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Abstract 

The study deals with the dynamic properties of a hydraulic servo actuator (HSA) with flexible mounting 

connections. This problem is considered in two cases: firstly, in the flexible (or non-rigid) mounting connection 

of the barrel and piston rod of a hydraulic actuator, and secondly, in the vibration isolation of a hydraulic 

actuator loaded with cyclic force. The difficult and complex dynamic problem of an HSA flexibly connected to 

a load mass excited by the impact force generated by a rock breaker was primarily analysed. The solution of a 

new design of the 3-DoF hydraulic boom manipulator used to move a medium-sized hydraulic rock breaker 

was presented. The HSA is rigidly mounted to the mother boom, and the piston rod is flexibly connected to the 

inner boom via a spring-damping device (SDD), which, in this case, serves as a vibration isolator. Simulation 

tests based on the HSA mathematical model enabled comparison of the dynamic responses of the hydraulic 

actuator rigidly connected and flexibly connected via an SDD to a load mass excited by the constant and impact 

force generated by a rock breaker. The experimental studies on the test stand focused on HSA adaptive 

positioning control. The main task was to adapt the adaptive position controller to the identified HSA loaded 

with excitation force (impact force). The simulation and experimental tests carried out are important for 

assessing dynamic properties and designing the position controller of an HSA subjected to cyclic impact forces. 

The presented results are also important for the development of guidelines for the safe operation of various 

large-scale heavy hydraulic machines under vibration loads. 

Keywords: Hydraulic servo actuator, Hydraulic boom manipulator, Flexible connections, Cyclic impact force, 

Position controller, Adaptive identification 

 

1. Introduction 

Dynamic properties and precision of control of hydraulic servo actuators (HSAs) depend on the rigidity of the 

mounting of its components: actuators (barrels, piston rods), control elements (valves), load mass and 

equipment. The connections between hydraulic and mechanical elements in hydraulic drives are not always 

rigid, although it is usually assumed that these connections are always rigid. This approach even applies to 

vehicles on rough roads, heavy vehicles, aircraft, construction equipment, road vehicles, road-making machines, 

heavy-duty machines, agricultural machinery, mining machinery, machines in the steel industry, lifting 

equipment, transportation equipment as well as in heavy manipulators and robots. In such machines and 

hydraulic devices, load mass and external forces constantly change. At the same time, clearances in moving 

joints must be taken into account. Such operating conditions lead to the occurrence of vibrations and elastic 

deformations of the structural and connection elements of hydraulic devices. The vibrations are then transferred 
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to the hydraulic drive and control elements. The problem of the impact of both non-rigid or flexibility mounting 

of the hydraulic system design on its dynamic properties is taken into account extremely sporadically. A 

dynamic analysis of HSAs usually assumes that the load mass is rigidly connected to the piston rod of an 

actuator.  Although this is the correct assumption for most industrial applications, there are some cases in which 

a non-rigid connection of the load mass should be considered. A non-rigid mounting of a hydraulic actuator 

barrel is sometimes also considered. 

The dynamic properties of an HSA change dramatically if part of the moving mass is connected more or less 

flexibly to the piston rod, and/or if the actuator stands on a vibrating base. Such a situation frequently arises in 

hydraulically actuated machines, e.g. in rolling mills where the hydraulic actuator is completely integrated into 

the mill stand [1]. Ref. [2] presents the use of hydraulic actuators in four basic versions, taking into account their 

non-rigid mounting. The research paper was reviewed for non-rigid or flexible connection of hydraulic actuators. 

Ref. [3] presents a hydraulic control system with one degree of freedom with a flexible base and load contact. A 

single-acting hydraulic actuator that was connected to a non-rigid base and mass load was considered. The base 

of the actuator is not connected to a rigid ground, but to a flexible and moving base. This is the case with mobile 

work equipment in which a hydraulic actuator is connected to the machine frame, and the machine frame rides 

on flexible wheels. The piston rod-end is also connected to the mass load through a non-rigid tool mechanism. 

The interaction between the actuator and the mass load is modelled as an inertia, spring and damper system. In 

Ref. [4], the various dynamic performances of the linear model of a hydraulic actuator with elastically mounted 

mass, when the mass is inside or outside the feedback loop, was analysed. It has been established that the 

stiffness of the hydraulic actuator significantly affects the dynamic properties of the hydraulic drive. In Ref. [5], 

the influence of the impacts of various factors on the properties of the stiffness of hydraulic actuators was 

studied, including oil volume modulus, the air content of hydraulic oil, axial deformation of the piston rod, 

expansion of the barrel volume, expansion of the volume of metal pipes and flexible hoses and deformation of 

the seal. Ref. [6] presents spring-damper systems that were equivalent to the dynamic model of the hydraulic 

actuators. This actuator to lift a boom of a truck delivering concrete was used. In Ref. [7], dynamic stability tests 

of the actuator were carried out, determining the conditions of loss of its stability. Vibration models of hydraulic 

cylinders are usually adopted as beam models [8, 9], in which the analysis of vibration damping in beams 

modelling a barrel and a piston rod is performed. In Ref. [10], a method for the vibration analysis of a hydraulic 

pump was proposed. The dynamic responses of a hydraulic plunger pump are obtained through numerical 

simulation. In Ref. [11], a novel passive hydraulically interconnected suspension system is proposed to achieve 

an improved ride-handling compromise of mining vehicles. A lumped-mass vehicle model involved with a 

mechanical-hydraulic coupled system was developed by applying the free-body diagram method. Robots for 

heavy loads and/or wide operating ranges with flexible links have become a popular research object for control 

engineers, owing to their sophisticated properties [12]. The approach of an active damping control for multi-link 

flexible robots uses the spring-damper element, which is a passive energy dissipative device [13]. Hydraulic 

actuators fail as a result of physical damage or deterioration of their seals. Physical damage to the hydraulic 

actuator is usually caused by an external source, such as vibrations excited by a rock breaker. Actuator damage 

can take the form of a bent piston rod or dented barrel, both of which could prevent a full piston stroke. Physical 

damage can also occur in the actuator mounting parts. Since the hydraulic actuator is a single point of failure 

(SPOF), its reliability is very important in hydraulic actuation systems. The failure rate is expressed in 
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component failures per unit of time [14]. Ref. [15] presents a comprehensive assessment of the reliability of an 

aircraft’s hydraulic power supply and control system. Military Standards (MIL-STAD) require compliance with 

good practices regarding the operation and maintenance of hydraulic systems and components [16]. For safety 

reasons, hydraulic components should be mounted in such a way that they are resistant to loosening due to 

excitation vibration [17]. 

In operating hydraulic drives, excessive vibrations are a common problem. These are not due to hydraulic 

reasons, but usually to mechanical reasons resulting from excited vibrations. When designing hydraulic drives, 

mechanical vibrations are not identified at all. The mechanical connections and device constructions are treated 

as rigid, and external payloads as constant. This means that mechanical vibrations are not taken into account 

either in the movement of the hydraulic actuators or during the operation of the control elements.  

2. Formulating the research problem 

Mechanical vibrations contribute to the operational and maintenance trouble of hydraulic components and 

systems. The designer of the hydraulic devices and systems should anticipate the potential problem associated 

with long-term mechanical vibration, and not just use easy and short-term solutions. This study considered the 

intentional introduction of a springy connection with damping as a vibration isolator. The application of spring-

damping devices (SDD) reduces the transmission of vibrations from the excitation source to the elements of an 

HSA. In the case of an HSA loaded with vibration or impact forces, the use of an SDD is justified.  

The study is related to the design of a hydraulic boom manipulator for a jaw crusher for the needs of a 

cement plant. Limestone is a rock block that should be crushed for further processing. The crusher breaks large 

rocks into smaller ones that are carried to the mill. Shredded rocks after milling in a mill and separating are 

calcined into quicklime. In jaw crushers, rock particles are crushed between a fixed and a moving plate (jaw). 

Jaw crushers easily crush rock of any material and size. For crushing, different jaws are used, with smooth 

adjustment of the grip angle with a special screw. Blake crushers are commonly used as primary crushers in the 

mineral industry. The size of the feed opening is referred to as the gape. The opening at the discharge end of the 

jaws is referred to as the set. The size of a jaw crusher is usually described by the gape and the width expressed 

as gape×width. In Blake jaw crushers, the largest rock particle size that can be crushed is equal to 0.9 gapes. The 

largest rocks particle size is generally ascertained by the blast pattern in the pit or the size of shovels and dump-

cars used to transport the rocks from the mines. It is helpful to choose the size of the scalping screen that is 

placed on the rock conveyor in front of the crusher. . In the work of jaw crushers, there are frequent cases in 

which the rock conveyor and feed gape are blocked by too large rock particles. In this case, these large rock sizes 

must be crushed by a hand hammer by a worker in hazardous conditions. This causes downtime for the jaw 

crusher and reduces their productivity. Therefore, a hydraulic manipulator with a hydraulic rock breaker was 

designed to crush too large rocks located on the conveyor or in the feed gape. Figure 1 shows a diagram of a jaw 

crusher with a rock conveyor to which a hydraulic boom manipulator will be attached. The result of the study is 

to be an assessment of the design of an HSA controlled hydraulic manipulator with high load mass and cyclic 

exciting forces. Attempts are also being made to select an HSA control algorithm that would compensate for 

variable mass load and provide high precision positioning of the hydraulic boom. The designed hydraulic 

manipulator is used to move a medium-sized hydraulic rock breaker (up to 300 kg). Such a hydraulic rock 
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breaker is mounted on a telescopic boom, which is extended over a length of 1.2 m using an extension hydraulic 

actuator. 

 

Figure 1. Schematic diagram of a rock crusher: 1 – Blake jaw crusher, 2 – rock conveyor, 3 – hydraulic 
boom manipulator 

Figure 2 shows a schematic diagram of the solution for mounting a hydraulic actuator on a hydraulic boom 

manipulator. 

 

Figure 2. Design of a hydraulic boom manipulator: 1 – hydraulic rock breaker, 2 – telescopic boom,  
3 – clevis bracket, 4 – center trunnion, 5 – inner boom actuator, 6 – rotation actuator, 7 – lift actuator 
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The hydraulic manipulator has three degrees of freedom (3-DoF), and its workspace includes the rock conveyor 

and feed gape. The kinematic structure of the hydraulic manipulator consists of an RRP serial kinematic chain 

with two rotary R joints and one prismatic P joint. The telescopic boom as a prismatic joint is the main element 

of the hydraulic manipulator. The double telescopic boom consists of the mother boom and the internal boom. 

The mother boom is lifted and rotated by a lifting actuator and a rotary actuator. The inner boom is extended and 

retracted by the boom actuator. The hydraulic manipulator was designed for a carrier weight of 2.5-3.5 t for 

which a rock breaker (SC25 Montabert) was selected. The parameters of this rock breaker are as follows: weight 

225 kg, operating pressure (max) 120 bar, flow rate range 25-50 L/min, frequency 1,3100 bpm, tool diameter 

55mm. 

The study will be carried out mainly to determine the dynamic properties of an HSA when the actuator is 

rigidly mounted to the mother boom and the piston rod is flexibly connected to the inner boom via a spring-

damping device (SDD) as a vibration isolator. The issue was analyzed when the inner boom is loaded with an 

external mass excited by impact force coming from the rock breaker. SDD is a spring device with viscoelastic 

damping elements. A spring with viscous damping devices enables effective damping of vibrations at high 

dynamic loads, such as a hydraulic rock breaker. Figure 3 shows the connection of the hydraulic actuator to the 

internal telescopic boom through an SDD. 

 

Figure 3. Hydraulic actuator connection to the internal telescopic boom through an SDD 

3. Simulation model of HSA 

A hydraulic servo actuator (HSA) was used, which consists of an asymmetric hydraulic actuator and a 4/3 (4-way, 

3-position) proportional directional control valve with electrical position feedback and integrated electronics OBE 

(On-Board Electronics) [18]. The integrated electronics compare the specified command value to the actual 

position value of the main valve control spool. In the event of a control deviation, the respective control solenoid 

is controlled. A 3D model and view of such an HSA are shown in Figure 4. Placing a proportional directional 

control valve with a position controller directly on the hydraulic actuator reduces the volume of oil and improves 

the dynamic properties of the HSA. When the control valve must operate, a positive or negative 0-10 V command 

signal is used. A positive voltage will shift the spool into the “A” position, and a negative voltage will shift the 

spool into the “B” position. The amplifier alters the current generated in the coil by a value proportional to the 

command voltage, and the current developed in the coil generates a magnetic field that shifts the valve spool. 
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Figure 4. Hydraulic servo actuator (HSA): (a) 3D model, (b) real view: 1 – hydraulic actuator, 2 – position 
transducer, 3 – proportional directional control valve, 4 – integrated electronics (OBE) 

Hydraulic actuator parameters: piston diameter D = 0.05 m, piston rod diameter d = 0.028 m, area ratio  = 0.69, 

stroke h = 1250 m, stroke velocity v = 0.1 ms-1 for flow rate, working pressure p = 24 MPa. Technical data of the 

4WRSE valve: nominal volumetric flow rate qvn = 35 L/min (0.583 10-3 m3s-1) at 1 MPa pressure differential, 

power supply 24VDC, command value u =  10 V, mineral oils HLP46 (kinematic viscosity ν = 0.46 10-4m2s-1 at 

temperature T = 313.15 K). The hydraulic actuator contains the internal magnetostrictive linear-position 

transducer. Therefore, the HSA is a closed-loop position control system. 

The first stage of the study was to determine the dynamic model and perform a simulation of an HSA when 

the cylinder is rigidly mounted to the main boom and the piston rod end is flexibly connected to the internal 

boom through an SDD. Figure 5 shows a computational model of an HSA flexibly connected to the load mass 

via an SDD.  

 

Figure 5. A computational model of an HSA flexibly connected to the load mass through an SDD 

The following state coordinates were assumed in the HSA dynamic model: 

– displacement x, velocity v𝑥 = 𝑑𝑥/𝑑𝑡, and acceleration 𝑎𝑥 = 𝑑2𝑥/𝑑𝑡2 of the mass load, 

– displacement y, velocity v𝑦 = 𝑑𝑦/𝑑𝑡, and acceleration 𝑎𝑦 = 𝑑2𝑦/𝑑𝑡2 of the actuator piston, 



Chinese Journal of Mechanical Engineering Page 7 of 22 

– shift z and velocity v𝑧 = 𝑑𝑧/𝑑𝑡 of the control valve spool (the spool shift z is related to the command signal u 

by first-order PT1 system), 

– pressure p and pressure impulse (pressure time derivative) 𝑝𝑖 = 𝑑𝑝/𝑑𝑡 in the actuator chambers. 

Since a dynamic system with two degrees of freedom is being considered, the coordinate differences 

x = x − y, y = y − x into dynamic equations were introduced. Finally, the dynamic model of IEHA flexibly 

connected to mass load was written as follows 
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where mL is the load mass, dm is the damping coefficients, km is the spring stiffness coefficients, FC is the 

Coulomb friction force, my is the moving-mass of the actuator, A1 and A2 are the effective areas of actuator’s 

piston, kl is the coefficient of internal leakage flow, kle is the coefficient of external leakage flow, Tz is the time 

constant and Kz is the gain factor of the proportional control valve dynamic [19], 

F(t) is the excitation force limited to harmonic vibration 

( )0( ) sin 2A e
F t tfF F = +      (2) 

where F0 is the constant component of the force, FA is the excitation force amplitude, and fe is the excitation 

frequency, 

FL is the load force of the hydraulic actuator 

( )1 2 1 11 2 1 2L Lp p p p pF A A A A= − = − =
  

 (3) 

where  is the area ratio,  = A1/A2, and pL is the load pressure 

1 2
1

L
L

F
p p p

A
= = −       (4) 

Ff is the friction force a function of piston velocity 

( )( ) ( )exp y t
yf Sst

y F sign y tdF F
−+= +     (5) 

where dy is the viscous friction coefficient, Fst is the static friction force, and  is the variable coefficient. 

The total friction force FS in the seals of the hydraulic actuator is the sum of the friction force FC due to seal 

squeeze and the friction force FH due to hydraulic pressure on the seal [20] 

S C H C H
L Af fF F F= + = +     (6) 
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where fC is the friction force per seal contact length, L is the circumference for piston groove seal, L =  Do, 

Do – is the piston groove outer diameter, fH is the friction force per projected area of seal, A is the projected area 

of seal for piston groove, A =/4 (Do2-di2), and di is the piston groove inner diameter, 

C1 and C2 are the hydraulic capacities in the actuator chambers for the y0 = 0 initial position of the actuator 

piston, 

11 10
1

yV V A
C

K K

+ 
= =      (7) 

( )2202
2

h yV AV
C

K K

+ − 
= =     (8) 

where K is the bulk modulus, V10  and V20 are the dead volumes of the cylinder chamber, and h is the stroke 

of actuator piston, 

qv is the symmetric flow rate through the 4/3 directional proportional control valve (A+A type, underlap) 
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where p0 is the supply pressure, pT is the pressure in the tank, z0 is the underlap valve spool, and Kq is the flow 

gain coefficient of the control valve 

vn
q

n n

q
K

pz
=


     (13) 

where qvn is the nominal flow rate at the pressure drop pn = 1MPa and zn is the nominal shift of the valve spool. 

The formulas for the pressures in the cylinder chambers in the initial state of valve flow rate: P→A: qv, B→T: 

qv/2, P→B: qv, A →T: qv/2, were determined [21] 

3
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10 31
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+

 ( )2
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−
=

+
   (14) 

where p0 is the supply pressure. 

4. Simulation results 

The purpose of simulation tests is to assess the dynamic properties of a hydraulic servo actuator (HSA) rigidly 

and flexibly connected to a load mass. In the case of the analysed manipulator with a telescopic boom, it will be 

interesting to compare the step response for a rigid and flexible connection of an actuator piston rod with a load 

mass at a constant force and cyclic force.  
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Constant parameter values have been introduced into the simulation model:  p0 = 24MPa, my = 5kg, 

dy = 2500 Ns/m,  = 0.68, A1 = 1.96 10–3 m2, A2 = 1.3 10–3 m2, V10 = 0.1 10–3 m3, V20 = 0.1 10–3 m3, H = 1.2 m, 

Cd = 0.56, dz = 6 10-3 m, z0 = 2.16x10-3 m, Tz = 0.01 s,  = 900 kg, K = 1800 MPa for ISO32 mineral oil, 

FC = 500 N, Fst =200 N, mL = 250 kg, F0 = 2500 N.  

Whereas, variable parameter values of SDD were adopted from the ranges: dm = 10,000-25,000 Ns/m,  

km = 1 104 – 10 104 N/m.  The initial coordinate values are as follows: x = 0, vx= 0, y = 0; vy= 0, z = 0, vz= 0. 

The actuator vibrations are excited by a cyclic load at the piston rod end (e.g. impact excitation). To compare 

the results of simulation tests, the frequency ratios of the hydraulic system, the mechanical system, and the 

excitation system were introduced. 

Rigidly connected load mass 

Hydraulic oil in an actuator chamber is compressible and thus acts like a very stiff spring. The spring stiffness ky 

of the asymmetric actuator resulting from the oil stiffnesses in the cylinder chambers connected in series is 

2 2 2 2
1 2 1 2

1 2 1 2
y

A A A A
Kk

C C V V

   
= + = +   
   

     (15) 

The natural frequency fy of the actuator excited by the cyclic load is 

1

2
y

y
y L

k
f

m m
=

+
      (16) 

The excitation frequency fe results from the rock breaker frequency 

60
rb

e

f
f =       (17) 

where frb is the rock breaker frequency in bpm (beats per minute). 

The frequency ratio fr for a rigid connection is as follows 

e

y

f
fr

f
=       (18) 

Figure 6 shows the natural frequency fy of the asymmetrical hydraulic actuator versus piston displacement y 

over the stroke length h. Therefore, the relative frequency fr was defined as the ratio of the excitation frequency 

fe to the natural frequency fy of a hydraulic actuator. The relative frequency fr versus piston displacement y for 

the asymmetrical hydraulic actuator exciting by the cyclic load is shown in Figure 7. Such a rock breaker was 

selected to avoid resonant vibrations when the exciting frequency fe is close to the natural frequency fy of the 

actuator (fr ≈ 1). 

As can be seen from Figure 6, the lowest value the natural frequency of a hydraulic actuator is fy ≈ 30Hz. 

From this it follows that the hydraulic actuator is suitable for machines requiring high dynamics [22]. 

The dynamic properties of the servo hydraulic actuator depend on the ratio of the frequency fy of the actuator 

to the frequency fz of the control valve 

z

yf
fd

f
=       (19) 

The value of fd is a tip for selecting an HSA controller; in the analysed case fd  = 0.3-1. 
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Figure 6. Natural frequency fy of the asymmetrical hydraulic actuator versus piston displacement y over the 
stroke length h 

 

Figure 7. Relative frequency fr versus piston displacement y for the asymmetrical  hydraulic actuator 
exciting by the cyclic load 

The dynamic responses of the displacements y(t) and the speeds vy(t) of of an HSA rigidly connected to a 

load mass mL = 250kg for yset = 0.6m, a constant force F0 = 2500N (blue line), and excitation force F(t) (red line) 

at frequency fe = 21.8Hz are compared in Figure 8. 

 

Figure 8. Comparison of dynamic responses of the displacements y(t) and the speeds vy(t) of an HSA 
rigidly connected to a load mass 
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The dynamic responses of the load pressures pL(t) in an HSA rigidly connected to a load mass mL = 250kg 

for yset = 0.6m, a constant force F0 = 2500N (blue line), and excitation force F(t) (red line) at frequency 

fE = 21.8Hz are compared in Figure 9. 

 

Figure 9. Comparison of dynamic responses of the load pressures pL(t) in an HSA rigidly connected to a 
load mass 

The piston stroke setting yset of the hydraulic actuator in which the control valve ports are blocked is taken into 

account. For this stroke, the equations of the piston motion and the equations of flow continuity in the chambers 

of the actuator excited by cyclic force were written 
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where C1set and C2aet are the hydraulic capacities in the actuator chambers for yset 
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( )2202
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h yV AV
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For the analysed piston stroke setting yset, The displacement y(t) and the speed vy(t) of an actuator rigidly 

connected to a load mass mL = 250kg for yset = 0.6m and excitation force F(t) at frequency fe = 21.8Hz are shown 

in Figure 10. 
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Figure 10. The displacement y(t) and the speed vy(t) of an actuator rigidly connected to a load mass  

For such a piston stroke setting, the pulsation of pressures p1(t) and p2(t) in an actuator rigidly connected to a 

load mass mL = 250kg for yset = 0.6m and excitation force F(t) at frequency fE = 21.8Hz are shown in Figure 11. 

 

Figure 11. Pulsation of pressures p1(t) and p2(t) in an actuator rigidly connected to a load mass 

Flexibly connected load mass 

The natural frequency fy of the actuator: 

1

2
y

y
y

k
f

m
=        (23) 

The natural frequency fm of the mechanical components of the SDD 
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m
L
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f

m
=       (24) 

The frequency ratios frym and frem for a flexible connection are as follows 
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The damping ratio  y of the actuator 
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The damping ratio m of mechanical components of the SDD 
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The relative damping rdmy for a flexible connection is as follows 

y ymm
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y m Ly

k md
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d k m




= =      (29) 

For the analysed setting yset the frequency ratios are frym = 95.01, frem = 9.7, and the relative damping is 

rdmy = 11.4. 

Figure 12 compares the dynamic responses of the displacements x(t) and speeds vx(t) of a mechanical system 

at load mass mL = 250kg for yset = 0.6m, a constant force F0 = 2500N (blue line) and excitation force F(t) (red 

line) at frequency fe = 21.8Hz 

 

Figure 12. Comparison of dynamic responses of a mechanical system consisting of a load mass and an 
SDD 

The dynamic responses of the displacement y(t) and speed vy(t) of an HSA flexibly connected to a load mass 

mL = 250kg for yset = 0.6m, constant force F0 = 2500N (blue line) and excitation force F(t) (red line) at frequency 

fe = 21.8Hz are compared in Figure 13. 
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The dynamic responses of the load pressures pL(t) in an HSA flexibly connected to a load mass mL = 250kg 

for yset = 0.6m, a constant force F0 = 2500N (blue line), and excitation force F(t) (red line) at frequency 

fe = 21.8Hz are compared in Figure 14. 

The dynamic responses of the load pressures pL(t) of an HSA flexibly connected to a load mass for a 

constant load force and an excitation force  

The dynamic responses of the displacements y(t) and the speeds vy(t) of an HSA rigidly (green line) and 

flexibly (red line) connected to a load mass mL = 250kg for yset = 0.6m and excitation force F(t) at frequency 

fe = 21.8Hzare compared in Figure 15. 

 

Figure 13. Comparison of dynamic responses of the displacement y(t) and speed vy(t) of an HSA flexibly 
connected to a load mass 

 

Figure 14. Comparison of dynamic responses of the load pressures pL(t) in an HSA flexibly connected to a 
load mass 
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Figure 15. Comparison of dynamic responses of the displacements y(t) and the speeds vy(t) of an HSA 
rigidly (green line) and flexibly (red line) connected to a load mass 

The dynamic responses of the load pressures pL(t) in a hydraulic actuator rigidly (green line) and flexibly 

(red line) connected to a load mass mL = 250kg for yset = 0.6m and excitation force F(t) at frequency fe = 21.8Hz 

are compared in Figure 16. 

 

Figure 16. Comparison of dynamic responses of the load pressures pL(t) in a hydraulic actuator rigidly 
(green line) and flexibly (red line) connected to a load mass 

Based on the simulation tests of an HSA flexibly connected to a load mass, various parametric relationships were 

compared. When designing HSA with a flexible combined mass load, an experimental analysis is needed to 

confirm the theoretical assumptions. 

5. Experimental results 

The purpose of the experimental test is to choose such a control algorithm for a hydraulic servo actuator (HSA) 

with flexibly connected load mass that will ensure the extension and retraction of the internal telescopic boom 

without vibration interference. The view of the test stand of the HSA is shown in Figure 17. A mass load of the 

hydraulic actuator as the technological payload is achieved by weights installed on the linear guide support. To 
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generate a constant force on the working actuator, a loading hydraulic actuator was used. An electro-hydraulic 

vibration exciter with two rotary valves to generate the excitation force was used. The displacement of the linear 

hydraulic actuator (CSM1/MT4/50/28/1200) is measured using the magnetostrictive linear-position sensor 

(Novostrictive® TMI 0250 with CANopen interface). The 4/3 proportional directional valve (4WRSE6V1-35-

3X/G24K0/A1) is used for position and speed control of the hydraulic actuator. In the test stand, the technological 

load is measured using a force sensor. The supply pressure (pmax = 24 MPa) is set by a proportional pressure relive 

valve (DBETX–1X/250G24–25NZ4M). The test stand also includes a computer system in the superior control 

system equipped with the Matlab/Simulink (xPC Target) software. The PC has C/A and A/C converter cards of 

PCI type DAS1602/16 Measurement Computing Corporation. The card, along with the actuator position 

converter, creates the measurement system. In the experimental test, the measuring signals were taken from 

sensors as continuous signals, and then after the discretisation of signals registered digitally. 

 

Figure 17. Experimental test-stand: 1 – hydraulic actuator, 2 – proportional control valve, 3 – integrated 
electronics (OBE), 4 – spring-damping device (SDD), 5 – slider with the mass load 

The position control system of an HSA using an indirect adaptive control method is shown in Figure 18. 

 

Figure 18. Test stand diagram of the position adaptive control system of an HSA flexibly connected to 
mass load 
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The main task was to adapt the adaptive position controller to the identified HSA loaded with excitation force 

(impact force). From an ordinary system with feedback, the adaptive system used distinguishes information in the 

form of a defined reference model. The equivalent G0 discrete transfer function of an HSA as a controlled object 

was given by [23] 
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where: yk is the output signals in discrete time, uk is the control signals in discrete time, z is the backward shift 

(delay) operator, d  is the discreet delay determined by the number of sampling periods, and 𝐴(𝑧−1) and 𝐵(𝑧−1) 
are the polynomials in z-1 for zero initial conditions, and z-transform is the backward shift (unit delay) operator. 
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where a1, a2,...,an are the feedback coefficients, b1, b2,...,bn are the feedforward coefficients, n and m are the 

degrees of polynomials. 

Figure 19 shows the PD controller tuning method.  

 

Figure 19. Tuning the PD controller: P – proportional controller, D – derivative controller, yref – input 
(reference) signal, e – error signal, u – control (actuating) signal, y – output signal 

The discrete-time PD (proportional-derivative) controller was selected for HSA position control 
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where KP is the proportional gain, TD is the derivative time, Tp is the sampling time, ek is the error signal, 

ek = ykref - yk, ykref is the input (reference) signal, yk is the output signal. 

If the PD controller depends only on gain factor KP, then the transfer function is 
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In the IEHA control system, the expression of closed-loop transfer function Gz was adopted in the form 
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After substituting (30) and (33) to (34), the discrete transfer function Gz is represented in the form 
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The denominator D(z) of the transfer function (35) is used to determine stable poles 

1 1 1( ) ( ) ( )d
PD z A z z B zK

− − − −= +      (36) 

The optimum setting of the PD controller depends on gain factor KP = KPcr(Tpcr), where KPcr is the critical 

proportional gain, and Tpcr is the critical period of oscillation set at the limit of controller stability (the controller 

tuning process occurs in real-time throughout the life of the system). The task is to select the gain factor 

KP = KPcr(Tpcr) so that the control closed system was stable, which means that the characteristic equation (35) has 

zi roots which comply with the conditions zi < 1 for i = 1,2,..,m. Figure 20 shows tuning parameters Kpcr and Tcrr 

of the PD controller for HSA positioning control. 

 

 

Figure 20. Tuning parameters KPcr and Tpcr of the PD controller 

Figure 21 shows the courses of the desired and measured forces F(t) at excitation frequency 21.8 Hz. 
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Figure 21. Desired and measured excitation force F(t) 

Figure 22 presents the experimental results of displacement y(t) and position error y of an HSA rigidly connected 

to a load mass for references position yref = 0.6 m and excitation force at frequency 21.8 Hz. 

 

 

Figure 22. Experimental results of the displacement y(t) and positioning error y(t) of an HSA rigidly 
connected to a load mass 

Dynamic characteristics in the steady-state range for a hydraulic cylinder rigidly and flexibly connected to a load 

mass in the case of excitation force at frequency fe = 21.8Hz are shown in Figure 23. 

 

Figure 23. Comparisons of the dynamic characteristics in the steady-state range for a hydraulic actuator 
rigidly and flexibly connected to the load mass in the case of excitation force 
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6. Conclusions 

The study deals with a hydraulic servo actuator (HSA) flexibly connected to a load mass via spring-damping 

devices (SDD). In this case, an SDD was used for vibration isolation of cyclic forces exciting by a rock breaker. 

The interaction of cyclic forces on the dynamics and control of an HSA is a rather complex dynamic problem 

that is completely overlooked by researchers and designers of hydraulic drives. HSA tests with vibration loading 

are of particular importance for large-scale heavy-duty hydraulic equipment used in construction equipment, 

mining machines, etc., in which there are large moving masses and where design may have a mechanical 

compliant structure. The special case of using an HSA in a newly designed 3-DoF hydraulic boom manipulator 

to move a medium-sized hydraulic rock breaker was analysed. The manipulator attached to the jaw crusher has a 

working area that allows for the crushing of rock that are too large on the rock conveyor or in the crusher’s feed 

gape. 

A particular dynamic task was considered in which an HSA was rigidly mounted to the mother boom and 

where the piston rod was flexibly connected via an SDD to the inner boom of a hydraulic manipulator. 

Simulation tests based on the HSA mathematical model enabled comparison of the dynamic responses of a 

hydraulic actuator rigidly connected and flexibly connected via an SDD to the load mass with a constant force or 

impact force excited by the rock breaker. The experimental studies on the test stand focused on HSA adaptive 

positioning control. The main task was to adapt the adaptive position controller to the identified HSA loaded 

with excitation force (impact force). A rock breaker was chosen so that its natural frequency was higher than the 

resonance frequency of the HSA. 

The studies carried out are of great importance for assessing dynamic properties and designing a controller 

for position control of an HSA subjected to cyclic impact forces. The presented results are also important for the 

development of guidelines for the safe operation of various large-scale heavy hydraulic machines under vibration 

loads. All the results presented in this article are original, as there were no similar studies before. There is no 

publicly available data from other authors on the studies presented in this work. The limitations of the study 

findings are related to the parameters of the designed 3-Dof hydraulic boom manipulator and the selected rock 

breaker. The HSA and SDD were adapted to these restrictions. This restriction also implies an impact force at a 

frequency limited to 21.8Hz. Further research should include a reliability analysis of hydraulic actuators loaded 

with large moving masses and vibration forces.  

The most important conclusions resulting from conducting the study are as follows: 

1. If, during the design phase, flexible connections of the hydraulic actuator are omitted, they may become a 

“parasitic” load, which will contribute to the deterioration of the dynamic properties of the HSA. 

2. The conducted tests proved that it is justified to introduce a mechanical vibration isolator into a hydraulic 

actuator excited by cyclic forces. 

3. After including an additional mechanical mass-damper-spring system, the degree of differential equations of 

the modelled dynamic system increases, which complicates its responses characteristics and their assessment. 

4. Taking into account the cyclic loads of a certain frequency implies a frequency analysis of the dynamics 

system.  

5. The operation of an HSA in the near range of resonance frequencies is practically unacceptable, as this leads 

to unstable and uninhibited control. 
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6. The introduction of an SDD improves the dynamic properties of an has, because the hydraulic actuator has 

low damping. 
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