4 mm/s ramp 

speed. In the left diagrams the synchronous HBCs operation and on the right diagrams 

the phase shifted HBCs operation are compared to the hydraulic proportional servo 

drive (HPD). The diagrams show top-down the positions, the velocities, and the energy 

consumptions of the different configurations. 

 

Figure 4: Simulation results of a linear hydraulic drive for a position ramp with a slope 

of 4 mm/s controlled by N HBCs compared to a conventional servo drive (HPD); 

left: synchronized operation of HBCs; right: phase shifted operation of HBCs.  

The piston velocity of the synchronously pulsed converters fluctuates quite strongly, 

because the flow rate pulses of all HBCs arrive at the cylinder coincidently. 

Furthermore, the natural frequency of the mass loaded cylinder is higher than the 

switching frequency of the converter cluster. Consequently, the piston follows the flow 

pulsation quite directly since the inertial impedance is low. The phase shifted 

configuration shows dramatically lower velocity fluctuations than the synchronously 

switched drive. The noticed switching frequency in the cylinder is 300 Hz due to the 

phase shifted control of the individual HBCs, which is sufficiently above the natural 

frequency of the load system to prevent unwanted ripples in the movement. In the 

lower diagrams the remarkable energy saving of the hydraulic buck converter becomes 

clear. For the complete working cycle the HBC configurations need less than half of the 

energy of a servo drive. 



3.2. Performance due to a certain load force 

In Fig. (5) and Fig. (6) the simulated systems’ responses to a process force variation of 

15 MN are shown. Fig. (5) illustrates the synchronous mode. On the figure’s left hand 

side the piston position, the piston velocity of the HBC cluster and of the servo drive 

are depicted. On the right hand side the corresponding pressure signals, the load force 

and the consumed energy are presented. The maximum deviations from the desired 

position are in the range of 200 microns for both drive systems. The HBC position 

oscillates with a high frequency but is able to recuperate about half of the compression 

energy, built up by the rising process force, when the force is released. 

 

Figure 5: Performance of the synchronized configuration at a process force of 15 MN 

compared to a conventional servo drive (HPD). 

In Fig. (6) the simulation results of the phase shifted approach are illustrated, which 

shows an equivalent performance as the conventional servo drive in terms of 

positioning accuracy but at half of its energy consumption. The phase shifted operation 

of the HBCs creates low flow rate pulses at high frequencies. Therefore, a smoother 

flow rate is achieved than with the synchronously switching HBCs. In turn, less 

pressure fluctuations are excited in the cylinder chamber, which results in higher 

accuracy. Due to the high dynamics, i.e. the short switching times, of the digital valves 

of the HBCs, the switching configuration achieves even a faster response to load 

fluctuations than the HPD. 



 

Figure 6: Performance of the phase shifted configuration at a process force of 15 MN 

compared to a conventional servo drive (HPD).  

4. Conclusions 

In this paper the application of a hydraulic drive controlled by a multi HBC configuration 

exploiting the load capacity was discussed. It was clearly shown, that a phase shifted 

operation of several hydraulic buck converters reduces the pressure pulsations due to 

switching at the load significantly. The simulation results taught that with the phase 

shifted HBC operation the accuracy in load positioning is comparable with a common 

proportional servo drive, even at high load forces. Moreover, due to the high bandwidth 

of the switching valves the HBC control achieves even a better dynamic response. 

Furthermore, the energy consumption of the considered linear hydraulic drive can be 

reduced dramatically by the HBC. This may not only lower energy costs, but also the 

installation costs, since a smaller hydraulic power supply unit is required. 
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6.1. Nomenclature 

a nondimensional cross-section 1 
A1 piston sided cross-section m² 
A2 annulus cross-section m² 
b scaling parameter 1 
c wave speed m/s 

nt∆  time delay of nth switching valve s 

E bulk modulus of oil Pa 
ε  nondimensional capacity 1 
fSW switching frequency 1/s 
j imaginary unit 1−  
k counter variable 1 
l pipe length m 
m mass of dead load kg 
n index of nth converter 1 
N number of converters 1 
p1 pressure in the piston sided chamber Pa 
p2 pressure in the annulus chamber Pa 
pS supply pressure Pa 
pT tank pressure Pa 

ni,ψ  nondimensional pressure at i th pipe end of the nth HBC in time domain 1 

ni,ψ̂  nondimensional pressure at i th pipe end of the nth HBC in frequency 
domain 

1 

Qi,n physical flow rate at i th pipe end of the nth HBC in time domain m³/s 

niq ,  nondimensional flow rate at i th pipe end of the nth HBC in time domain 1 

niq ,ˆ  nondimensional flow rate at i th pipe end of the nth HBC in time domain 1 

r' nondimensional radius of the pipe 1 
R pipe radius m 
ρ  fluid density kg/m³ 
t time s 
τ  nondimensional time 1 
V0 dead volume of the cylinder m³ 
VPipe volume of inductance pipe m³ 
v piston velocity m/s 
x piston position m 
X effective length of cylinder m 
ξ  nondimensional piston position in time domain 1 

ξ̂  nondimensional piston position in frequency domain 1 

0ω  characteristic angular frequency rad/s 

Ω  nondimensional angular frequency 1 

SWΩ  nondimensional switching frequency 1 

 


