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Abstract 17 

This paper presents the experimental validation of a new methodology for the design of the spool 18 

surfaces of four way three position direct operated proportional directional valves. The proposed 19 

methodology is based on the re-design of both the compensation profile (the central conical surface 20 

of the spool) and the lateral surfaces of the spool, in order to reduce the flow forces acting on the 21 

spool and hence the actuation forces. The aim of this work is to extend the application range of 22 

these valves to higher values of pressure and flow rate, thus avoiding the employment of more 23 

expensive two stage configurations in the case of high-pressure conditions and/or flow rate. The 24 

paper first presents a theoretical approach and a general strategy for the sliding spool design to be 25 

applied to any four way three position direct operated proportional directional valve. Then, the 26 

proposed approach is experimentally validated on a commercially available valve using a hydraulic 27 

circuit capable of measuring the flow rate as well as the actuation force over the entire spool stroke. 28 

The experimental results, performed using both the electronic driver provided by the manufacturer 29 

and a manual actuation system, show that the novel spool surface requires remarkably lower 30 

actuation forces compared to the commercial configuration, while maintaining the same flow rate 31 

trend as a function of the spool position. 32 

 33 
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Nomenclature 36 

 37 

A Valve port connected to the actuator 

𝐴𝑟 Area of the metering section [mm2] 

B Valve port connected to the actuator 

𝐶𝑑,𝐴−𝑇1 Discharge coefficient of the metering section A-T1 



𝐶𝑑,𝑃−𝐵 Discharge coefficient of the metering section P-B 

Cd,V    Overall discharge coefficient 

D Diameter of the compensation profile [mm] 

Fact Actuation force [N] 

Fel Elastic force [N] 

Fflow Flow force [N] 

Fflow,centre Flow force acting on the central chamber [N] 

Fflow,left Flow force acting on the left chamber [N] 

Fflow,right Flow force acting on the right chamber [N] 

𝐹𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 Transient flow force  [N] 

 h Length of the lateral cylindrical surfaces [mm] 

k Length of the lateral conical surfaces [mm] 

l Length of the compensation profile [mm] 

ṁ Mass flow rate [kg/s] 

ṁ𝑇1 Mass flow rates of the fluid flow discharged through port T1 [kg/s] 

ṁ𝑇2 Mass flow rates of the fluid flow discharged through port T2 [kg/s] 

P Valve port connected to the pump 

T Valve port connected to the tank 

(𝑉𝐴)𝑥 Average axial velocity at the inlet of the left control volume [m/s] 

(𝑉𝐵)𝑥 Average axial velocity at the outlet of the central control volume [m/s] 

(𝑉𝑃)𝑥 Average axial velocity at the inlet of the central control volume [m/s] 

𝑉𝑟 Velocity in the metering section [m/s] 

(𝑉𝑇)𝑥 Average axial velocity at the outlet of the left control volume [m/s] 

(𝑉𝑇2)𝑥 Average axial velocity at the inlet of the right control volume [m/s] 



(𝑉𝑇2
′)𝑥 Average axial velocity at the outlet of the right control volume [m/s] 

x Spool position [mm] 

Greek  

𝛥𝑝𝐵−𝑇 Pressure drop B-T 

𝛥𝑝𝑃−𝐴 Pressure drop P-A 

𝛥𝑝𝑣 Pressure drop across the valve [N/m2] 

𝜌 Fluid density [kg/m3] 

 38 

1. Introduction 39 

Hydraulic directional proportional valves are usually employed to modulate the flow rate through 40 

an actuator (hydraulic cylinder or hydraulic motor) with high precision in an attempt to control the 41 

stationary velocity and the position of the actuator as well as its acceleration and deceleration, while 42 

maintaining high simplicity of the hydraulic circuit employed. 43 

Proportional directional valves are of two types: direct operated valves and two stage valves. The 44 

former configuration, in which proportional solenoids are used to move the valve spool directly, 45 

allows the achievement of higher response speeds by virtue of the direct actuation and is cheaper  46 

thanks to a lower number of mechanical and electrical parts. Unfortunately, the direct actuation is 47 

not possible in the case of high values of mass flow rate and/or pressure because, in these 48 

conditions, the flow forces acting on the spool are too high to be counteracted by the 49 

electromagnetic forces generated by commercially available solenoids.  As a result, in spite of the 50 

remarkable increase in costs and worsening of response times, the two stage configuration is 51 

mandatory when the mechanical power required by the hydraulic actuator is high. 52 

A current research field aims at reducing the complexity and costs of two stage valves by proposing 53 

novel configurations for the first stage. In fact, the complexity of a two stage valve is due to the first 54 

stage serving as a hydraulic amplifier, which can be a flapper nozzle, a deflector jet or a sliding spool; 55 



the hydraulic amplifier generates a force unbalance on the extremities of the second stage spool 56 

which is forced to move and in turn allows flow modulation in the hydraulic circuit. The 57 

electromagnetic force, responsible for the actuation of the first stage, can be provided by either an 58 

electromagnetic torque motor (in the case of deflector jets and nozzle-flappers [1]) or a solenoid (in 59 

the case of first stage sliding spools). In this regard, a recent research paper proposed a novel first 60 

stage concept that uses a piezoelectric actuator in place of the conventional electromagnetic torque 61 

motor [1]; the experimental and Computational Fluid Dynamics (CFD) analysis presented in [1] 62 

demonstrated that the concept is viable and that the use of the piezoelectric actuation can reduce 63 

the weight and complexity as well as costs of two stage valves. Moreover, an investigation into 64 

piezoelectric ring benders and their potential for actuating servo valves was presented in [2], 65 

providing an insight into how such actuators may be mounted for use as actuators in servo valve 66 

pilot stages. 67 

Another research field aims at improving the performance of standard configurations of two stage 68 

valves by using CFD in an attempt to gain a more comprehensive understanding of the flow features 69 

within these valves. This is made possible by the high accuracy reached by current numerical 70 

strategies, which are capable of effectively predicting the stationary flow (see, e.g., the CFD setting 71 

proposed by Chattopadhyay et al. [3]) as well as the dynamic spool movement inside hydraulic 72 

valves (in this regard, the paper by Saha et al. is noteworthy [4]). This advancement is due both to 73 

the high effectiveness of the commercially available CFD software packages and to the high level of 74 

competence matured by the above-mentioned authors in handling these commercial software 75 

packages, as seen through their published literature (e.g. see [5]). 76 

 Such effective numerical strategies are also used to study new kinds of valves. As an example, CFD 77 

methods were employed to simulate the dynamic characteristics of a pilot-control globe valve [6], 78 

which is a new kind of valve with simple structures and low driving energy consumption [7]. 79 



With regard to standard configurations of two stage valves, the most studied one is that employing 80 

the flapper-nozzle amplifier. Aung et al. [8] presented a very detailed investigation into the flow 81 

forces and energy loss characteristics of five possible flapper–nozzle structures with three different 82 

null clearances. Taking advantage of their simulation results, Pan et al. [9] succeeded in retrieving a 83 

formula for the discharge coefficient of flapper-nozzle valves under laminar, transitional and 84 

turbulent conditions. A partially 3D CFD analysis was performed in [10] to study cavitation in the 85 

flapper-nozzle pilot stage, showing that the curved edge of traditionally used flapper shapes is 86 

responsible for the occurrence of cavitation. Furthermore, an innovative flapper shape was 87 

proposed in [10] that significantly reduces cavitation. The effectiveness of rectangle-shaped flappers 88 

in reducing cavitation was experimentally confirmed in [11] by comparison with more traditional 89 

flapper shapes. Also cavity shedding dynamics in flapper–nozzle pilot stages were investigated 90 

experimentally and numerically in [12]. An innovative flapper shape was proposed and validated 91 

both experimentally and numerically in [13], in order to reduce the undesired lateral forces acting 92 

on the flappers of flapper–nozzle pilot valves, which can interfere with the stability of the flappers. 93 

Another recent paper proposed replacing pilot operated directional control valves with suitable 94 

logic valves [14]; the paper showed that the design of proper body units consisting of logic valves 95 

can produce a significant reduction in pressure losses, namely up to 61%, in the analyzed hydraulic 96 

system [14].  97 

All the abovementioned research papers have contributed to enhancing the potential of two stage 98 

valves, providing novel concepts, numerical studies and optimized shapes for the design of the 99 

hydraulic amplifier. Contrarily, the authors of this paper have concentrated all efforts on a different 100 

strategy, which is focused on direct operated proportional directional valves and aims at enlarging 101 

their operation field, rather than reducing the complexity and drawbacks of two stage proportional 102 

directional valves. To accomplish the task of extending the application range of direct operated 103 



proportional directional valves to higher values of pressure and flow rate, a redesign of these valves 104 

must be conceived, as they present non-optimized geometries which restrict their potential, as also 105 

highlighted by Herakovic [15]. He proved that it is possible to reduce the flow force in a hydraulic 106 

proportional valve by implementing opportune geometrical modifications to the sliding spool and 107 

the valve socket [15]. Moreover, Simic and Herakovic [16] made effective changes both to the sliding 108 

spool and to the valve body of an ON/OFF small hydraulic seat valve, confirming that the non-109 

optimized profiles of commercially available valves have a great influence on the required actuation 110 

forces. Herakovic et al. also provided some possible methods in [17] for reducing the static flow 111 

forces in hydraulic sliding-spool and small on/off seat valves: the results of their research are very 112 

promising and prove that the axial component of the flow forces and therefore the necessary 113 

actuation force can be reduced significantly just by modifying the geometry of the valve housing 114 

and spool. Lisowski et al. [18] also demonstrated that commercial valves do not present effective 115 

profiles: they focused on the redesign of the valve body of a commercial solenoid operated 116 

directional control valve, proposing additional channels inside the body of a control valve that can 117 

remarkably reduce the actuation forces; a very accurate CFD analysis was used to design the new 118 

valve body. Simic et al. [19] also proposed new approaches for the modelling and simulation of 119 

hydraulic spool valves by using simple mathematical expressions for describing the sliding spool 120 

geometry. A very recent paper by the same authors of this paper showed, by means of CFD and 121 

experimental investigations, that commercial spool profiles, in addition to causing large actuation 122 

forces, also cause undesired phenomena such as cavitation [20].  123 

Other papers were focused on proposing novel control systems of direct operated valves: the 124 

coupling between optimized geometries and such optimized control techniques could further 125 

enhance the potential of direct operated directional valves. In this regard, with the objective of 126 

improving the dynamics of direct operated proportional directional valves, Amirante et al. [21] 127 



proposed a novel open loop control technique, which is based on the coupling between the peak 128 

and hold technique and the pulse width modulation (PWM). Jin et al. [22] employed a differential 129 

control method based on differential signals simultaneously delivered to both solenoids of a direct 130 

operated proportional valve to enhance the frequency response of the valve. 131 

In this scenario, this paper proposes a strategy for improving the sliding spool surfaces of typical 4/3 132 

directional proportional direct operated valves, with the aim of reducing the actuation forces 133 

without changing the operation characteristics (i.e. maximum flow rate and flow rate vs opening 134 

degree). This paper is focused only on the improvement in the spool geometry, with the valve body 135 

being kept unchanged. In order to demonstrate the effectiveness of the proposed methodology, 136 

this paper presents the experimental comparison between a commercially available proportional 137 

spool and a novel one. The latter is characterized by more effective surfaces, which are capable of 138 

reducing the flow forces while maintaining the same flow rate characteristics (i.e. flow rate vs spool 139 

position). The optimized spool surface has been designed for a specific commercially available valve; 140 

however, as described in the following section, the concept has general validity and can be applied 141 

to any 4/3 directional direct operated proportional valve. 142 

2. Methodology 143 

2.1 Improvement in the sliding spool surface: theoretical approach and general strategy 144 

Figure 1 shows the graphic symbol of a 4/3 directional direct operated proportional valve (top) along 145 

with a sketch of its typical architecture (bottom). The proportional sliding spool is moved directly by 146 

either the right solenoid or the left solenoid depending on the required hydraulic connections (P → 147 

A, B → T or P → B, A → T). In Fig. 1 the hydraulic connections of the valve ports are P→ B and A → 148 

T: the oil enters the valve through the high pressure port P, then it flows through the metering 149 

section P→ B (which is determined by the metering edge of the spool) and finally exits the valve 150 

through port B. Likewise, the oil discharged from the hydraulic actuator reenters the valve through 151 



port A and crosses the metering section A→ T1. At this point part of the oil flows towards port T1, 152 

while the remaining part flows within the internal axial channel of the valve towards port T2. Ports 153 

T1 and T2 are externally connected (not represented in Fig. 1 for simplicity) so as to form the unique 154 

discharge port T. As demonstrated both experimentally and numerically in [20], the metering 155 

section A→ T1 is the most critical zone of the entire valve, because the restricted passage through 156 

the notches lead to a sudden increase in flow velocity,  which in turn causes the pressure to fall 157 

below the vapor pressure of the fluid, leading to the formation of vapor cavities [20].  158 

The driving solenoid develops an actuation force (Fact) which is proportional to the duty cycle of the 159 

Pulse width modulation (PWM) signal applied to the coil of the solenoid. The actuation force must 160 

be capable of counteracting both the elastic force exerted by the centering springs (Fel) and the 161 

reaction forces acting on the spool surface due to the fluid motion, usually referred to as the flow 162 

forces (Fflow).  163 

 164 

 165 

Fig.1- Symbol of a 4/3 direct operated directional proportional valve (top) and its typical geometric 166 

architecture (bottom) 167 

The axial position assumed by the sliding spool depends on the equilibrium among the three forces 168 

(Fact , Fel , Fflow). Because Fflow significantly increases with the increasing flow rate, a high value of Fact 169 



is required to obtain a high opening degree. Furthermore, for a fixed opening degree, the increase 170 

in the pressure drop P-T leads to a corresponding increase in the required actuation force (Fact) since 171 

the flow rate is proportional to the square root of the pressure drop [20]. As a result, the operating 172 

conditions (pressure and flow rate) must be limited to respect the maximum electromagnetic force 173 

provided by commercially available solenoids.  174 

The described configuration is common to most commercially available 4/3 direct operated valves, 175 

and this paper proposes an effective strategy for minimizing the flow forces acting on this valve 176 

typology. Fig. 2a shows an enlargement of the section view of Fig.1, revealing that the overall flow 177 

force acting on the spool surface along the x axis is the sum of three contributions: 178 

𝐹𝑓𝑙𝑜𝑤 =  𝐹𝑓𝑙𝑜𝑤,𝑙𝑒𝑓𝑡 + 𝐹𝑓𝑙𝑜𝑤,𝑐𝑒𝑛𝑡𝑟𝑒 + 𝐹𝑓𝑙𝑜𝑤,𝑟𝑖𝑔ℎ𝑡 (1) 

The three flow force contributions are due to the interaction between the fluid and the spool within 179 

the central chamber P-B (𝐹𝑓𝑙𝑜𝑤,𝑐𝑒𝑛𝑡𝑟𝑒 ), the left chamber A-T1 (𝐹𝑓𝑙𝑜𝑤,𝑙𝑒𝑓𝑡) and the right chamber in 180 

correspondence of the exit T2 (𝐹𝑓𝑙𝑜𝑤,𝑟𝑖𝑔ℎ𝑡). The application of the conservation of momentum to the 181 

three control volumes (highlighted by three dashed rectangles in Fig.2a), with the assumption of 182 

stationary flow, allows expressing equation 1 as follows: 183 

𝐹𝑓𝑙𝑜𝑤 =  ṁ[(𝑉𝐴)𝑥 − (𝑉𝑇)𝑥] + ṁ[(𝑉𝐵)𝑥 − (𝑉𝑃)𝑥] + ṁ𝑇2[(𝑉𝑇2)𝑥 − (𝑉𝑇2
′)𝑥] (2) 

Where ṁ denotes the overall mass flow rate of the oil entering the valve, while ṁ𝑇1 and ṁ𝑇2 (where 184 

ṁ𝑇1 + ṁ𝑇2 = ṁ) denote the mass flow rates of the fluid flow discharged through port T1 and port 185 

T2 , respectively; (𝑉𝐴)𝑥 and (𝑉𝑇)𝑥 are the average axial velocities at the inlet and outlet sections of 186 

the left control volume, respectively; (𝑉𝐵)𝑥 and (𝑉𝑃)𝑥 are the average axial velocities at the outlet 187 

and inlet of the central control volume, respectively; similarly, the axial components of the average 188 

velocity at the outlet and inlet of the right control volume are denoted by (𝑉𝑇2)𝑥 and (𝑉𝑇2
′)𝑥 , 189 

respectively. As the direction of the flow within the left control volume is orthogonal to the x axis, 190 

(𝑉𝑇2)𝑥 and (𝑉𝑇2
′)𝑥 can be neglected, therefore equation 2 can be simplified as follows: 191 



𝐹𝑓𝑙𝑜𝑤 =  ṁ[(𝑉𝐴)𝑥 − (𝑉𝑇)𝑥+ (𝑉𝐵)𝑥 − (𝑉𝑃)𝑥] (3) 

 192 

The geometrical parameters that influence both (𝑉𝐴)𝑥 and (𝑉𝐵)𝑥 are the metering edges of the 193 

spool, which can either be linear with a fixed slope (as shown in Fig. 2) or present spherical and 194 

cylindrical notches as well as conical cutouts to produce a nonlinear trend of the flow rate as a 195 

function of the spool position. A comprehensive analysis of the effects of the groove shapes upon 196 

the flow area and velocities as well as discharge characteristics is provided in [23].  197 

The values of (𝑉𝑃)𝑥 and (𝑉𝑇)𝑥 are determined, respectively, by the central conical surface of the 198 

spool (referred to as the compensation profile) and the lateral conical surfaces of the spool.  199 

 200 

(a) 201 

 202 

(b) 203 

Fig.2- velocity vectors on a non-optimized spool surface (fig.2a) and on an optimized spool surface 204 

(fig.2b) 205 

The strategy proposed here for reducing the flow forces is focused on optimizing the compensation 206 

profile (the central conical surface of the spool) and the lateral surfaces of the spool so as to increase 207 



the magnitude of (𝑉𝑃)𝑥 and (𝑉𝑇)𝑥 , while maintaining (𝑉𝐴)𝑥 and (𝑉𝐵)𝑥 unchanged in order not to 208 

change the metering characteristics of the selected spool.  209 

Fig. 2 shows a qualitative example of an optimized spool profile (Fig. 2b) compared to a non-210 

optimized one (Fig. 2a). The comparison reveals that such an optimized surface can remarkably 211 

change the velocity vectors. As shown in Fig. 2b, the main geometrical features of the spool can be 212 

kept unchanged (i.e. the maximum and minimum diameters, overall length and metering edges); in 213 

contrast, the values of the geometrical parameters of the compensation profile, namely its diameter 214 

(D) and length (l), can properly be redesigned so as to increase the velocity magnitude and the entry 215 

angle at the inlet of the central control volume, leading to a remarkably increase in (𝑉𝑃)𝑥 . Similarly, 216 

the geometric characteristics of the lateral surfaces, namely the values of h and k, can be optimized 217 

with the aim of both reducing the flow area at the exit of the metering chamber A-T1 and decreasing 218 

the exit angle formed with the x axis, thus remarkably increasing  (𝑉𝑇)𝑥 .  219 

However, it must be noted that the selection of the optimum values of D, I, h, k must be carried out 220 

correctly to avoid an unacceptable reduction in the flow rate, for example due to either an 221 

overestimation of D and l or an underestimation of the sum h + k. For these reasons, the selection 222 

of the optimum values of D, I, h, k must be done at the maximum opening of the valve (or at a very 223 

large opening degree), in order to avoid an undesired reduction in the flow rate. In fact, if the new 224 

spool profiles do not reduce the flow rate at the large opening degrees, the flow rate at smaller 225 

openings is expected to remain unchanged (compared to the commercial configuration) by virtue 226 

of the unchanged metering characteristics.  227 

This strategy is expected to produce the maximum beneficial effect at the large openings, because 228 

the increase in both (𝑉𝑇1)𝑥 and (𝑉𝑃)𝑥 will grow with the increasing opening degree. In contrast, the 229 

effect of the improved spool surfaces is expected to be almost null at the small openings, because 230 

the flow passages in sections P and T1 will be too large at the small openings to produce a significant 231 



increase in (𝑉𝑇1)𝑥 and (𝑉𝑃)𝑥. This expected behavior is consistent with the objective of extending 232 

the application range of these valves, which undergo the highest flow forces at the large openings.  233 

The analysis developed so far has been concerned only with the stationary flow forces. However, it 234 

is widely known that the flow force acting on the spool can be decomposed into a steady flow force 235 

contribution (expressed by equation 3) and a transient one, which is generated whenever the spool 236 

moves from a steady state position to another one. It can easily be demonstrated that the transient 237 

flow force is not influenced by the proposed strategy. In fact, as reported in [24], the transient flow 238 

force  (𝐹𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 ) can be calculated for each metering chamber as follows: 239 

𝐹𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 =  𝐿
𝑑ṁ

𝑑𝑡
= 𝐿𝜌

𝑑(𝐴𝑟𝑉𝑟)

𝑑𝑡
 

(4) 

Where L is the axial length of the metering section, ρ is the fluid density, 𝑉𝑟 is the velocity in the 240 

metering section and Ar is the area of the metering section. Because the proposed strategy aims at 241 

maintaining the metering characteristics unchanged (both Ar and Vr), one can conclude that the 242 

proposed strategy does not change 𝐹𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 significantly; therefore, the overall actuation force 243 

reduction is only due to the reduction in the stationary flow forces. 244 

2.2 Application of the proposed strategy to a commercially available valve 245 

The generic approach described in the previous sub-section was applied to a specific case in order 246 

to evaluate its effectiveness. The selected proportional valve is the 4/3 ATOS DKZOR-T model [25], 247 

whose operating principles and architecture are very similar to other commercially available 248 

proportional direct operated valves. As shown in Fig. 3, the valve body (1) is made up of 5 chambers; 249 

the spool (2) is direct operated by two solenoids (3) and its position is accurately measured by a 250 

Linear Variable Displacement Transducer (LVDT) with a linearity error equal to ±0.15% of the full 251 

scale. The electronic driver (5) supplies the driving solenoid with precise values of current that are 252 

proportional to the reference signal. 253 



 254 

Fig.3- sketch of the valve ATOS DKZOR-T [25] 255 

 (1 = valve body , 2= spool, 3= solenoids, 4=LVDT, 5= electronic driver) 256 

 257 

This valve can be equipped with 7 different sliding spools: four of them are linear, whereas the other 258 

three are progressive. The seven spools present different metering characteristics from one 259 

another, but have the same design as far as the compensation profile and the lateral conical surfaces 260 

are concerned.  261 

Fig. 4 provides both a photograph and a CAD representation of the selected sliding spool, which is a 262 

progressive spool (indicated by the manufacturer as the S3 model) capable of providing 120 l/min 263 

at the maximum opening when the pressure drop P-T is equal to 70 bar (data provided by the 264 

manufacturer). Fig. 4 shows that the progressive metering effect is achieved by means of 3 265 

cylindrical notches and 3 spherical grooves as well as a conical cutout machined on each metering 266 

edge of the spool. This shape of the spool confers a progressive non-linear flow rate trend as a 267 

function of the spool position. In particular, the cylindrical notches coupled with the spherical 268 

grooves create the metering section at the small openings, determining a parabolic flow rate trend 269 

as a function of the spool position up to 40% of the maximum opening degree. At the larger opening 270 

degrees (from 40% of the maximum opening degree to the maximum opening), the conical cutout 271 

is uncovered by the edges of the valve body and the flow area increases linearly with the increasing 272 



spool position; as a result, if the pressure drop P-T is maintained constant, the flow rate will increase 273 

linearly with the spool position from 40% to 100% of the maximum opening degree. 274 

 275 

276 

 277 

Fig.4- photograph of the commercial sliding spool and its CAD representation (1=cylindrical notch, 278 

2= spherical groove, 3= conical cutout) 279 

 280 

Fig 5 shows a photograph of the commercial sliding spool (Fig 5a) compared to a photograph of the 281 

improved sliding spool (fig 5b) which was conceived using the strategy described in the previous 282 

section. As mentioned earlier, all the spool parameters were maintained unchanged except for the 283 

parameters l, D, h, k, in order to maintain the same flow rate characteristics. The different values 284 

for l, D, h, k are shown qualitatively in fig. 6, which shows the CAD representations of the commercial 285 

sliding spool (6a) and of the optimized one (6b), and their specific values are reported in Table 1. 286 

The comparison between the optimized values and the commercial ones reveals that the new 287 

compensation profile has a greater axial length and a similar radius, resulting in a flow at the inlet 288 

section of the central chamber P-B more aligned with the horizontal direction compared to the 289 

1 
2 

3 



commercial geometry; furthermore, the new spool is characterized by different lateral conical 290 

surfaces which have a more inclined edge, thus allowing the axial flow velocity at the outlet section 291 

to be increased due to a smaller flow area and a greater alignment with the x axis. The new spool 292 

was constructed out of the same material as the commercial one; therefore, considering that the 293 

new spool has maintained the same main geometric characteristic as the commercial one (except 294 

for the compensation profile and the spool extremities), the mass of the two spools are almost 295 

identical, which results in the same inertia force for both spools. 296 

The optimum values selected for l, D, h, k resulted from an optimization process based on the 297 

coupling between an optimization algorithm and the fully 3D CFD modeling of the fluid flow within 298 

the valve. The CFD model was described in [24], whereas the setting and results of the optimization 299 

process were described in detail in [26].  300 

As described in [26], the optimization process (which was implemented into the optimization 301 

software modeFRONTIER) was based on the coupling between a genetic algorithm (MOGAII) and 302 

the fully 3D CFD mono-phase model of the fluid flow within the valve. The efficiency of MOGA II, 303 

which was also successfully used in other papers (see, e.g., Amirante et al. [27]), is due to the new 304 

“directional cross-over” operator, which outperforms the classical cross-over algorithm [26].  305 

The objective of the optimization process was the minimization of the flow forces at a very large 306 

opening degree (2.55 mm, which is very close to the maximum opening), with the constraint being 307 

the constant flow rate occurring at this opening degree. The optimization process consisted in a 308 

sequential and iterative process. First, the initial population was generated by the employed DOE 309 

algorithm (Sobol) with a number of individuals equal to 50. Starting with this initial population, the 310 

following procedures and calculations were automatically performed to find the best geometrical 311 

configuration: 312 

(a) 3D representation of the individuals that respected the prescribed bounds; 313 



(b) generation of the computational grid that discretized each new geometry (at the selected 314 

opening) by means of the grid generator software; 315 

(c) CFD simulation, with final calculation of the flow forces;  316 

(d) evaluation of the objective function and generation of the next population. 317 

The process was stopped after the best geometrical configuration had remained unchanged for 318 

several generations. The best solution belonged to the 20th generation and was characterized by 319 

the parameters reported in Table1. Overall, 30 generations, and thus approximately 1500 320 

individuals, were explored.  321 

The CFD simulations in the optimization process were performed by setting the overall pressure 322 

drop across the valve equal to 100 bar and neglecting the pressure drop through the actuator. 323 

Although these valves are subjected to cavitation in the discharge section as demonstrated in [20], 324 

the CFD mono-phase model was employed into the optimization process. This choice is due to the 325 

fact that the employment of the mixture model (capable of predicting cavitation) in such an 326 

optimization process results to be an unreliable approach, since the mixture model requires more 327 

iterations and a remarkably longer computational time than that required by the single phase model 328 

[20]. 329 

This fluid-dynamic optimization process is a valuable tool to choose effective values for h,k,D,L; 330 

however, It should be noted that other approaches could be used to find effective values for h,k,D,L 331 

(e.g. trial and error and rapid prototyping techniques).   As the final step, this paper provides the 332 

experimental comparison between the optimized sliding spool and the commercial one. Section 2.3 333 

describes the experimental test rig assembled to perform the comparison between the two sliding 334 

spools. 335 



 336 

5a 337 

 338 

5b 339 

Fig.5- photographs of the commercial sliding spool (fig 4a) and optimized one (fig. 4b) 340 

 341 

6a 342 

 343 

6b 344 

Fig.6- CAD representations of the commercial sliding spool (fig 6a) and of the optimized one (fig. 345 

6b) 346 
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 Commercial spool Optimized spool Difference (%) 

L (mm) 4.8 8.0 +66.7 

D (mm) 12.5 12.0 -4.0 

h (mm) 4 0.95 -76.3 

K (mm) 4 5.8 +45.0 

Table 1- Reference and optimal values of the design parameters. 348 

 349 

2.3 Experimental test rig and test typologies 350 

In order to compare the new spool with the commercial spool of the ATOS DKZOR-T directional 351 

proportional valve, the valve was inserted in a hydraulic circuit, which allows both the flow rate and 352 

the actuation force to be accurately measured over the entire spool stroke. The measurement of 353 

the axial spool position was obtained by means of the centesimal Linear Variable Displacement 354 

Transducer the proportional directional valve is equipped with. 355 

A photograph and the scheme of the hydraulic circuit are provided in Fig. 7. Port A and port B of the 356 

proportional directional valve (1) were connected to the VSE VS4-GPO gear flow meter (2) 357 

characterized by a measuring error lower than ±0.1% of the full scale (150 l/min). The proportional 358 

directional valve (1) was supplied with high pressure hydraulic oil provided by the Sauer Danfoss 359 

SNP 3/38d gear pump (3) having a maximum rotation speed of 3000 rpm and capable of generating 360 

a maximum pressure of 350 bar. The pump was driven by the A4C 200 LB2 asynchronous motor 361 

manufactured by Marelli motors (4); therefore a frequency converter controlled by the external PC 362 

was used to adjust the rotational speed of the pump. Two pressure relief valves (5,6) were placed 363 

downstream of the proportional directional valve. The ATOS AGAM-10/210/V 32 pressure relief 364 

valve (5), which is operated by means of a screw, was installed in the high pressure line with the aim 365 

of limiting the pressure in the circuit in case of the failure of the proportional pressure relief valve 366 



(6). The latter (model: ATOS AGMZO-A-10/210/Y6/13) was mounted upstream of the directional 367 

valve in order to control the pressure drop P-T finely and automatically. To that end, the command 368 

signal to this valve was properly adjusted by a PID algorithm. 369 

Four DS EUROPE LP 660 pressure transducers (7,8,9,10), with a measuring error lower than ±1% of 370 

the full scale (100 bar), were installed to measure the pressure at the four ports (P,A,B,T) of the 371 

directional valve (1). An Epoll AS/1,5/360/2,95/6,3 accumulator (11) was connected to the high 372 

pressure line in order to reduce the pressure fluctuations at port P.   373 

A LabVIEW™ code was employed along with a 16 bit data acquisition card in order to allow control 374 

and data acquisition by means of an external computer. 375 

 376 

Fig.7- Photograph of the hydraulic circuit (left) and its scheme (right). Symbols: 1 Proportional 377 

directional valve (ATOS DKZOR-T);  2  Gear flow meter (VSE VS4-GPO);  3  Gear pump (Sauer 378 

Danfoss SNP 3/38d);  4  Electric motor (Marelli A4C 200 LB2);  5 Pressure relief valve (ATOS AGAM-379 

10/210/V 32); 6 Analog controlled proportional pressure relief valve (ATOS AGMZO-A-380 

10/210/Y6/13); 7,8,9,10 Pressure transducers at port A, B, T, P (DS EUROPE LP 660);  11 381 

Accumulator (Epoll AS/1,5/360/2,95/6,3) 382 
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Two typologies of experimental tests were carried out on the above hydraulic test rig to quantify 384 

the driving force reduction achieved with the new spool profile in comparison with the commercial 385 

one:  386 

1. The first test typology was conducted by using the electronic driver provided by the 387 

manufacturer, which was connected with the external PC. The driving force required to move the 388 

sliding spool inside the valve body depends both on the position of the armature inside the coil 389 

and on the current flowing through the same coil, which is usually adjusted by the electronic 390 

driver modulating the duty cycle of the constant amplitude voltage applied to the coil. This test 391 

typology consisted in supplying the electronic driver with a step voltage (control signal) set with 392 

the external PC; according to this input analog signal, the electronic driver proportionately 393 

changed the duty cycle of the pulse width modulation signal provided to the proportional valve. 394 

As a result, the change in the control signal caused a corresponding change in the current flowing 395 

through the driving solenoid, thus varying the driving force acting on the spool. These 396 

experimental tests allowed evaluating which of the two spools reached higher positions for fixed 397 

values of the control signal (voltage provided by the external PC) and fixed values of pressure 398 

drop P-T. 399 

2. The second test typology was carried out by using a manual actuation system in place of the 400 

integrated control system provided by the manufacturer. The valve assembly underwent some 401 

modification, as shown in Fig. 8. The armature inside the coil, which is in contact with the sliding 402 

spool, was moved through a knob: a load cell, interposed between the manual actuation and the 403 

armature, allowed the actuation force to be measured. The load cell measured the axial force in 404 

the range 0÷250 N by means of an appropriate extensimeter, with the measuring error being 405 

lower than ±0.023 % of the full scale. These experimental tests allowed retrieving the actuation 406 

force (measured by the load cell) vs the spool position (measured by the LVDT) for both spools. 407 



 408 

Figure 8- Manual actuation and measurement of the driving force 409 

3. Experimental results 410 

In this section, the experimental validation of the new spool profiles is presented. To accomplish 411 

this task, the improved sliding spool (see fig.5b) was experimentally compared with the commercial 412 

one (see fig.5a); as mentioned earlier, the comparison was performed using two different test 413 

typologies.  414 

The first test typology took advantage of the electronic driver of the valve and consisted in imposing 415 

sudden and large variations in the control signal (voltage from the computer to the driver of the 416 

valve). The sampling frequency of the data acquisition card was set equal to 50000 samples per 417 

second. These tests allowed measuring the final position reached by both spools for fixed values of 418 

the control signal and pressure drop P-T: the greater the spool position, the lower the flow forces 419 

acting on the spool and hence the lower the actuation force required to move the spool. 420 

In order to have a reliable comparison, during the step tests the oil temperature was maintained 421 

constant and equal to about 40 °C. 422 

Manual  
actuation 

Load cell   

Coil   



  423 

  424 

Figure 9- Time histories of four step tests: comparison between the optimized spool (red curves) 425 

and the commercial one (blue curves) 426 

 427 

The graph at the top left of Figure 9 shows the time history of a first test performed with the 428 

pressure drop P-T being set to 70 bar and with the control signal being changed from zero to the 429 

maximum value accepted by the electronic driver. In this first test, the new spool and the 430 

commercial spool reached 100% and 83% of the maximum spool position, respectively. Because of 431 

the large pressure drop, the commercial spool was not capable of reaching the maximum opening 432 

degree: this must be attributed to the fact that the flow forces acting on the commercial spool are 433 

too high when the spool is approaching the large openings, as a result of the non-effective spool 434 

surface. In contrast, the new spool was capable of reaching the maximum opening degree by virtue 435 

of the improved surface, which in turn determines lower flow forces compared to the commercial 436 

configuration. The result of a greater spool position achievable with the new spool is that the flow 437 
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rate delivered to the actuator can be remarkably higher. In fact, the mass flow rate was measured 438 

to be 1.75 kg/s for the optimized spool and 1.46 kg/sec for the commercial spool, thus increasing 439 

the operation field of the valve by about 15%. 440 

As far as the response time is concerned, the graph at the top left of Fig. 9 shows that the new spool 441 

does not alter the transient characteristics during the rising phase, with the rise time being the same 442 

in both cases. The two spools were both capable of reaching the maximum opening with the same 443 

rise time because, during the opening transient, the same forces are applied in both cases: the 444 

magnetic actuation force, the inertia force (the mass of the optimized spool has not significantly 445 

changed compared to the commercial one) and the elastic force. While the flow forces are neglected 446 

due to the very low value of flow rate, this due to the inertia of hydraulic fluid. On the contrary, 447 

after the commercial spool had reached the maximum opening and consequently the flow rate had 448 

reached the steady value, the high value of flow force determined by the non-optimized spool 449 

surface did not allow the commercial spool to maintain this position. In fact, the commercial spool 450 

moved backwards until it reached the final position given by the equilibrium between the actuation 451 

force, the stationary flow force and the elastic force. Instead, the optimized spool was able to 452 

maintain the maximum position and no backward motion occurred in this case, by virtue of the 453 

lower flow force determined by the optimized spool surface. As a result, in addition to allowing the 454 

achievement of higher opening degrees, the optimized surface also reduces the overall interval time 455 

required to reach a steady position when approaching the large opening degrees. 456 

 The graph at the top right of Figure 9 reports the time history of a second step test consisting in 457 

changing the control signal from zero to 95% of the maximum voltage accepted by the electronic 458 

driver, for a pressure drop P-T equal to 70 bar. As shown by the graph, the optimized spool was 459 

capable of reaching 98% of the maximum opening, whereas the commercial spool reached only 80% 460 

of the maximum opening. This second step test confirms both the results of the first test and the 461 



great improvement provided by the new spool in terms of opening degree and mass flow rate 462 

achievable. In fact, in this second test the measured mass flow rate was equal to 1.69 kg/sec for the 463 

optimized spool and 1.42 kg/s for the commercial spool: again, a large mass flow rate difference of 464 

the order of 15% was registered. 465 

The two step tests presented so far (and shown at the top of Fig. 9) were performed by imposing 466 

high values of the control signal, revealing a great difference between the two spools. Such a large 467 

difference was indeed expected, as high values of the control signal determines high opening 468 

degrees, and the optimized spool surfaces were conceived to be highly effective at the large 469 

openings. In contrast, as mentioned in Section 2.1, when the voltage is low and the pressure drop is 470 

high, the difference between the two spools is expected to be slight, because low voltage values 471 

determine small opening degrees, and the optimized spool profiles become almost ineffective at 472 

the small openings. Even this behavior was confirmed by the step tests performed. In this regard, 473 

the graph at the bottom left of Fig. 9 shows that, when the voltage was set to a low value (namely 474 

60% of the maximum voltage), the difference between the opening degrees reached by the two 475 

spools was almost negligible, with the optimized spool reaching a slightly higher axial position as 476 

well as a slightly higher flow rate compared to the commercial spool. Specifically, the optimized 477 

spool reached a position equal to 53.5% of the maximum opening and provided a mass flow rate of 478 

0.720 kg/sec, whereas the commercial spool reached 52% of the maximum opening and provided a 479 

mass flow rate of 0.705 kg/s. Even the time histories of the two spools are almost the same, with 480 

both spools moving backwards after reaching about 60% of the maximum opening, because the 481 

effect of the optimized surface is very little at such a small opening degree.  482 

Other step tests, not reported here for space limitations, confirm the results shown above: when 483 

the voltage is low, the differences between the optimized spool and commercial spool are negligible, 484 

in terms of both transient characteristics and final position reached; in contrast, when the voltage 485 



is high, the optimized spool is capable of reaching higher opening degrees (greater than 15% when 486 

the voltage is set to the maximum value and the pressure drop is very high). This behavior can be 487 

explained by the fact that the flow force reduction is generated by the increase in both (𝑉𝑇1)𝑥 and 488 

(𝑉𝑃)𝑥 , according to equation 3. It should be noted that the increase in the spool position determines 489 

an increase in the flow area of the metering sections but a decrease in the flow area of both the 490 

inlet section P and the outlet section T1 (see fig. 2). As a result, at the small openings the new spool 491 

profile is not capable of increasing (𝑉𝑇1)𝑥 and (𝑉𝑃)𝑥 compared to the commercial spool, because 492 

the flow areas in sections P and T1 are too large. In contrast, at the larger openings the flow areas in 493 

sections P and T1 remarkably decrease with the increasing opening degree, leading to a flow force 494 

reduction that increases with the spool position. 495 

For completeness, the graph at the bottom right of Figure 9 reports two step tests consisting of a 496 

negative step (i.e. from a higher voltage value to a lower one). The pressure drop was maintained 497 

equal to 80 bar and the voltage was reduced from 100% to 40% of the maximum value. As a 498 

consequence of the voltage reduction, both spools moved backwards until they reached a very 499 

similar opening degree (about 40%). It should be noted that the optimized spool started this 500 

negative step test from the maximum opening degree, whereas the commercial spool started from 501 

an opening degree of only 80% because of the non-optimized spool surface (although at the 502 

beginning of the test the maximum voltage was applied to both spools). This test is presented in 503 

order to highlight that the optimized spool does not produce undesired effects, e.g. the incapability 504 

to reach lower axial positions starting from higher ones. It must be noted that, in this case, the sloop 505 

of the optimized spool is slightly higher than that of the commercial spool; this is due to the fact 506 

that the optimized spool starts from a higher position than the commercial spool, which results in a 507 

higher elastic force.  508 



The second test typology employed the manual actuation shown in Fig. 8 and was instrumental in 509 

retrieving the actuation force as a function of the spool position for both sliding spools. The pressure 510 

drops were set to very high values (70 bar and 80 bar), in order to explore the difference between 511 

the two spools when the flow forces are very large. It was not possible to further increase the 512 

pressure drop in order not to exceed the installed power.  513 

Figures 10, 11 and 12 show the comparison between the improved spool and the commercial one 514 

in terms of mass flow rate and actuation force. In order to have a reliable comparison, the oil 515 

temperature registered in all tests was maintained at the same level, namely 40 °C. 516 

Figure 10 shows how the flow rate changes with the spool position for both spools: the curves at 517 

the left of Fig.10 were retrieved maintaining a pressure drop P-T of 70 bar over the entire spool 518 

stroke, while the curves at the right of Fig.10 were retrieved with a pressure drop P-T of 80 bar (the 519 

blue curves refer to the commercial spool, while the red curves refer to the optimized spool). These 520 

graphs reveal that the flow rate trend is the same for both spools. This behavior is consistent with 521 

the employed strategy; in fact, the two spools have the same cylindrical notches and spherical 522 

grooves as well as conical cutouts, and, as a result, the flow areas and hence the flow rates are 523 

identical. This can also be explained by using the equation of the mass flow rate, which can be 524 

written as follows [20]: 525 

𝑚̇=𝐶𝑑,𝑉 𝐴𝑟√2𝜌𝛥𝑝
𝑣
 (5) 

where 𝐴𝑟  is the metering area, 𝛥𝑝𝑣 is the pressure drop across the valve and  Cd,V is the overall 526 

discharge coefficient.  Cd,V   and 𝛥𝑝𝑣can be calculated as follows [20]:  527 

 528 

 

𝐶𝑑,𝑉 = √
𝐶𝑑,𝑃−𝐵

2 𝐶𝑑,𝐴−𝑇1
2

𝐶𝑑,𝑃−𝐵
2 + 𝐶𝑑,𝐴−𝑇1

2 
 

(6)                          

 𝛥𝑝𝑣  = 𝛥𝑝𝑃−𝐴 + 𝛥𝑝𝐵−𝑇 (7) 



with 𝐶𝑑,𝑃−𝐵  and 𝐶𝑑,𝐴−𝑇1 being the discharge coefficients of the metering section P-B and A-T1, 529 

respectively (see Fig.2). Because both 𝐶𝑑,𝑃−𝐵  and 𝐶𝑑,𝐴−𝑇1 have not been changed (the metering 530 

characteristics are the same for both spools), it results that 𝐶𝑑,𝑉 (equation 6) and 𝑚̇ (equation 5) are 531 

the same for both spools.    532 

The influence of the grooves, notches and cutouts upon the flow rate curves is clear when observing 533 

the flow rate trends in Fig. 10: the flow rate increases with a parabolic trend due to the increasing 534 

circumferential extension of the cylindrical grooves, up to a displacement equal to about 40% of the 535 

maximum opening degree. When this spool position is reached, the conical cutout is uncovered and 536 

the flow rate curve becomes linear and steep, since the oil can flow through the entire 537 

circumference of the spool and the flow area increases linearly with the spool displacement. 538 

It should be noted that the flow rate registered at 80 bar is higher than the flow rate registered at 539 

70 bar for a fixed value of the spool position; in fact, using equation 5, one obtains that the ratio of 540 

the flow rates ( 𝑚̅̇/𝑚̇) is equal to the ratio of the pressure drops (𝛥𝑝𝑣
̅̅ ̅̅ ̅/𝛥𝑝𝑣)  541 

𝑚̅̇

𝑚̇
 =√

𝛥𝑝𝑣̅̅ ̅̅ ̅

𝛥𝑝𝑣
 

(8) 

Figure 11 shows the actuation force as a function of the spool position for both spools (at the left of 542 

Fig.11) and the actuation force as a function of the flow rate (at the right of Fig.11). These curves 543 

refer to the test performed with the pressure drop P-T being maintained equal to 70 bar. It is 544 

noteworthy that, despite the identical flow rate trends (see Fig. 10), the actuation force required to 545 

move the optimized sliding spool is remarkably lower than that required to move the commercial 546 

spool. The difference is null at the small openings and increases with the increasing opening degree, 547 

with the maximum difference (approx. 12%) occurring at the maximum opening. These curves 548 

confirm that the optimized surfaces are ineffective at the small openings and are beneficial at the 549 

large openings, with the beneficial effect increasing with the increasing opening degree.   550 



The graph at the right of Figure 11 shows that, as expected, the actuation force increases with the 551 

increasing flow rate for both spools; however, the slope of the new actuation force is remarkably 552 

lower than the commercial one. As a result, the maximum actuation force required in the new spool 553 

configuration (12.5 daN) is capable of producing a mass flow rate of 1.75 kg/s and an opening degree 554 

of 100%, whereas the same force level can produce a mass flow rate of only approx. 1.46 kg/s and 555 

an opening degree of 84% in the commercial configuration. These results are noteworthy, as the 556 

flow rate difference is of the order of 15%, and confirm the results provided by the first step test 557 

(see the graph at the top left of Fig. 9). 558 

    559 

Figure 10 – Flow rate vs spool position (left: pressure drop=70 bar; right: pressure drop=80 bar): 560 

comparison between the optimized spool (red curve) and the commercial spool (blue curve) 561 

 562 
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 564 

Figure 11– Actuation force vs spool position (left) and actuation force vs flow rate (right) for a 565 

pressure drop of 70 bar:  comparison between the optimized spool (red curve) and the commercial 566 

spool (blue curve) 567 

Figure 12 shows the comparison between the actuation forces required by the optimized spool (red 568 

curves) and the commercial one (blue curves) for a fixed pressure drop equal to 80 bar. The 569 

comparison performed at 80 bar gave the same results as those achieved at 70 bar; in fact, the 570 

actuation force curves retrieved at 80 bar confirm the large actuation force reduction achieved with 571 

the new spool. Figure 12 shows that the maximum actuation force registered with the optimized 572 

spool is equal to 13.2 daN; this force level can determine an opening degree of only approx. 83% 573 

when the commercial spool is used, confirming the results presented so far. Figure 12 also confirms 574 

that the new spool profile, compared to the commercial one, remarkably lowers the slope of the 575 

actuation force as a function of the volumetric flow rate. In this case, the maximum actuation force 576 

measured with the new spool configuration (13.2 daN) is capable of achieving a mass flow rate of 577 

about 1.84 kg/s, whereas the same force level can produce a mass flow rate of only about 1.55 kg/s 578 

in the commercial configuration. Again, the improvement is noteworthy, as the flow rate difference 579 

is greater than 15%.  580 
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 581 

Figure 12– Actuation force vs spool position (left) and actuation force vs flow rate (right) for a 582 

pressure drop of 80 bar:  comparison between the optimized spool (red curve) and the commercial 583 

spool (blue curve) 584 

Table 2 reports the comparison between the experimental actuation forces and the numerical ones, 585 

with the latter having been achieved by summing the elastic forces of the centering springs and the 586 

flow forces predicted by the CFD model described in [24] and implemented into the optimization 587 

process [27]. The numerical model seems to slightly under-estimate the flow force reduction in 588 

comparison with the experimental data; this under-estimation results from the difference existing 589 

between the numerical data and the experimental predictions, which is of the order of 4÷5%, as 590 

also shown in [20].  591 

The values chosen and reported in Table 2 regard the opening degree corresponding to a spool 592 

travel of 2.55 mm, which is the same opening degree employed in the optimization process [26]. To 593 

allow the comparison between the experimental results and the numerical ones, in the simulations 594 

the pressure drop P-T was set to 70 bar, while the pressure drop B-A (due to the gear flow meter – 595 

n. 2 in figure 7) was reproduced by means of the pressure jump condition [24].  596 
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  Commercial spool 

(N) 

Optimized spool 

(N) 

Percentage 

improvement 

Experimental actuation force 137.0 121.1 11.6% 

Numerical actuation force 
(single phase model) 

132.5 123.0 7.2% 

 598 

Table 2- Comparison between the numerical actuation forces and the experimental ones (opening 599 

degree = 2.55 mm) 600 

4. Conclusion 601 

This paper has presented the experimental comparison between a commercial sliding spool and an 602 

improved one, which was designed using new spool profiles that allow the flow force and hence the 603 

actuation force to be reduced. The difference between the new spool and the commercial one is 604 

that the new compensation profile and the new lateral conical surfaces of the spool allow increasing 605 

the axial velocity at the inlet of the metering chamber P-B and at the outlet of the metering chamber 606 

A-T, which in turn allow decreasing the flow force according to the momentum equation. The new 607 

spool was designed by maintaining the same metering characteristics, in order not to change the 608 

flow rate trend vs the spool position. The new design concept has general validity and can be applied 609 

to any four way three position direct operated proportional directional valve, considering that very 610 

similar architectures for these valves are used by manufacturers.  611 

In order to perform the experimental comparison between the commercial spool design and the 612 

proposed one, the commercial valve body was inserted in a hydraulic circuit, which was made up of 613 

a pump, an accumulator, a proportional pressure relief valve, four pressure transducers and a flow 614 

meter. Two typologies of experimental tests were carried out: the first one consisted in moving the 615 

spool by means of the electronic driver provided by the manufacturer, whereas the second test 616 

typology consisted in using a manual actuation system that allowed the actuation force to be 617 

accurately measured by a load cell. 618 



The first test typology was instrumental in recognizing which spool reached the largest opening 619 

degree for a fixed value of the control signal and pressure drop. The step tests showed that the new 620 

spool is capable of reaching remarkably higher axial positions, evidencing that the potential of the 621 

valve is enhanced by the new spool profile. 622 

The second test typology was instrumental in retrieving the flow rate vs the spool position, the 623 

actuation force vs the spool position and the actuation force vs the flow rate for both spools. These 624 

curves were retrieved for fixed and very high pressure drops (namely 70 and 80 bar). The 625 

comparison between the experimental curves of the new spool and those of the commercial one 626 

reveals that the flow rate is identical in both cases, whereas the actuation force required to move 627 

the new spool is remarkably lower than that required by the commercial one, with the actuation 628 

force difference being greater than 10% at the maximum opening. Moreover, for a fixed actuation 629 

force level, the maximum difference in terms of flow rate is greater than 15%. 630 
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