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Abstract. The paper presents the results of research on the performance 
of linear electro-hydraulic servomechanisms with stepper motor, evaluated 
by mathematical modelling and numerical simulation with the AMESIM 
software package. These servomechanisms have a great potential for 
application, including for agricultural technical equipment. 
Servomechanisms of various types are used for the rapid and high 
precision operation of the various systems. In practice, electro-hydraulic 
servomechanisms have been required in the case of the systems requiring 
high forces or moments. These equipment are automatic hydraulic tracking 
systems and can be analysed with methods specific to automatic systems. 
The paper contains a structural description of an electro-mechanical 
servomechanism with stepper motor, its operation, mathematical model 
and its performances obtained by numerical simulation. The mathematical 
modelling of the electro-hydraulic servomechanism is based on the 
relations between the input sizes and output sizes of the equipment in its 
structure as well as the connection relations between these equipment. 
Based on the obtained results it is demonstrated that the analysis and 
synthesis of electro-hydraulic servomechanisms with stepper motor can be 
determined by numerical simulation using the AMESIM simulation 
software.  

1 Introduction  

A linear electrohydraulic servomechanism is an automatic tracking system that achieves the 
transformation of the input size of electrical nature into a linear displacement (output size), 
developing also simultaneously a high output force. 
The elements from the structure of a typical linear electro-hydraulic servomechanism are: 
an electrohydraulic amplifier, a hydraulic cylinder, a displacement transducer whose output 
signal constitutes the reaction link of the servomechanism and a servo controller (electronic 
block) [1].  
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The performances of the electrohydraulic servomechanisms are dependent on the 
performances of the electrohydraulic amplifiers in their structure. 
The electrohydraulic amplifier has in its structure an electromechanical converter and an 
electrohydraulic converter (hydraulic distributor) [2]. 
The electromechanical converter is an equipment that has as an input signal an electrical 
size, and at its output it has a displacement or a force that is proportional to the input size. 
The shape, dimensions and performances of the electrohydraulic amplifier are dependent on 
the type of electromechanical converter from its structure [3]. In practice, the following 
types of electromechanical converters were imposed: 

a) converter with permanent magnet and movable coil (Fig. 1);  
b) converter with permanent magnets and fixed coils ("torque motor") (Fig.2);  
c) proportional electromagnet (fig. 3); 
d) linear motor force (fig. 4); 
e) stepper motor (fig.5). 

 

 
  

Fig. 1. Movable coil Fig. 2. Torque motor 

.  
 

Fig. 3. Proportional magnet Fig. 4. Linear force motor 
 

 
Fig. 5. Stepper motor 
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In the case of electrohydraulic servomechanisms, the Hydro-Mechanical Converter has the 
shape of a hydraulic distributor that transforms the input size of mechanical nature 
(displacement) into a hydraulic size (flow rate / debit). 
The electrohydraulic servomechanisms with stepper motor do not have in their structure a 
displacement transducer for achieving the reaction link, their reaction size is of mechanical 
nature, and it is realized by means of a screw-nut mechanism. 
Consequently, the servomechanism with stepper motor is a servomechanism which has the 
input of electric nature, the output of mechanical nature and the reaction size of mechanical 
nature. 
 
2 Structure and operation 

 
Figure 6 presents the principle diagram of an electrohydraulic servomechanism that has in 
its structure an electrohydraulic amplifier achieved with an electric stepper motor [4]. 
 

 

 

Fig. 6. Electrohydraulic servomechanism with stepper motor 
 
The angular displacement of the shaft of the electric motor 1 is transformed into a linear 
displacement by means of the elastic coupling 2 and of the screw-nut assembly 5. When the 
motor shaft rotates with the prescribed angle 𝜭, the screw 5 from the end of the rod 3 
advances into the nut 6, which is temporarily fixed. 
The axial displacement of the screw is possible because the elastic coupling 2 may deform 
axially, this being achieved in the shape of two membranes embedded on the contour. 
The spool 4 is connected to the rod 3 through a spring (not shown on the drawing). The 
linear displacement of the rod is also transmitted to the spool. The spool is endowed with a 
rotational movement locking system, so that, it can only move linearly simultaneously with 
the rod. 
When the motor shaft moves clockwise, the rod advances into the nut, the spool moves to 
the right, the distributor opens and the pressurized oil reaches the chamber from the left 
side of the hydraulic cylinder 8. 
Simultaneously, the chamber from the right side of the hydraulic cylinder is connected to 
the tank. Under the action of the pressure forces, the piston 7 will move to the right with the 
value “z” (the cylinder rod is moving in the outward direction).  
In the piston, a lead nut 9 is achieved, that has the sense of the screw thread, opposite to the 
direction of the nut 6.  
When the lead screw moves linearly, the screw 10 is rotated and also drives the nut 6, and 
the screw 5, the rod 3 and implicitly the spool moves linearly in the opposite direction to 
the initial displacement. The displacement z of the piston stops when the distributor closes. 
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When the engine shaft moves counter clockwise, the pressurized oil reaches the chamber in 
the right side of the hydraulic cylinder and the output rod moves in the sense of its 
withdrawal. Thus, a linear relationship can be obtained between the input size 𝜭 and the 
output size z. 
 
3 Mathematical modelling 
 
For the mathematical modelling of the electro-hydraulic servomechanism, it is necessary to 
write the relations between the input and output sizes of the equipment in its structure, as 
well as, the connection relations between these equipment [5-6]. 

3.1 The characteristic of the step by step electric motor  

Angular displacement of the step by step electric motor shaft is proportional with the 
control voltage according to the relationship 
 

𝜃 = 𝐾 ∙ 𝑈 (1) 
where: 

- Km - the transfer factor [rad/V]; 
- U – command signal (voltage) [- (V)]; 

-  𝜃  – the rotation angle of the shaft [rad]; 

3.2 An equation of the linear displacement of the spool rod  

The angular displacement,  𝜃 ,  of the stepper motor shaft induces a linear displacement x1 
to the spool driving rod, due to the screw and nut mechanism, according to the next 
formula: 

𝑥 =
𝜃

2𝜋
𝑝  

(2) 

where 
- x1- spool rod displacement [m]; 
- 𝑝 - reaction screw step [m]. 

3.3 The equations of angular displacement of the screw and linear 
displacement of the spool rod  

The lead screw has an angular displacement when the cylinder piston moves linearly, due 
to the advance screw and nut mechanism, according to the next formula: 
 

𝜃 =
2𝜋

𝑝
𝑧 (3) 

 
where: 

- 𝑝 - lead screw step, [m]; 
 - z – hydraulic cylinder piston displacement, [m]. 

-  𝜃  – screw rotation angle, [rad]. 
 

The lead screw also induces the nut the same angular displacement  𝜃  and this induces a 
linear displacement to the spool rod according to the other formula: 
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𝑥 =
𝜃

2𝜋
𝑝 =

𝑧

𝑝
𝑝  (4) 

where 
 - x2 - spool rod displacement [m]. 

3.4 Comparator equation 

The opening of the distributor is equal to the displacement of the spool, according to the 
next formulas: 
 

𝑥 = 𝑥 − 𝑥 =
𝜃

2𝜋
−

𝑧

𝑝
𝑝  (5) 

 
or 

𝑥 = 𝑥 − 𝑥 =
𝐾 ∙ 𝑈

2𝜋
−

𝑧

𝑝
𝑝  (6) 

3.5 Piston displacement equation 

𝐴 ∙ 𝑝 − 𝐴 ∙ 𝑝 = 𝑚 ∙ �̈� + 𝑘 ∙ �̇� + 𝑘 ∙ 𝑧 + 𝐹  (7) 
 
where: 
 - Ap1, Ap2 – the frontal areas of the piston, [m2]; 
 - p1, p1- the pressures in the cylinder chambers, [Pa]; 
 -  m - the equivalent mass of the actuated system reduced to the piston rod, [kg]; 

 - z, �̇�, �̈� - displacement, speed and acceleration of the piston, [m], [m/s], [m/s2]; 
 - kf - viscous friction coefficient [Ns/m]; 
 - ke - elastic force coefficient [N/m]; 
 - Fv - disruptive force [N]. 

3.6 Continuity equation corresponding to the hydraulic cylinder 

The continuity equation corresponding to the hydraulic cylinder has the next form: 
 

𝑄 = 𝐴
𝑑𝑧

𝑑𝑡
+ 𝑐 ∙ (𝑝 − 𝑝 ) + 𝑐 ∙ 𝑝 +

𝑉

𝐸

𝑑𝑝

𝑑𝑡
 (8) 

 

𝑄 = 𝐴
𝑑𝑧

𝑑𝑡
+ 𝑐 ∙ (𝑝 − 𝑝 ) − 𝑐 ∙ 𝑝 −

𝑉

𝐸

𝑑𝑝

𝑑𝑡
 (9) 

where:  
- Q1, Q2 - the flow rates corresponding to the cylinder chambers [m3/s]; 
- cip - the internal losses coefficient [m3/s.Pa]; 
- cep - the external losses coefficient [m3/s.Pa]; 
- V1,V2 - cylinder chamber volumes [m3]. 

3.7 The flow rate equation through orifices 

The general equation for flowing through orifices with sharp edge is: 
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𝑄 = 𝑐 ∙ 𝐴(𝑥) ∙
2∆𝑝

𝜌
 (10) 

where: 
  - Q - the debit transited through the orifice [m3/s]; 
  - cd – the orifice flow coefficient [-]; 
 - A(x) – the orifice area [m2]; 
  - ∆p- pressure drop on the orifice [Pa]; 

 - 𝜌 – the fluid density [kg/m3]. 
In the concrete situation of the servomechanism, this equation has a particular form: 
For  𝑥 ≥ 0 

𝑄 = 𝑐 ∙ 𝐴(𝑥) ∙
2(𝑝 − 𝑝 )

𝜌
 (11) 

𝑄 = 𝑐 ∙ 𝐴(𝑥) ∙
2𝑝

𝜌
 (12) 

 
for 𝑥 < 0 

𝑄 = 𝑐 ∙ 𝐴(𝑥) ∙
2𝑝

𝜌
 (13) 

 

𝑄 = 𝑐 ∙ 𝐴(𝑥) ∙
2(𝑝 − 𝑝 )

𝜌
 (14) 

 
4 Results and discussions 

4.1 Calculation of the servomechanism resolution 

The servomechanism resolution is dependent on the value of the stepper motor resolution 
∆𝜽 and the lead screw step value psa and is calculated with the next formula: 

𝑅𝑒𝑧 =
∆𝜃 ∙ 𝑝

2𝜋
 [𝑚𝑚] 

The value ∆θ is calculated with the formula 

∆𝜃 =
2𝜋

𝑁𝑝
 

Where Np represents the number of steps of the motor for a complete rotation. 
 
Table 1 shows the servo mechanical resolution values for different values of the motor 
resolution and different values of the lead screw step. 
 

Table 1. Servomechanism resolution 

psa 
[mm] 

The number of motor steps per rotation 
100 200 400 

Resolution [μm] 
 

4 40 20 10 
6 60 30 15 
8 80 40 20 
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4.2 Numerical simulation 

Figure 7 shows the block diagram of the servomechanism 

Km Ksr DH CH
Y

Q

OzKsr Ksa

x1
x2

X

-

Oy-

 
Fig. 7. Block diagram of the stepper servomechanism 
 
For the numerical simulation of the servomechanism operation, the AMESIM software 
package was used [7-8]. The scheme of the simulation network is shown in Fig. 7. 
The numerical simulation was performed for the following numerical values of the 
parameters: Piston diameter D = 50 mm, Rod diameter d = 35 mm, 
The total piston stroke h = 500 mm, the supply pressure Ps = 200 bar, the reaction screw 
transfer factor Ksr = 2π rad / mm, the lead screw transfer factor Ksa = 4mm / 2π rad, the  
For easiness of the results interpretation, the input size Y has been entered in digital form 
having millimeter as measuring unit. 

 
 

Fig. 8. The servomechanism simulation network  
The results of the numerical simulations are presented synthetically in the form of 
diagrams. 
In Figures 9, the numerically simulated command signal is presented  and in Figure 10, the 
response of the servomechanism to the sinusoidal signal is shown. 
 

Fig. 9. The numerically simulated command signal       Fig. 10. Piston displacement 
X: Time[s] 

X: Time[s] 
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The servomechanism static characteristic is shown in Figure 11 and in Figure 12 is shown 
the variation in time of the pressures in the cylinder chambers when it is controlled with a 
sinusoidal signal. 

 
 

Fig. 11. The servomechanism static characteristic 
 

 
Fig. 12. Variation in time of the pressures in the servomechanism chambers. (continuous line - 
pressure in chamber 1, dashed line - pressure in chamber 2. 
 
Figure 13 shows the hysteresis characteristic of the servomechanism for the situation in 
which the distribution windows of the distributor are equal. 

 

 
a) b) 

Fig. 13 a) Hysteresis characteristic for distributor with equal distributed windows. b) Detail 
 
Figure 14 shows the hysteresis characteristic of the servomechanism for the situation in 
which the distribution windows of the distributor are unequal. 

X: Numerically simulated command signal 

X: Numerically simulated command signal 
X: Numerically simulated command signal 

X: Time[s] X: Time[s] 
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a) b) 

Fig. 14. a) Hysteresis characteristic for distributor with unequal distribution windows., b) Detail 
 
Figure 15 shows the response of the servomechanism to the step type signal 
 

 
                     a) Piston displacement                           b) Spool displacement 
Fig.15. The servomechanism response to step type signal 
 
Figure 16 shows the evolution of the error and of the flow rates corresponding to the two 
chambers of the servomechanism during the transient regime, when the servomechanism 
was excited with a step type signal. 
 

  
                           a) error                         b) flow rates 
Fig.16. Variation of error and flow rates in the servomechanism chambers during the 
transient regime (step type excitation signal) 
 
 
 

X: Numerically simulated command signal 
X: Numerically simulated command signal 

X: Time[s] 

X: Time[s] 

X: Time[s] 

X: Time[s] X: Time[s] 
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5 Conclusions 

The analysis and the synthesis of electro-hydraulic servomechanisms with stepper motor 
can be determined by mathematical modelling and numerical simulation using the 
AMESIM simulation program. 
Regarding the servomechanism performances evaluated by mathematical modelling and 
numerical simulation with AMESIM software, the following conclusions were established: 
1) The time constant of the servomechanism is 0.03 s. 
2) The resolution of the servomechanism is significantly influenced by the resolution of 

the stepper motor and the lead screw step. 
3) The servomechanism hysteresis value is dependent on the type of distribution windows 

of the distributor. Because the hydraulic cylinder has the areas of the piston unequal, 
the hysteresis value is lower when the distribution window areas are unequal. 

4) The lower value of the hysteresis was obtained for the ratio of the distributor slots 
areas that is equal to the piston areas ratio. For equal areas, the hysteresis is with 25 
microns higher under the same operating conditions. 
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