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ABSTRACT 

In this thesis, the concept of hydraulic pulsating filter is explored and developed. 

The filter or resonator is designed to attenuate the pulsation that occurs when the 

hydraulic pump is discharged. Pumps pulsate over a range of frequencies, depending 

on pump design, speed, displacement, and other factors. The objectives of this work are 

to create a conceptual design and mathematical model of the pulsation filter concept, to 

conduct simulations and analyses to determine the feasibility of the concept, and to 

compare alternative designs for achieving the goal of attenuating pulsation at low 

frequencies (up to 100 Hz). These concepts include using standard components, as well 

as consideration of modeling alternatives. In order to solve the feasibility problem, the 

lumped parameter method is used for analysis, and key concepts are verified by 

experiments. 

This study started from the theoretical review of Helmholtz resonator and branch 

hose. After the theoretical review, experiments were presented to verify these concepts. 

On this basis, a novel pulsation attenuation scheme "Super Volume" is modeled and 

developed. Experiments were also presented to evaluate the Super Volume concept. The 

experimental results show that Super Volume is a feasible way to attenuate low-

frequency fluid pulsation by manipulate device parameters. This work contributed to 

the development of passive low-frequency hydraulic fluid power pulsation solutions. 
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CHAPTER 1 

Introduction 

 The pulsation associated with flow oscillation from pump within a hydraulic 

system can cause many difficulties to the hydraulic system, including noise and 

vibrations at varying frequencies. To reduce the undesirable vibration in the connected 

hydraulic system, it is necessary to reduce the pulsation of the flow and discharge 

pressure of the hydraulic pump. These vibrations may damage the hydraulic system or 

even destroy the hydraulic control system and the comfort of the operator. The hydraulic 

pulsation filter can be used to reduce pulsation in the hydraulic system. These vibrations 

may cause damage to the hydraulic system, cause failure of the hydraulic control system 

and undermine the comfort of the machine operator. A hydraulic pulsation filter is 

needed to reduce the pulsations in hydraulic systems. A listing of characteristics for 

comparison of pulsation filters applied to hydraulic systems is shown in the first column 

in Table 1. The pulsation in the discharge pressure is caused by the pulsation of the 

supply flow, where the pulsation of the supply flow does not match the load. The time 

rate of change of the pressure in the fluid volume is equal to the ratio of the fluid bulk 

modulus to the volume multiplied by the sum of the flow into the volume minus the 

time rate of change of the volume, which is what we normally called the pressure rise 

equation, 

 �̇� =
𝛽

𝑉
(∑𝑄𝑖 − �̇�)                                      (1) 

Normally, the pulsation of a hydraulic system can be analyzed by pressure or time 

derivatives [1]. In either case periodic input signals (flow pulsations) always generate 
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periodic outputs (pressure pulsations). That is, pulsations can be attenuated through 

manipulating dynamic components within hydraulic circuits, including flow, volume, 

time rate of change of volume, the bulk modules, etc.  

In electrical systems, networks of resisters, capacitors, and inductors are often used 

to respond to current and voltage transients to attenuate electrical noise.  Similarly, 

components in hydraulic systems can respond to dynamic hydraulic pressure and flow 

to attenuate the transmission of pulsations. Examples of these components are 

restrictions that dissipate energy and accumulators that store energy.  These kinds of 

components can be arranged in the line connecting the discharge of a pump and the rest 

of the hydraulic system that is to be protected or isolated from pulsations. 

The goal of this work was to develop a hydraulic pulsation reduction system that 

reduces oscillations in pressure due to flow pulsations generated by hydraulic pumps 

with a focus on low frequency pulsations in the range up to 100 Hz.  This was done 

by analysing the dynamics of various system concepts in the frequency domain and 

developing concept designs.  The concept utilizing a spring centered piston connected 

to a volume similar to a Helmholtz resonator was developed to form a design, a 

simulation and analysis study was conducted, a prototype was built, and experiments 

were used to determine performance.  
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Literature review 

Many investigations have been performed in the area of pulsation reduction for 

hydraulic systems.  These works have been motivated by the need to reduce pulsations 

in standard piston pumps and digital hydraulic systems including digital pumps and 

high speed on/off valve-controlled systems.  These pulsation reduction technologies 

include the use of accumulators, resonators, and other novel devices. The literature 

review of alternative pulsation reduction concepts is summarized in Table 1. 

Helmholtz resonators are a common technology applied to fluid systems where 

there is a need to attenuate noise.  This concept has been applied to hydraulic systems 

by several researchers using various resonator arrangements [2, 3]. A Helmholtz 

resonator can be constructed of a fluid volume connected to a hydraulic system by a 

short line known as a neck, Fig. 1.  The Helmholtz resonator reduces pulsations by 

oscillating due to pressure pulsations near the frequency of resonance such that the 

oscillations cause a periodic flow from the hydraulic system to the resonator volume 

that partially cancels the supply flow pulsations.  The resonant frequency of the 

Helmholtz resonator, according to Ichiyanagi’ 2017 paper [3], can be express as, 

f =
𝑐

4√𝜋

𝑑

√𝑉𝑙
,                                                  (2) 

where 𝑐 is the speed of sound of the fluid. 𝑑 is the neck diameter of Helmholtz 

resonator. 𝑉 is volume of the resonator chamber, and 𝑙 is neck part length.  The 

parameters of the system can be used to manipulate the resonant frequency. Clearly, 

Eq. (2) can be used to show that large density in the volume of fluid in the neck and 

large volume in the resonator lead to a low resonant frequency.  But due to practical 
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limitations such as the need to reduce the size of the device for mobile applications, 

Helmholtz resonators are typically applicable to high frequency pulsation reduction. 

The Helmholtz resonator has another drawback in that the pulsation reduction 

capability is only available in proximity to the resonant frequency. One solution to 

this problem is to develop a system of several resonators to attempt to reduce 

pulsations over a wide frequency range; some researchers have demonstrated this 

concept with three resonators [4].  Yet another solution is to automatically adjust the 

Helmholtz resonator volume using an actuator and control algorithm that adjusts the 

resonator volume and therefore the resonator frequency according to the needed 

pulsation frequency determined by sensors [5, 6].  These solutions have the 

drawback of increased complexity, size, and expense. 

 
Figure 1 Helmholtz resonator example applied to a hydraulic system from literature [2] 

Because of need to reduce the space taken by devices using the Helmholtz 

resonator concept, the idea of manipulating (reducing) the resonant frequency by 

adding high density mass to the Helmholtz resonator was explored. In this concept, 

the mass in the neck needs to be centered using springs (see Fig. 2); and the pressure 

in the trapped resonator volume needs to be equalized in the steady state by a small 
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leakage between the main fluid line and the resonator volume.  An example of this 

from literature includes the Mikota filter, which utilizes a solid mass (rather than 

hydraulic fluid) situated in the neck of the Helmholtz resonator which can lower the 

resonant frequency without need for an increase in the volume of oil or the 

dimensions of the neck [7]. Increasing the mass reduces the resonant frequency while 

reducing the volume increases the resonant frequency. To make a compact version of 

the Helmholtz resonator, it is desired to reduce the volume while increasing the mass 

to compensate and achieve a low resonant frequency. The basic idea for this concept 

is to reduce the resonance frequency by increasing the density of the mass in the neck 

of the Helmholtz resonator. In this way pulsations in the low frequency range could be 

addressed by a compact Helmholtz resonator device.  

 

Figure 2 Simple resonator with spring-centered mass, i.e. the Mikota filter [12] 

 Researchers have also investigated pulsation reduction using actuators that cancel 

flow pulsations actively. In one example, the integrated control of fluid borne noise 

(FBN) system, researchers have applied a piezo electric actuator in a hydraulic system 
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to cancel the pulsations caused by a hydraulic pump [8].  The system utilized a sensor 

system that synchronized signals to the device with the rotation of the pump so that the 

device could be actuated at the optimal time to cancel pulsations.  The system was 

limited to low frequency operation.  The system requires electrical power a complex 

system of sensors, and electronic controls.   

The discharge and suction self-oscillation principle (DSSOP) has been studied for 

use with closed-loop axial-piston pumps [9]. This is a novel passive fluid ripple 

attenuator, which can simultaneously reduce discharge and suction pulsation when 

applied to an axial-piston pump. In this system, a mechanical device which combines 

linked piston areas exposed the suction and discharge ports and a spring (Figs. 3 and 

4). When the discharge flow/pressure peak occurs, it drives the common piston and 

compresses the spring resulting in the increase in chamber volume in both the inlet 

and discharge lines, which in turn leads to a drop in the secondary flow and pressure. 

The attenuator can be integrated into the pump to so that it takes up little space. The 

researchers stated that their experiment achieved a reduction of more than 10% in the 

pressure pulsation amplitude. This is a passive way of reducing pulsation which 

avoids the use of accumulators and electrical components.  However, this concept is 

applicable to closed-loop hydraulic pump systems. The DSSOP concept would be 

difficult to apply to open-loop systems. 

  A switched inertance device that can provide a step-up or step-down of 

pressure or flowrate was studied by researchers [10]. While the device could 

potentially provide reduction in hydraulic pulsation, this method requires electrical 
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power a complex system of sensors, and electronic controls.   

 

Figure 3 Pressure oscillations drive the piston connected to the suction and discharge ports[9]. 

 

Figure 4 Circuit with DSSOP[9] 

 In the following content, Chapter 2 will discuss topics related to Helmholtz 

resonators and branch hoses, and Chapter 3 will discuss subject around "mikota filters" 

and "Super Volume". 
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Table 1 Comparison of various pulsation reduction technologies from literature. 
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CHAPTER 2 

Overview 

 This chapter theoretically reviews the Helmholtz resonator and branch 

hose method. Based on theoretical knowledge, experiments on these two 

theories and the analysis of experimental results were carried out. The goal 

of this chapter was to demonstrate through these two experiments that 

Helmholtz resonator-like devices can be used for the fluid of pulsation 

attenuation. 

 

Helmholtz resonator and branch hose  

The Helmholtz resonator, as a passive pulsation attenuation method, laid the 

foundation for this project. A Helmholtz resonator is a tuned volume (Fig.5). It traps 

and dissipates acoustic energy at a particular resonant frequency. Although not well 

known in off-highway vehicles, there have been many studies about hydraulic 

Helmholtz resonators, and they are commonly used in aircraft hydraulic systems. The 

resonant frequency f depends on the volume V, the neck length and diameter ln and dn, 

and the speed of sound in the fluid c. 

 
Figure 5 Simple Helmholtz resonator diagram 
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Eqn. (2) can also be expressed as according to Kuribayashi’s paper from 2014 [2] ,  

𝑓 =
𝑐𝑑𝑛

4√𝜋𝑙𝑛𝑉
=

1

2𝜋
√

𝐴𝑛𝛽

𝜌𝑉𝑐𝑙𝑛
.                                                (3) 

For reference, the speed of sound in a fluid depends on bulk modulus 𝛽  and 

density, ρ, is,  

𝑐 = √
𝛽

𝜌
.                                                            (4) 

A branch hose resonator or quarter-wave resonator is a tuned line. The branch hose 

resonator is similar to what was shown Fig. 5, except that the hydraulic transmission 

line is connected to a hydraulic hose instead of a tuned volume. Because one end of the 

line is closed and the other is open, the fundamental resonant frequency corresponds to 

a wavelength four times the length of the branch line. Standing waves can also form at 

odd multiples of the fundamental. Pressure ripple energy in the main line is 

consequently reduced at these frequencies. [11]. The only design parameter is the length 

of the line,  𝑙 . The resonance frequency for branch hose resonator, according to 

Ichiyanagi and Nishiumi’s paper from 2008 [11] can be expresses as,  

 𝑓 =
𝑐

4𝑙
.                                                            (5)  

  Insertion loss is a simple way to compare pressure ripple with and without a resonator 

device. It is a ratio of the power spectral densities. In Eqn. 6, IL is the insertion loss in 

decibels. P0 is an FFT (fast Fourier transform) of the measured pressure signal in the 

baseline condition and P1 is an FFT of the measured pressure signal with a resonator 

device. Positive insertion loss is desirable. 

𝐼𝐿 = 20 log10 (
|𝑃0|

|𝑃1|
)                                                    (6) 
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Experiment 

The branch hose resonator is also considered as an alternative early in the project. 

To test the Helmholtz resonator and Branch hose concept, a simple experiment is 

proposed. The goal of the proposed experiment is to determine the effectiveness of the 

Helmholtz resonator and branch hose resonator at reducing pulsations in a range of 

frequencies near the resonant frequency of the device compared to operation without 

the device.  The Helmholtz resonator and branch hose reduces pulsations to the 

greatest degree near its resonant frequency.  Therefore, the experimental results were 

used to determine the resonant frequency of the circuit with and without the Helmholtz 

resonator device connected as well as the frequency of maximum pulsation 

transmission loss in a particular experimental setup in the lab.  

Due to limited resources, the components tested were parts we already had that 

could be modified in-house. Two Helmholtz resonators were tested. The smaller 

resonator is based on a steel cylinder with outer dimensions 93 mm long and 80 mm in 

diameter. One end was plugged. On the other end, a bolt with a hole drilled through the 

center served as the resonator’s neck.  Neck dimensions were measured at 48mm long 

and 5.7mm in diameter. Internal fluid volume was measured at 160 mL. Assuming that 

the fluid density and bulk modulus are 860 kg/m3 and 1.4 GPa, Eqn. (3) predicts a 

resonant frequency of 370Hz.  
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Figure 6 Small Helmholtz Resonator 

 The larger resonator was based on a shell of a bladder accumulator with a 

perforated tube through the center. To make it into a Helmholtz resonator, the tube was 

removed, one end of the shell was plugged, and a section of round bar stock with a 

drilled hole was pressed into the other end. Neck dimensions were measured at 51 mm 

long and 5.9 mm in diameter. Internal fluid volume was measured at 4.7 liters. With the 

same fluid properties as before, the resonant frequency was expected to be near 68 Hz. 

 

Figure 7 Large Helmholtz Resonator (image from Hydac official website) [13] 
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Branch hose Two hose lengths were tested, 99 cm (39 in) and 178 cm (70 in) 

long. The side branch hoses were of the same type as the pump outlet hose with 25.4 

mm (1 inch) internal diameter. The hose is constructed of layers of rubber and steel 

wire and is rated for 420 bar. With Equation (5) and the same fluid properties as 

before, the expected resonant frequencies of the short and long side branch hoses are 

322 and 179 Hz, respectively. The summation of all test device’s parameter can be 

found in Table 2.  

Table 2 Hardware parameters 

Test device in 

circuit 

Device 

Volume (L) 

Total Circuit 

Volume (L) 

Neck length 

(mm) 

Neck diameter 

(mm) 

Target 

Frequency 

(Hz) 

None N/A 0.76 N/A N/A N/A 

Small resonator  0.16 0.92 48 5.7 370 

Short branch 

hose 

0.5 1.26 N/A N/A 322 

Long branch 

hose 

0.9 1.66 N/A N/A 179 

Large resonator  4.7 5.46 51 5.9 68 

The hydraulic schematic in Fig.8 shows how the strain gauge type and piezoelectric 

type pressure sensors were stacked to measure fluid pressure at the same points in the 

circuit. The digital displacement pump is a type of pump that digital control by 

enabling/disabling cylinders with fast on/off valves. The test stand was isolated from 

the environment, and there were one experiment running at a time, therefore the 

pressure pulsation source was clearly the hydraulic pump in the test hydraulic circuit. 

Figure 8 shows the hydraulic circuit of the tests.  
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Figure 8 Simple Hydraulic schematic diagram of test stand 

All tests were conducted at 100 ±10 bar mean pressure and 50 ±5 degrees C. Each 

device has been experimented in both SD and VPP algorithm. Sigma-Delta (SD) is a 

flow algorithm that uses full piston strokes with varying frequency. Variable Part Pumps 

(VPP) is a flow algorithm that uses partial piston strokes with variable volume. And 

each device was tested on different pump speed (500 to 2500, 2500, 1750) when test 

operating on SD algorithm. 

 

Result and Discussion  

Figure 9 and Figure 10 show results for each resonator device compared to no 

device.  Insertion loss was calculated with Eqn. (6).  
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Figure 9 Pressure ripple attenuation, full strokes algorithm, 2500 rpm 

 

Figure 10 Pressure ripple attenuation, VPP algorithm, 1750 and 2250 rpm 

 As we can tell from the result, pressure ripple generally increases with higher static 

pressure. In the frequency domain, the insertion loss plots clearly show resonant peaks 

for each device indicating pressure ripple attenuation at those frequencies. The actual 

peaks were at somewhat lower frequencies than we expected from the equations. 
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Sweeping through a range of displacement with the default flow algorithm (SD, full 

piston strokes) is a good way to test low-frequency response. The VPP flow algorithm 

(partial piston strokes) produces fluid pulsation over a broad frequency spectrum.  

Sweeping through a range of speeds at full displacement also excites a wide range of 

frequencies.   

The pump flow ripple is very different with SD and VPP, yet the resonator 

performance was about the same. Likewise, the reader can ignore IL at f < 15 Hz in all 

the plots.  The combination of speeds and displacement fractions tested did not 

provide sufficient pressure ripple at those very low frequencies to give a good 

measurement. 

 Overall, the side branch hoses performed quite well and could be a simple solution 

at frequencies over 200 Hz. Although the hose length becomes impractically long for 

100 Hz and below. The side branch hoses have a narrow attenuation band, about 50 Hz 

in this test. As for the Helmholtz resonators, the larger Helmholtz resonator worked 

beautifully at frequencies below 100 Hz, although it is simply too large for much of the 

off-highway vehicle market.  On the other end of the scale, the smaller resonator did 

not provide enough attenuation to be broadly useful, likely due to its small size. The 

experiment worked well enough to prove the concept and allowed us to do future 

development and research based on Helmholtz resonator. 
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CHAPTER 3 

Overview 

This chapter introduce the concept of “Mikota filter” and “Super volume”. After 

that, the principle of “super volume” was discussed, and a mathematical model was 

established. Some analytical results were obtained from the model. Finally, experiments 

were carried out and the results were analyzed. 

 

Novel method of hydraulic pulsation attenuation, “Super volume” 

Because of need to reduce the space taken by devices using the Helmholtz 

resonator concept, the idea of manipulating (reducing) the resonant frequency by 

adding mass to the Helmholtz resonator was explored. Increasing the mass reduces the 

resonant frequency while reducing the volume increases the resonant frequency.  To 

make a compact version of the Helmholtz resonator, it is desired to reduce the volume 

and while increasing the mass to compensate and achieve a low resonant frequency.  

In this way pulsations in the low frequency range could be addressed by a compact 

Helmholtz resonator device. A dynamic model was built based on this idea. The basic 

idea for this concept is to reduce the resonance frequency by increasing the density of 

the mass in the neck of the Helmholtz resonator. The resonate frequency can be express 

as Eqn. (2). However, we later found out that a similar device, the “Mikota Filter”, had 

been developed by others. Experiments with this concept produced unimpressive 

results. 

As a result, we invented our new concept, “Super Volume”. The effect of adding 
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volume to the system can be enhanced by including an unequal area hydraulic cylinder 

to create a system similar to a pressure intensifier. Compared with Helmholtz resonator, 

"Super volume" can maintain low resonant frequency with a much smaller device 

volume, which is important for most real-world applications. 

 

Figure 11 Diagram of system with a modified pump, hose, “Super volume” filter, and load valve.   

 

Modeling and analytical result 

A model including elements of the system in Fig. 11 is given as follows. The 

modelling equations for the pump discharge volume, 𝑉, and chamber volume 𝑉𝑑, with 

tube diameter and length, 𝑑 and 𝐿 are given as follows:  

�̇� =
𝛽

𝑉
(𝑄𝑃 − 𝑄𝐿 − 𝐴1�̇� − 𝑄𝑑)                           (7) 

�̇�𝑑 =
𝛽𝑑

𝑉𝑑
(𝑄𝑑 + 𝐴2�̇�)                                 (8) 

𝑚�̈� = −𝑘𝑥 − 𝑏�̇� + 𝑃𝐴1 − 𝑃𝑑𝐴2                              (9) 

𝐴1, the area of the bottom of the piston is 
𝜋𝑑1

2

4
. 𝐴2, the area of the bottom of the 

piston is 
𝜋𝑑2

2

4
. 𝑉𝑜, and the initial volume of hose and inlet part of the device is 𝑉𝑜 =
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𝜋𝐿ℎ(
𝑑ℎ

2
)2. 

The flow through the balancing tube assuming Poiseuille flow is, 

𝑄𝑑 =
𝜋𝑑4

128𝜇𝐿
(𝑃 − 𝑃𝑑).                                (10) 

After linearization and taking the Laplace transform, the transfer function between 

the flow and the pressure can be found as follows,  

𝑇(𝑠) = 𝐶(𝑠𝐼 − 𝐴)−1𝐵,                             (11) 

Where 

𝐴 =

[
 
 
 
 
 
 
 −

𝛽𝜋𝑑4

128𝑉𝑜𝜇𝐿

𝛽𝜋𝑑4

128𝑉𝑜𝜇𝐿
0

𝛽𝐴1

𝑉𝑜

𝛽𝑑𝜋𝑑4

128𝑉𝑜𝑑𝜇𝐿
−

𝛽𝑑𝜋𝑑4

128𝑉𝑜𝑑𝜇𝐿
0

𝛽𝑑𝐴2

𝑉𝑜𝑑

0 0 0 1
𝐴1

𝑚
−

𝐴2

𝑚
−

𝑘

𝑚
−

𝑏

𝑚 ]
 
 
 
 
 
 
 

, 

𝐵 =

[
 
 
 
 
𝛽

𝑉𝑜

0
0
0 ]

 
 
 
 

, and 

𝐶 = [1 0    0 0],                                             (12) 

Substitute the matrix obtained from Eqn. (12) back into Eqn. (11),we can get, 

𝑇(𝑠) =

128𝐿𝑉𝑜𝑑𝛽𝑚𝜇𝑠3 + (𝑚𝜋𝛽2𝑑4 + 128𝐿𝑉𝑜𝑑𝑏𝜇𝛽)𝑠2 +(128𝐿𝜇𝐴2
2𝛽2 + 𝑏𝜋𝛽2𝑑4+128𝐿𝑉𝑜𝑑𝑘𝜇𝛽)𝑠+𝜋𝛽2𝑑4𝑘

128𝐿𝑉𝑜𝑉𝑜𝑑𝑚𝜇𝑠4+(128𝐿𝑉𝑜𝑉𝑜𝑑𝑏𝜇 +𝜋𝑉𝑜𝛽𝑑𝑑4𝑚+𝜋𝑉𝑜𝑑𝛽𝑑4𝑚)𝑠3 + (128𝐿𝑉𝑜𝑉𝑜𝑑𝑘𝜇+128𝐴2
2𝐿𝑉𝑜𝛽𝑑𝜇+ 128𝐴1

2𝐿𝑉𝑜𝑑𝛽𝜇 +𝜋𝑉𝑜𝑏𝛽𝑑𝑑4+𝜋𝑉𝑜𝑑𝑏𝛽𝑑4)𝑠2

+(𝜋𝐴1
2𝛽𝛽𝑑𝑑4− 2𝜋𝐴1𝐴2𝛽𝛽𝑑𝑑4+𝜋𝐴2

2𝛽𝛽𝑑𝑑4+𝑉𝑜𝛽𝑑𝑑4𝑘𝜋+𝑉𝑜𝑑𝛽𝑑4𝑘𝜋)𝑠

    

                                                                     

(13) 

The frequency response of the insertion loss, the ratio of the response without a 

pulsation reduction device to the response of with a pulsation reduction device, using 

Eqn (6), is 
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IL = 20log10
𝛽/(𝑗𝜔𝑉𝑜)

𝑇(𝑗𝜔)
,                                        (14) 

where 𝑗𝜔 has been substituted for 𝑠 in 𝑇(𝑠) and 𝜔 is the frequency in radians per 

second.  

The frequency responses of the insertion loss for the simulated system with unequal 

areas at each end of the piston and the Mikota filter case are given in the Figs. 12-16. 

Figure 12 shows that the device volume has a significant effect on the magnitude of the 

frequency response but also the location of the resonant peak, due to the effect on the 

stiffness.  The frequency responses of the insertion loss for various values of piston 

diameters are given in Fig. 13. The 𝑑1 = 𝑑2case in Fig. 13 can be seen as the Mikota 

filter. The benefits of having an unequal area are significant in the low frequency 

insertion loss.  

Figure 14 shows an interesting phenomenon that occurs as the balancing tube 

diameter is adjusted.  There is a switching effect in the location of the resonant peak 

as the diameter varies. Figure 15 shows how the performance of the Mikota filter is 

reduced as the diameter of the balancing tube is increased.  Comparison with Fig. 16 

clearly shows the benefits of having unequal piston areas with approximately a 15 dB 

improvement in the insertion loss for conditions similar, other than piston diameter. 

Figure 16 shows that the insertion loss is reduced when 𝑉𝑜 is increased.   
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Figure 12. Insertion loss with varying resonator volume, 𝑉𝑜𝑑, and 𝑑1 = 22 mm, 𝑑2 = 11 mm, 𝑉𝑜 =

2 L, 𝑑 = 2 mm. 

 

 

Figure 13. Insertion loss with varying resonator side piston diameter, 𝑑2, and 𝑑1 = 22 m, 𝑉𝑜 = 2 L, 

𝑉𝑜𝑑 = 1𝐿, 𝑑 = 2 mm. 
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Figure 14. Insertion loss with varying balancing tube diameter, 𝑑, and 𝑑1 = 22 m, 𝑑2 = 11 mm, 𝑉𝑜 =

2𝐿, 𝑉𝑜𝑑 = 1 L. 

 

Figure 15. Mikota case with varying balancing tube diameter, 𝑑1 = 22 m, 𝑑2 = 22 mm, 𝑉𝑜𝑑 = 1L 
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Figure 16. Insertion loss for varying discharge volume and 𝑑1 = 22 m, 𝑑2 = 11 mm, 𝑉𝑜𝑑 = 1 L, 𝑑 =

2 mm. 

Table 3. Parameters of the pulsation filter experiment and simulations. 

Symbol Description Value Units 

𝐿 Balancing tube length 0.004 𝑚 

𝑉 Main system discharge volume 0.0026 𝑚3 

𝑉𝑑 Device volume 0.0013 𝑚3 

𝑏 Damping coef. 0.1 𝑁

∙ 𝑠

/𝑚 

𝛽 Bulk Modules 2.04 𝐺𝑃𝑎 

𝑑 Balancing tube diameter 0.001 𝑚 

𝑑1 Discharge side piston surface diameter 0.022 𝑚 

𝑑2 Resonator side piston surface diameter 0.022 𝑚 

𝑘 Spring rate 500 𝑁/𝑚 

𝑚 Moving mass  0.085 𝑘𝑔 

𝜇 Viscosity 0.026 𝑃𝑎 ∙ 𝑠 
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Experiment setup 

The experimental setup shown in Fig. 17 was constructed according to the diagram 

in Fig. 11.  The parameters of the system are given in Table 3. The most notable 

characteristic of the parameters is that the piston in the resonator device has the same 

area on both ends, making this setup a Mikota filter. The flow is supplied by a modified 

nine piston axial piston pump with one piston cylinder having a leakage path to the case 

of the pump. This modification caused significant pulsation in the discharge flow of the 

pump with a frequency consistent with the speed of the pump. A Setra 3102H36 

pressure sensor using piezoresistive technology was placed in the line near the piston 

enclosure. Sensor signals were passed through an analog anti-aliasing filter and 

recorded using a National Instruments PCIe 6363 data acquisition card installed in a 

PC running data acquisition software and sampling data at a rate of 5000 Hz. 

(a)   

(b) 
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Figure 17 Experimental setup. (a) modified pump, (b) modified Mikota filter device 

and load valve. 

 

Experiment results 

Each experimental test was completed with the pump speed varying from 

essentially zero to 2000 rpm over a duration of 80 seconds.  There were two load relief 

pressure settings, low pressure, and high pressure, 3.4 MPa and 6.9 MPa respectively. 

The baseline condition is the system without a filter or added volume of any kind. The 

baseline system in addition to the system with the Mikota filter and the system with 

added volume (same as the volume used with the Mikota filter) were tested. An example 

of the data in the time domain is given in Fig. 18 for the case with high pressure.  Note 

that the mean value of the pressure is subtracted from the result in order to “detrend” 

the data for analysis. The power spectral density for the pressure signals is given in Fig. 

19; and the insertion loss is computed and plotted in Fig. 20. 

 

Figure 18. Time response of pressure for the baseline system and the system with the Mikota filter 
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Figure 19. Power spectral density of pressure for the baseline system and the system with the Mikota 

filter. 

 

Figure 20. Insertion loss for the baseline system and the addition of the Mikota filter. The 

insertion loss is the ratio of the magnitude of frequency response of the pressure without the 

Mikota filter (baseline system) divided by the frequency response of the pressure with the Mikota 

filter. 
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An experiment was also conducted to test the system with the same added volume 

as in the Mikota filter but attached to a fitting on the main flow line with no piston 

housing or added mass used in the Mikota filter.  Added volume is expected to reduce 

pressure pulsations in the system since this will reduce the sensitivity of the pressure 

rise rate to input flow pulsations as in Eq. (1). The results in Fig. 21 show that the 

Mikota filter concept is effective at low frequencies.  In addition, the results indicate 

that the effect of adding volume to the system which should reduce pressure pulsations 

is not adversely affected at low frequencies by including a piston separating the added 

volume from the discharge hose volume.  The performance of the Mikota filter is such 

that pulsations are not reduced at high frequencies, however.  

 

Figure 21.  Insertion loss for the system with added volume and the addition of the Mikota filter.  

The insertion loss is the ratio of the magnitude of frequency response of the pressure without the 

Mikota filter (baseline system plus extra volume) divided by the frequency response of the pressure 

with the Mikota filter. 
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Experiments were conducted with the use of an accumulator which replaced the 

rigid volume enclosure in the system. Replacement of the rigid volume enclosure with 

a small accumulator resulted in a loss of performance with the Mikota piston included 

versus without the Mikota piston (see an example experimentally obtained insertion 

loss in Fig. 22). This reduction in performance is believed to be due to the limited travel 

of the piston in the Mikota filter.  Addition of the accumulator drastically reduced the 

effective bulk modulus, and therefore the effective spring rate of the resonator, allowing 

the piston to move much further than in the case without the accumulator.  This 

experiment demonstrates one of the key limitations of the Mikota filter and that care 

must be taken to design the system so that the travel limits of the mass are not reached 

under design conditions.  

 

Figure 22.  Insertion loss for the system with an added accumulator and the addition of the Mikota 

filter with the accumulator. The insertion loss is the ratio of the magnitude of frequency response of the 

pressure without the Mikota filter (baseline system plus the accumulator) divided by the frequency 
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response of the pressure with the Mikota filter modified to include the accumulator instead of the rigid 

volume enclosure. 

The Mikota filter models, Eqns. (7-9) for the nonlinear model, and Eqn. (12) for 

the linear model, using the parameters in Table 3 were compared to the experimental 

results. In Fig. 23, comparison of the insertion loss from the experimental results to the 

insertion loss computed using the models (linear from an analytical result and nonlinear 

simulation with signal analysis) shows that further refinements to model fidelity are 

needed. However, the resonant frequency and, to a degree, low frequency performance 

can be predicted using the model.   

 

Figure 23.  Insertion loss for the baseline system and the addition of the Mikota filter for three cases, 

experimental results, linear model analysis, and nonlinear model simulation results.  In each case, the 

insertion loss is the ratio of the magnitude of frequency response of the pressure without the Mikota 

filter (baseline system) divided by the frequency response of the pressure with the Mikota filter. 
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Potential Design 

Based on simulation results a design was created for a pulsation filter with unequal 

areas for each end of the piston.  This pulsation filter is designed to utilize the 

advantage of unequal areas in that a smaller volume is needed for a given insertion loss 

(the advantage of unequal areas) and to take advantage of the ability to reduce the 

resonant frequency of the resonator (the advantage of the Mikota filter).  Simulations 

showed that low frequency performance depends on the ratio of the diameters of the 

piston and the volumes chosen.  This can also be verified by analysing the steady state 

frequency response of the linearized insertion loss equation since the nonlinear and 

linear models match very closely at low frequencies. The design parameter for the 

proposed pulsation filter are given in Table 4.  Simulations and analysis were used to 

arrive at the design parameters.  

The static load on the piston placed a severe design limitation on the system.  

The spring was selected such that it could withstand the static force due the unequal 

piston areas without exceeding a deflection that would reduce the life of the spring.  

The selection of the spring limited the ratio of piston diameter, and therefore the low 

frequency insertion loss.  The static deflection of the spring is 𝑥𝑠 = 𝜋(𝑑1
2 −

𝑑2
2)𝑃/(4𝑘). With the selected design, the low frequency insertion loss is 4.5 dB 

(compare to 2.5 dB for the Mikota filter).  Figures 24 and 25 show the effects of 

varying the balancing tube parameters. Smaller diameter and longer tubes tend to 

have higher resonant frequencies. Varying the volume of the resonator shows that 

larger volumes improve the design in terms of insertion loss, but an upper limit on the 
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volume was chosen to maintain the compactness of the system.   

 

Figure 24. Comparison of the insertion loss computed using the nonlinear model with varying 

balancing tube diameters. 

 

Figure 25. Comparison of the insertion loss computed using the nonlinear model with varying 

balancing tube lengths. 

Comparing the insertion loss for the Mikota filter (Fig. 13) and the proposed design 

(Fig. 26), it can be seen that the proposed design with unequal piston areas has a larger 
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insertion loss at low frequencies as predicted by linear and nonlinear models.  This 

improvement in low frequency performance is strictly due to the ratio of piston 

diameters.  The spring rate is the only other difference in parameters; and increasing 

the spring rate tends to adversely affect the insertion loss.  The resonant frequency is 

similar between the system with the Mikota filter and the unequal area system.  The 

linear and nonlinear models for the unequal area system show more disagreement, 

likely due to the unequal areas which result in larger static and dynamic displacement 

than the Mikota filter case.  The nonlinear model is more useful in the unequal area 

case due to the volume nonlinearities becoming more significant.   

 

 

Figure 26. Comparison of the insertion loss computed using the linear and nonlinear models. 

Figures 27 and 28 show the time domain performance of the system.  The pressure 

oscillations are clearly reduced by using the proposed pulsation filter (Fig. 27).  And 

the static displacement and dynamic motion of the piston are apparent in Fig. 28. Note 
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that the amplitude of the dynamic motion of the piston is far less than the static 

deflection.   

A drawing of the proposed pulsation filter is given in Fig. 29. A significant portion 

of the resonator volume enclosure is taken up by the balancing spring.  The system 

may be constructed using standard techniques common to construction of hydraulic 

valves. This includes the use of cross drilling in some cases requiring the use of plugs.  

The piston diameter is similar to that of many flow controls valves.  An important 

detail of the design is that a drain would be required in the space between the piston 

faces so that the pressure in that space could be minimized.  High pressure in this 

location would have an adverse effect on the ideal performance of the system. 

 

Figure 27. Pressure response of the nonlinear model comparing the baseline to the system with the 

proposed filter. Note that the mean pressure is subtracted from the response plot. 
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Figure 28. Displacement of the piston in the nonlinear system model of the proposed pulsation filter. 

 

Figure 29. Diagram of the proposed system with a piston having unequal areas at each end, a return 

spring and volume with the pressure balanced in the steady state using a small tube.  Left, detail of the 

piston and housing, and right, cutaway view of the system. 

Table 4. Parameters of the proposed pulsation filter design with unequal area piston. 

Symbol Description Value Units 

𝐿 Balancing tube length 0.004 𝑚 

𝑉𝑑 Device volume 0.0013 𝑚3 

d
1

2
d
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𝑑 Balancing tube diameter 0.001 𝑚 

𝑑1 Piston diameter (discharge side) 0.022 𝑚 

𝑑2 Piston diameter (resonator side) 0.011 𝑚 

𝑘 Spring rate 127000* 𝑁/𝑚 

𝑚 Moving mass  0.085 𝑘𝑔 

*https://www.asraymond.com/extra-heavy-duty-iso-die-spring/206848000 
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CHAPTER 4 

Conclusion 

1. The literature review shows that many concepts have been proposed to reduce 

the pressure pulsation produced by hydraulic pumps. A lot of literature focuses on high-

frequency effects (over 100 Hz). A large amount of literature also focuses on the 

concept of resonators, such as Helmholtz resonators and Mikota filters. Initially, some 

literature focuses on the damping of energy consumption. 

2. A new concept, using an improved version of Mikota filter with a unequal area 

piston arrangement, was developed to solve system compliance without using large 

capacity or accumulators. 

3. The disadvantage of the piston structure with different areas is the unbalanced 

design, which requires a large spring force to center the piston. 

4. The analysis of the model shows that at low frequencies, the unequal area piston 

system has a great advantage over the resonant cavity technology without the need for 

a large increase in oil volume. 

5. Experimental research on the Mikota filter system has confirmed the 

performance of this concept. And experimental work shows that the dynamic effect of 

the piston does not affect the performance of simply increasing the volume. However, 

there is evidence that the piston does reduce the effectiveness of more compliant 

devices (such as accumulators) when the piston’s stroke shortened. 

6. The indication of (5) shows that it is feasible to modify the Mikota filter of equal 

area without reducing the expected performance predicted in the analysis results. 
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7. A feasible mathematic model and some automated MATLAB/Simulink model 

for “Super volume” concept was created during the process of this thesis. Provided 

some exploration and ideas for the field of passive fluid pulsation attenuation. 

At the same time, the following ideas for the future development of this subject 

was proposed. On the one hand, there are too many factors that affect the experiment 

during the entire project, such as the temperature in the hydraulic system, the overall 

vibration of the test equipment, etc., which many unquantifiable effects on the 

experiment. On the other hand, the accuracy of the analysis model can be further refined. 

Unfortunately, we have not been able to achieve a perfect match between the model and 

the experimental results until the final stage of the project. From a technical point of 

view, technologies such as CFD (computational fluid dynamics) may be considered to 

be added to this topic in order to achieve a more accurate model and save the time and 

resources required for experiments.  
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APPENDIX A 

Extra plots of experiment data 

 

Figure A.1. Mikota with accumulator vs Accumulator 

 

Figure A.2. Mikota with accumulator vs Baseline 
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Figure A.3.Mikota with accumulator vs Mikota with accumulator (short hose removed) 

 

Figure A.4.Mikota with volume (short neck) vs baseline 
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Figure A.5.Mikota with volume (short neck) vs Mikota with volume 

 

Figure A.5.Mikota with volume (short neck) vs volume (short neck) 
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APPENDIX B 

Matlab code 

Matlab code for converting experimental data into charts 

clear 

load('WMikota13.mat') % BLUE 

start1=80000; 

stop1=400000*2+start1; 

t1=Pressure.time(start1:stop1); 

P0=polyval(polyfit(t1,Pressure.signals.values(start1:stop1),2),t1); 

figure(51);plot(t1,Pressure.signals.values(start1:stop1),t1,P0) 

P1=Pressure.signals.values(start1:stop1)-P0; 

mean(P1.^2) 

load('NMikota21.mat'); % without branch line - RED 

start1=80001; 

stop1=400000*2+start1; 

t2=Pressure.time(start1:stop1); 

P0=polyval(polyfit(t2,Pressure.signals.values(start1:stop1),2),t2); 

figure(52);plot(t2,Pressure.signals.values(start1:stop1),t2,P0) 

P2=Pressure.signals.values(start1:stop1)-P0; 

%P2=P2*3600/3500; 

mean(P2.^2) 

% Compute power spectrum 

% Generated by MATLAB(R) 9.7 and Signal Processing Toolbox 8.3. 

% Generated on: 29-Aug-2020 13:25:05 

% Parameters 

timeLimits = seconds([8.5 88.5]); % seconds 

frequencyLimits = [0 300]; % Hz 

%% 

% Index into signal time region of interest 

P1_ROI = P1(:); 

timeValues = t1; 

P1_ROI = 

timetable(seconds(timeValues(:)),P1_ROI,'VariableNames',{'Data'}); 

P1_ROI = P1_ROI(timerange(timeLimits(1),timeLimits(2),'closed'),1); 

% Compute spectral estimate 

% Run the function call below without output arguments to plot the 

results 

[PP1_ROI, FP1_ROI] = pspectrum(P1_ROI, ... 

    'FrequencyLimits',frequencyLimits); 

%% 

% Index into signal time region of interest 
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P2_ROI = P2(:); 

timeValues = t2; 

P2_ROI = 

timetable(seconds(timeValues(:)),P2_ROI,'VariableNames',{'Data'}); 

P2_ROI = P2_ROI(timerange(timeLimits(1),timeLimits(2),'closed'),1); 

% Compute spectral estimate 

% Run the function call below without output arguments to plot the 

results 

[PP2_ROI, FP2_ROI] = pspectrum(P2_ROI, ... 

    'FrequencyLimits',frequencyLimits); 

figure(9);plot(FP2_ROI,10*log10(PP2_ROI./PP1_ROI),'g');grid on 

%title('Low P Mikota with Volume vs Volume ') 

%xlabel('Frequency (Hz)') 

%ylabel('Power (dB)') 

hold on 

figure(2);plot(FP1_ROI,10*log10(PP1_ROI),FP2_ROI,10*log10(PP2_ROI));g

rid on 

title('Low P Mikota with Volume vs Volume ') 

xlabel('Frequency (Hz)') 

ylabel('Power (dB)') 

legend('Mikota ','Volume') 

figure(3);plot(t1-min(t1),P1*6894.75729,'b',t2-

min(t2),P2*6894.75729,'r') 

title('Low P Mikota with Volume vs Volume ') 

xlabel('Time (Sec)') 

ylabel('Pressure (Pa)') 

legend('Mikota ','Volume') 

hold off 
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APPENDIX C 

Simulink diagrams 

Simple version of the “Super volume” Simulink diagram 

 



44 
 

Detailed version of the “Super volume” Simulink diagram 
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