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Abstract: - This study conducts an analysis of the impact of specific wear on the servovalves' quality 
indicators. The performance of servovalves is closely linked to geometric changes resulting from 
component wear. Based on Finnie’s models, the value of erosive wear was determined, and the variation 
in radial clearance due to coupling wear was quantified. Numerical simulation was performed using 
MATLAB-Simulink to analyze how the variation in clearance over time affects the servovalves' 
performance. The results obtained for the two servovalves studied reveal a different, yet significant 
influence of clearance changes on quality indicators and, consequently, affect the optimal functioning of 
servovalves. 
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1. INTRODUCTION 
 

Servovalves (SV) are critical components in 
control and precision systems, with applications 
spanning a diverse array of fields. These include 
general-purpose servo controls, tracking systems, 
and flight control systems for high-speed aircraft and 
missiles, as well as the construction of industrial and 
humanoid robots. Additionally, servovalves are 
extensively utilized in the development of the most 
modern and efficient construction machinery, owing 
to their reliability and high performance [1-8]. 

Servovalves facilitate continuous information 
transfer by converting electronic signals into 
hydraulic signals. This process involves 
transforming an electric control signal, such as 
current or voltage, into output parameters, such as 
flow rate and pressure. The feedback mechanism 
between input and output consists of mechanical, 
hydraulic, and electrical components. 

A servovalve typically consists of a main stage, 
referred to as the second stage, which includes a 
spool for flow regulation, and a pilot stage, known 
as the first stage, which serves as a hydraulic 
amplification system. These two-stage servovalves, 
featuring both preamplifier and hydraulic amplifier 
components, are the most prevalent for flow control, 
as illustrated in Figure 1 [9]. 

The first stage of the servovalve functions as an 
electromechanical converter, incorporating a torque 
motor with components delineated in Figure 1. The 
primary component is the movable armature, which 
is integrated with the flapper and the pre-amplifier's 
feedback spring. This feedback spring is 
characterized by its truncated-cone shape and a 

spherical head that contacts the spool's circular 
groove.  

The hydraulic preamplifier employs a nozzle-
flapper configuration that provides variable local 
hydraulic resistance depending on the flapper's 
position. The spool-type hydraulic amplifier 
functions as a mechano-hydraulic converter, 
converting displacement (input variable) into fluid 
flow (output variable). Depending on the position of 
the main spool, the pressure in channeled from 
pressure port P to control port A, while the oil 
returns from control port B to the tank T. 
Alternatively, the pressure is directed from port P to 
B, while the oil returns from A to T. Figure 1 
illustrates the following components: 1 represents 
the torque motor, 2 denotes the nozzle-flapper, 3 
indicates the feedback spring, 4 corresponds to the 
sleeve, 5 signifies the spool, 6 refers to the flexure 
tube, and 7 identifies the pilot bridge. 

 

 
Figure 1. Principle diagram of a force-feedback  

servo system [9] 
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To ensure the correct and efficient functioning of 
the spool–sleeve assembly, which serves as the 
primary coupling of the hydraulic amplifier, it is 
imperative that it be manufactured with 
exceptionally precise dimensional, form, and 
positional tolerances, along with very low surface 
roughness. The typical radial clearance between the 
spool and the sleeve is within the range of 1 to 5 μm. 
The cylindricity tolerance is specified as 2 (μm) for 
the sleeve and 1.2 (μm) for the spool, while the 
surface roughness is Ra = 0.05÷0.1 [μm] [10]. 

 
Among the factors contributing to the 

degradation (wear) of servovalves, particularly those 
arising from characteristic friction and wear 
processes, are the following [11]: 

• the presence of abrasive particles in hydraulic 
oil has negative effects on the performance of 
servovalves; 

• the increase in the clearance between the 
spherical end of the reaction rod and the 
lateral surface of the circular channel within 
the spool has been estimated to range from 1 
to 20 μm; 

• an increase in the frictional force between the 
spool and the sleeve; 

• an increase in the radial clearance between the 
spool and the sleeve. 

The alteration in the clearance at the spool-sleeve 
interface is a direct consequence of abrasive erosion 
wear. 

Previous studies [4, 6, 7, 11] have concentrated 
on the development and validation of a mathematical 
model for erosion wear in various regions of the 
spool-sleeve coupling. In particular, paper [4] 
proposes and experimentally validates a 
computational model for the erosive wear of the 
spool edge in the fluid input area. 

The dynamic performance of servovalves is 
subject to degradation over time, primarily due to 
the wear of internal components. This wear affects 
critical parameters such as response time, stability, 
and frequency bandwidth, ultimately compromising 
system reliability and control accuracy.  

This study is centered on the analysis of wear in 
electrohydraulic servovalves, with the objective of 
investigating how wear (affected by modification to 
the radial clearance of the spool-sleeve coupling) 
influences their dynamic characteristics. 

This study introduces a novel computational 
model that incorporates clearance variation through 
erosion wear models, examining the impact of this 
modification on the dynamic behavior of 
electrohydraulic servovalves. 
 
 

 
2. EROSION MODEL APPLIED TO THE 
SPOOL-SLEEVE COUPLING 
 

The specific wear region of the hydraulic 
amplifier's spoole-sleeve coupling is characterized 
by abrasion, abrasive erosion, adhesion, and surface 
mechanical fatigue. 

Abrasive wear is a multifaceted mechanical 
process that manifests in several forms: micro-
chipping of metal surfaces by the asperities of the 
opposing surface or by the sharp edges of hard 
particles; fracture resulting from crack convergence; 
fatigue due to repeated plastic deformations; and the 
extraction of hard grains from the material [12]. 

Erosive wear is observed on friction surfaces 
subjected to the action of a moving fluid containing 
hard and fine solid particles. The severity of the 
erosive process is influenced by the velocity and 
direction of the fluid transporting the abrasive 
particles, as well as the mechanical properties of the 
surfaces undergoing abrasion. The impact of these 
particles is evident on the cylindrical surfaces of the 
spool and sleeve (Figure 2b), the active edges of the 
spool (Figure 2c), and the contour of the distribution 
windows of the sleeve, resulting in destructive 
effects. 

 

 

 
 
Figure 2. Electrohydraulic servovalve spool-sleeve 

coupling (a); the sleeve (b); the spool (c) 
 
a) Quasi-static regime at the contact of the 

coupling parts 
Wear processes result in alterations to the 

manufacturing clearance and the dimensions of flow 
control surfaces, which have predictable 
implications for the dynamic behavior of 
servovalves. 

To examine the primary parameters influencing 
erosion wear under quasi-static conditions, the wear 

a 

b c 
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intensity (Ier) is employed. This is defined as the 
ratio of the mass of material removed by wear from 
the surface (muz) to the mass of abrasive particles 
that contributed to the wear (mab). 

For spherical erosive particles, the formula       
[12, 13] for calculating erosive wear intensity is 
expressed as follows: 

𝐼𝐼𝑒𝑒𝑒𝑒 = 𝑚𝑚𝑢𝑢𝑢𝑢
𝑚𝑚𝑎𝑎𝑎𝑎

=  3
4𝜋𝜋
∙ 𝜌𝜌𝑚𝑚
𝜌𝜌𝑎𝑎𝑎𝑎

∙ 1
𝑛𝑛𝑎𝑎𝑎𝑎

∙ 𝑉𝑉
𝑟𝑟3

   ⟶   𝐼𝐼𝑒𝑒𝑒𝑒 = 𝑉𝑉𝑒𝑒𝑒𝑒ℎ
𝑟𝑟3

   (1) 

where: 

𝑉𝑉𝑒𝑒𝑒𝑒ℎ = 3
4𝜋𝜋
∙ 𝜌𝜌𝑚𝑚
𝜌𝜌𝑎𝑎𝑎𝑎

∙ 𝑉𝑉1
𝑛𝑛𝑎𝑎𝑎𝑎

          (2) 

for: V – the volume of worn material; 
ρm – the density of the worn surface material; 
r – abrasive particle size; 
ρab – density of the abrasive particle material; 
nab – the number of abrasive particles striking 
the target surface. 

 
If Vech remains constant and the abrasive material 

is granular, with 𝑟𝑟𝑟𝑟(0, +∞), the wear intensity Ier is 
significantly elevated for 𝑟𝑟 → 0 (very fine particles) 
and diminishes as particle size increases 𝑟𝑟 → ∞ (see 
Figure 3). I*

er is the calculated erosive wear intensity 
based on a given value of r*. 
 

 

Figure 3. The influence of particle size on erosive wear 
intensity 

 
Reference [13] examines the fundamental aspects 

of erosion and evaluates the impact of erosive wear 
parameters on the process's intensity. 

 
b) Dynamic behavior of abrasive particles on the 

friction surface of the coupling 
Theoretical and experimental investigations on 

erosion are based on specific mathematical models, 
among which the Finnie model, the Sundararajan 
model, the Bitter model, and the Hutchings          
model are the most frequently employed and offer 
the most precise description of the erosive 
mechanism [14-17]. 

In this study, we employed the Finnie model to 
simulate the erosion process [13]. The derivation of 
the calculation relationships within these models 
was based on the equation of motion for a solid 
abrasive particle with mass m, which impacts the 
target surface at velocity v and an incidence angle α. 

According to this mathematical model, the 
intensity of erosive wear Ier is calculated using 
specialized formulas. These formulas consider two 
variants, which are distinguished by the percentage 
of particles with an abrasive effect. 

The initial Finnie model [15] is characterized by 
the following structural relationships: 

𝑅𝑅𝑒𝑒 = 𝑝𝑝𝑎𝑎⋅𝜌𝜌𝑚𝑚⋅𝑣𝑣2⋅�1−𝑐𝑐𝑟𝑟2�
0.9272⋅𝐻𝐻𝐻𝐻⋅𝜓𝜓⋅𝐾𝐾𝐹𝐹

∙ 𝑓𝑓(𝛼𝛼)          (3) 

where: 

𝑓𝑓(𝛼𝛼) =

⎩
⎨

⎧�𝑠𝑠𝑠𝑠𝑠𝑠 2𝛼𝛼 −
6
𝐾𝐾𝐹𝐹

𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼� , 𝑡𝑡𝑡𝑡𝑡𝑡 ≤
𝐾𝐾𝐹𝐹
6

  

�
𝐾𝐾𝐹𝐹
6
𝑐𝑐𝑐𝑐𝑐𝑐2 𝛼𝛼� , 𝑡𝑡𝑡𝑡𝑡𝑡 ≥

𝐾𝐾𝐹𝐹
6

 
 

where:      Re – dimensionless erosive wear intensity;  
pa – the percentage of abrasive particles 
with microcutting effects [kg/m3]; 
ρm – target material density [kg/m3];  
v – particle impact speed [m/s];  
α – the angle of incidence [degrees];  
cr – restitution coefficient;  
HB – static hardness [N/m2];  
Ψ – the ratio of the contact length (L 
[μm]) and cutting depth (δ [μm]) of the 
impact area; 
KF – the ratio of the horizontal 
component (F0 [N]) and the vertical 
component (Fv [N]) of the characteristic 
impact force. 

For the second Finnie model, the proportion of 
abrasive particles with micro-chipping effects [16] is 
reassessed by adjusting the factor pa from 50% to 
10%. 

The calculation formulas can be stated as 
follows: 

𝑅𝑅𝑒𝑒 = �𝑝𝑝𝑎𝑎
2𝐾𝐾
� 𝜌𝜌𝑚𝑚⋅𝑣𝑣

2⋅�1−𝑐𝑐𝑟𝑟2�
0.9272⋅𝐻𝐻𝐻𝐻

∙ 𝑓𝑓(𝛼𝛼)               (4) 

where:  

𝑓𝑓(𝛼𝛼) =

⎩
⎨

⎧�𝑠𝑠𝑠𝑠𝑠𝑠 2𝛼𝛼 −
8
𝐾𝐾𝐹𝐹

𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼� , 𝑡𝑡𝑡𝑡𝑡𝑡 ≤
𝐾𝐾𝐹𝐹
8

  

�
𝐾𝐾𝐹𝐹
8
𝑐𝑐𝑐𝑐𝑐𝑐2 𝛼𝛼� , 𝑡𝑡𝑡𝑡𝑡𝑡 ≥

𝐾𝐾𝐹𝐹
8

 
 

The relationships underscore the significant 
influence of both the direction and velocity of the jet 
carrying abrasive particles, as well as the mechanical 
properties of the surface materials, on the severity of 
abrasive erosion. 
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To evaluate the impact of wear on the dynamic 
performance of servovalves, the clearance in the 
spool-sleeve coupling is quantified according to the 
intensity of specific erosive wear. 

By applying the specified relations, the erosive 
wear intensity Ier is calculated for specific values of 
the influencing parameters. Subsequently, these 
values are utilized to determine the volume of worn 
material, V, in accordance with relation (1). The 
variation of the erosive wear intensity Ier is then 
graphically represented (figure 4 a – first model and 
b – second model) for a speed of 𝑣𝑣 = 0.5 [m/s], as a 
function of the angle of incidence, with values 
between 𝛼𝛼 = 0° ÷ 90°, and for three different values 
of the coefficient of friction 𝜇𝜇 = 0.1;  0.5;  1. The 
other parameters in the Finnie equations are 
constants (as specified in [13]), with the following 
values: pa1 = 10-2 [kg/m3], pa2 = 2·10-3 [kg/m3],      
ρm = 7800 [kg/m3], cr = 0.5, HB = 570·106 [N/m2],  
Ψ = 2, KF = 0.2.  

 
 

 

 

Figure 4. Variation in the intensity of erosive wear: 
a) first Finnie model; b) second Finnie model 

 

The experimental findings from study [4] 
indicate that as the spool's edge undergoes wear, 
new wear particles are generated (thereby increasing 
the proportion of particles transported by the oil), 
and this process contributes to the development of a 
groove on the spool’s surface. 

Thus, the wear volume is assumed to be 
uniformly distributed along the circumference of the 
cylinder and the length of the spool, resulting in a 
ring-shaped distribution of the worn material. The 
thickness of this ring is determined by the variation 

in clearance (ΔJ). In the cases analyzed in Figure 4a, 
which reference the model validated in [13], a radial 
clearance value corresponding to 3000 hours of 
operation, specifically ΔJ=7.46 μm, was obtained. 
This value was employed to simulate the impact of 
wear on the dynamic behavior of the servovalve. 

 
3. SIMULATION OF SERVOVALVE 
OPERATION IN DYNAMIC MODE 
CONSIDERING THE IMPACT OF WEAR 
 

The dynamic performance of electrohydraulic 
servovalves, considering the impact of increased 
clearance in the spool-sleeve coupling, has          
been evaluated through operational simulations     
and quantified using step response quality   
indicators [13]. 

The simulation scheme of the servovalve 
operation, as depicted in Figure 5, incorporates the 
transfer function (equation 5) derived from the 
linearization of the servovalve’s mathematical 
modeling [1, 18-20]. 

𝐻𝐻𝑆𝑆𝑆𝑆(𝑠𝑠) = 𝐾𝐾𝑎𝑎
𝑠𝑠2

𝜔𝜔𝑠𝑠2
+2𝜉𝜉 𝑠𝑠

𝜔𝜔𝑠𝑠
+1

                   (5) 

where:  ωs – the natural frequency; 
ξ – the damping factor; 
Ka – the amplification factor; 

 

 

Figure 5. Simulation diagram 
 

Table 1. Technical data of servovalves 

Parameters Servovalve 1 
4WSE2EM10 

Servovalve 2 
4WSE2EM16 

nominal flow rate, 
Qn (l/min) 45 100 

nominal diameter, 
DN (mm)  10 16 

supply pressure,  
pN (N/m2)  300·105 300·105 

nominal pressure 
drop, ΔpN (N/m2) 70·105 70·105 

 
The simulation program was developed using the 

MATLAB-Simulink environment and was applied to 

a 

b 
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two servovalves, as characterized in Table 1 [9], to 
evaluate the impact of clearance on impulse time. 
 
4. RESULTS 
 

The simulation was performed for clearance 
values (as calculated in [13]) of 3 μm (representing 
the manufacturing clearance corresponding to          
0 hours of operation), 4.7 μm (an intermediate value 
corresponding to 1500 hours of operation), and       
7.46 μm (corresponding to 3000 hours of operation). 
These simulations were performed with a constant 

lubricant viscosity of 0.0291 [Pa·s] (for HLP32 oil) 
and an input voltage of U = 1.85V, as referenced in 
[13]. The results are graphically depicted in Figure 6 
a (SV1) and b (SV2). 

Table 2 presents the quality indicators of the step 
response, while Figure 7 illustrates the variation in 
the duration of the transient regime as a function of 
clearance for the two servovalves. The 
overadjustment (σ) and the duration of the transitory 
regime (tt) are particularly significant in relation to 
the problem under analysis. 

 

   

a) b) 
Figure 6. The impulse response obtained for the variable clearance j1 = 3; j2 = 4.7; j3 = 7.46 (μm),  

a) servovalve 1, b) servovalve 2 
 

Table 2. Quality indicators according to clearance variation 

Quality index Servovalve 1 Servovalve 2 
j = 3 j = 4.7 j = 7.46 j = 3 j = 4.7 j = 7.46 

The overadjustment (σ) [%] 0.6673  0.7732 0.8494 0.5737 0.7035 0.8003 
Duration of transitory regime (tt) [ms] 33.5 52.4 82.4 24.1 37.8 59.4 
Growth time (tc) [ms] 2.36 2.28 2.24 2.39 2.3 2.23 
Degree of depreciation (δ) 0.5541 0.4021 0.278 0.669 0.5051 0.356 

 

 
Figure 7. Variation of the duration of the transitory 
regime, depending on the variation of the clearance,    

for the two servovalves (SV 1 and SV 2). 

 
5. CONCLUSIONS 
 

The analysis of data concerning the variation of 
clearance within the spool-sleeve pair, caused by 
erosive wear, and its impact on the dynamic 
behavior of servovalves reveals the following: 
a) the parameters that exert the most significant 

influence on the intensity of erosive wear are 
velocity, angle of incidence, and the 
characteristics of the target surface materials. 

b) the examination of quality indicators of the 
impulse response, contingent upon variations in 
the clearance, reveals that: 
 the values of the overadjustment (σ) and the 

duration of the transitory regime (tt) are 
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affected by variations of the clearance as 
follows: 
- the overadjustment (σ) and the duration 

of the transitory regime (tt) increase as 
the clearance increases, for a constant 
value of viscosity;  

- increasing the flow rate of the 
servovalve leads to a reduction in 
overadjustment (σ) and a shorter 
duration of the transitory regime (tt); 

 servovalves characterized by lower flow 
rates exhibit heightened sensitivity to 
variations in the clearance between the spool 
and the sleeve compared to those with 
higher flow rates. This phenomenon can be 
attributed to the presence of internal leaks 
caused by clearance, which constitute a 
significant proportion of the overall flow. 
Consequently, the precision of servovalves 
is contingent upon the flow rate, particularly 
in light of clearance alterations induced by 
erosive wear.  

c) the calculation relationships for the intensity of 
erosive wear, as an expression of the fatigue 
process, facilitate the determination of the 
number of cycles and the time required for the 
removal of a material layer. This layer's thickness 
is equated with the variation in radial clearance 
(ΔJ). This understanding enables further 
investigation into the influence of radial 
clearance on the performance of servovalves. 
 
By analyzing the correlation between wear 

progression and performance degradation, it is 
possible to formulate maintenance strategies and 
propose enhancements in their design, thereby 
ensuring the longevity and operational efficiency of 
servovalves. 

The analysis presented herein requires validation 
through additional experimental research. Moreover, 
the scope of the research may be expanded by 
investigating the effects of additional parameters, 
such as variations in oil viscosity, and by developing 
computational models for erosive erosion that 
incorporate these factors. 
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