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Abstract— The function of proportional valves is to provide 

a smooth and continuous variation in flow or pressure in 

response to an electrical input. This paper discusses the 

parameters that affect the force versus position characteristics 

and dynamic behavior of a proportional solenoid (PS), which 

include dimensional characteristics, the air gap, current 

density and magnetic materials. The FEA (Finite Element 

Analysis) provides a reliable numerical technique for 

analyzing engineering designs. Also, different current 

densities in a specific plunger position are studied to obtain 

optimal PS specifications. Additionally, the magnetic flux 

density and the distribution of flux lines are introduced for the 

actual material in a specific plunger position. Then, the 

simulation and experimental results are compared. 
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I. INTRODUCTION 

A proportional valve is a combination of two basic 

components. One is a proportional solenoid that consists of 

coil and a magnetic plunger (or core), and another is valve 

body containing an orifice in which a valve disc is positioned 

to stop or allow flow. The proportional solenoid is mounted 

directly on the valve, and the core/plunger assembly is 

enclosed in a sealed tube inside the solenoid coil. The 

function of proportional valves is to provide a smooth and 

continuous variation in flow or pressure in response to an 

electrical input. 

In the design process of proportional solenoid one 

should well understand the effect various soft magnetic 

material, dimensional characteristics of solenoid, current 

density and air gap. As they greatly influence the proportional 

solenoid performance.  

In this paper, in order to obtain an accurate 

distribution of the magnetic field and flux-lines as well as of 

the magnetic force, the magnetic finite element method is 

adopted in simulating the magnetic field of the proportional 

solenoid within the FEMM analysis environment. 

It is very important to calculate the magnetic force 

with the finite element method, which is not only because the 

magnetic force characteristics and the mass of the moveable 

plunger determine the valve opening speed [3], but also 

because the value of magnetic force depends on the structural 

parameters of the proportional valve, the exciting current of 

the coil and permeability of various material components that 

make up the proportional valve. In order to enhance the 

proportional valve performances, an optimal design method 

is developed so as to obtain larger magnetic force and lower 

power by means of adjusting the structural parameters of the 

proportional valve and selecting various soft magnetic 

materials that have different B–H (flux density vs. field 

intensity) curves. The calculated results establish that the 

optimal design method can enhance design reliability and 

accuracy, and that product costs and the design cycle can be 

reduced. 

II. THREE DIMENSIONAL MODELLING 

A three dimensional model of proportional solenoid was 

made in a CAD software. Fig. 1 shows the 3-D CAD model 

and Fig. 2 shows a cross-sectional drawing of the 

proportional solenoid. This 3-D CAD model is used as a 

model to analyze in the FEMM software. 

 
Fig. 1: 3-D CAD model of Proportional Solenoid. 

 
Fig.2: Cross-sectional drawing of proportional solenoid. 

III. FEMM ANALYSIS OF PROPORTIONAL SOLENOID 

As the solenoid is axisymmetric, a 2D axisymmetric static 

analysis is employed. In order to calculate the force over a 
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range of displacement, a parametric model is defined with the 

displacement of the plunger as an argument. The core iron 

and the plunger are represented by their non-linear B-H 

characteristic. The coil is modelled as air. The meshes for the 

core and the plunger are created separately. Fig. 3 shows the 

meshes with iron, coil, and air, boundary conditions, when 

the plunger is at the bottom positions. 

The force of the solenoid depends on the 

displacement of the plunger. Zero displacement is defined 

when the bottom surface of the plunger is aligned with the 

bottom of the core.  

 
Fig. 3: FEMM model of proportional solenoid with mesh 

generated. 

 
a) Distribution of flux line. 

  

 
b) Output- Force on plunger at 1mm air gap. 

Fig. 4: FEMM Analyzed Model of Proportional Solenoid. 

 
a) Flux density plot. 
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b) Legend. 

Fig. 5: FEMM Flux Density Plot Proportional Solenoid. 

 
a) Field intensity (A/m) plot. 

 
b) Legend. 

Fig. 6: FEMM field intensity plot proportional solenoid. 

 
Fig. 7: Force vs. Air Gap graph of proportional solenoid 

(current constant). 

As we can observe from the graph (Fig. 7) that the 

force characteristic is almost constant i.e. it is independent of 

the air-gap between the plunger and the core. The force 

remains constant irrespective of the position of the plunger. 

The only parameter on which the force is dependent is the 

current supplied to the coil winding. Thus by varying the 

amount of current supplied to the coil winding we can change 

the force on the plunger regardless of its position. 
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Fig. 8: Force vs. Air Gap graph of proportional solenoid (air 

gap constant). 

From the graph (Fig. 8) it is clear that force on the 

plunger keeps on increasing with the current supplied to coil 

winding. Thus by adjusting the current we can regulate force 

at the plunger. 

Total Resistance of the coil: 

R=31.08 Ω 

IV. EXPERIMENTAL ANALYSIS OF THE PROPORTIONAL 

SOLENOID 

In order to monitor and evaluate solenoid valve, a solenoid 

valve experimental test rig or apparatus was designed and 

fabricated. The solenoid valve is placed in a ambient 

temperature condition. The solenoids are powered and 

actuated in a controlled manner while the current, voltage and 

displacement are being measured. Both before and after the 

test on each solenoid valve, the electrical resistance is 

measured directly by making use of a multimeter across the 

solenoid valve at room temperature. The goal of the apparatus 

is to be able to apply sufficient loadings on the solenoid to 

test the operation of solenoid. When the SVs do fail, a 

significant change in the measured temperature and electrical 

resistance is expected.  

 
Fig. 9: Schematic diagram of solenoid valve experimental 

test rig. 

A. Keeping the Current Constant and Varying the Air Gap: 

We can observe from the Fig. 10 that if we keep the current 

constant and vary the air gap then the force characteristics is 

almost a constant line. Thus we can say that the force is 

independent of the air gap between the plunger and the core. 

B. Keeping the Air Gap Constant and Varying the Voltage: 

We can observe from the Fig. 11 and Fig. 12 that if we keep 

the air gap constant and vary the voltage (increasing or 

decreasing) then the force on the plunger keeps on increasing 

as the voltage is increased. As well the force characteristics 

with the voltage are almost linear in nature. 

 
Fig. 10: Force vs. Air Gap graph of proportional solenoid 

(current constant). 

 
Fig. 11: Force vs. Air Gap graph of proportional solenoid 

(air gap constant with increasing voltage). 

C. Total Resistance Of The Coil: 

The resistance of the coil winding was measured with the help 

of the multimeter. 

R=28.4 Ω 
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Fig. 12: Force vs. Air Gap graph of proportional solenoid 

(air gap constant with decreasing voltage). 

V. RESULTS AND DISCUSSION 

Title Analytical 
FEMM 

Software 
Experimental 

Maximum 

Force (kg) 
5.5 5.408 5.8 

Resistance 

(Ω) 
30 31.08 28.4 

Power (W) 19.2 19.89 18.72 

Table 1: Comparison of results of proportional solenoid. 

The design results determined by our design 

methodology are examined by manufacturing and 

performance tests on the prototype solenoid valves. Table No. 

1 shows the results of the manufactured prototypes and the 

design values obtained from the design procedure suggested 

in this work. Thus one can infer from the table that the 

analytical design, FEMM analysis and experimental analysis 

values are in close conformance with each other. The coil 

wire diameter (dw) and resistance (R) are in fairly good 

agreement with the design values. This table indicates that 

selection of the dw by the design engineer is acceptable. 

The experimental results of the attraction force of 

the solenoid valve prototype with plunger displacement 

shows a good agreement between the designed values and the 

experimental results, especially considering the subtle 

differences between the design values and the prototype 

specifications. 

VI. CONCLUSION 

FEMM was employed to model the performance and to find 

the optimum dimensions for the solenoid taken into account 

the manufacturing tolerance of the air gaps. FEMM has 

proven to be an effective and efficient tool for analyzing and 

optimizing the design of this novel solenoid. 

REFERENCES 

[1] Tao, G., Chen, H. Y., J., Y. Y. and He, Z. B. (2002). 

Optimal design of magnetic field of a high-speed 

response solenoid valve. J. Material Processing 

Technology, 129, 555−558. 

[2] F. Bayat, A. Fadaie Tehrani and M. Danesh. Finite 

element analysis of proportional solenoid characteristics 

in hydraulic valves. International Journal of Automotive 

Technology (2012), Vol. 13, No. 5, pp. 809−816. 

[3] S.M. Wang, et al., Personal Computer Design Software 

Magnetic Analysis and Dynamic Simulated of a Two-

valve Solenoid Actuator, 1990, p. 1212.  

 


