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Abstract

The present article compares the Proportional Directional Control Valve (PDCV) and Orbitrol Valve
coupled to the steering system of the articulated steered vehicles. Simulation models of both the PDCV
and orbitrol valve coupled steering systems are developed in a MATLAB environment, and results
are well-validated with the experimental data. Comparison analysis has been performed between
the PDCV and orbitrol valve-controlled steering system by controlling the desired position demand
using a conventional PID controller. From the comparative study, it is observed that the orbitrol valve
provides almost 50% energy reduction compared to PDCV, but the valve response is low compared to
PDCV. Moreover, the steering response provided by the orbitrol valve is quite enough for performing
steering operations in mining conditions. Overall, the orbitrol valve offers more efficient and smooth
steering than the PDCV valve. The future work of the present study extends to the development of
autonomous steering operation using an orbitrol valve-operated articulated steering system.

Keywords: articulated steering system; orbitrol valve; PDCV; steering response; energy comparison

1. Introduction

Steering in articulated vehicles, such as wheel loaders, mining trucks, and agricultural machinery,
plays a critical role in determining maneuverability, responsiveness, and energy efficiency. These
systems typically use hydraulic actuation due to their capability to handle high loads with precision
and robustness. In such systems, the steering valve is a vital component that regulates the direction and
magnitude of hydraulic fluid flow into the steering cylinders, thereby controlling articulation between
the front and rear sections of the vehicle. Two prominent steering valves employed in Articulated
Steering Systems (ASS) are the Proportional Directional Control Valve (PDCV) and the Orbitrol Valve.

The most fundamental operation of the steering valve is to control the flow and direction of the
fluid flow entering into the steering cylinder of the articulated vehicles. The major steering valves
deployed in the articulated steering system (ASS) are Proportional Direction Control Valve (PDCV)
and Orbitrol Valve. PDCV can be employed on different applications depending on its position and the
number of ports connected inside the valve. PDCV is widely used in various applications like lifting
an arm or boom in the hydraulic excavator, steering, and other static or mobile hydraulic systems.

A significant number of literature is available on the modeling and control of PDCV ap-
plications. Experimental system identification and black-box modeling of the PDCV is made
by [1]. Detailed mathematical modeling and analysis of a non-linear dynamic model of PDCV are
studied by [2,3], respectively.

Quan et al. [4] designed a new kind of PDCV with an internal flow feedback system and in-
vestigated the static and dynamic performance analysis of the proposed valve. [5] worked on a full
and reduced-order model for the position control of the hydraulic cylinder. The entire order model
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considers fast valve-spool dynamics, non-linearities inherent for the orifice flow, etc. In comparison, the
reduced-order neglects the valve-spool dynamics and simplifies the orifice non-linearity factors with
cylinder velocity or position as output. The modeling of valve-spool dynamics and effect of orifice area
along with the non-linear performance in current-force—-displacement of the double solenoid-operated
PDCYV is given by [6]. With respect to its applicability in automotive applications, [7] investigated
the PDCV performance using parameters like winding current, flux linkage, EMF response, etc. The
authors prescribed its usage in automotive applications based on the obtained response characteristics.
For improving the dynamic response characteristic and tracking, accuracy pilot-operated two-stage
PDCYV is proposed by [8]. Due to its proposed structure, the influence of the dead-zone and damping
effect is lightened, which results in significant improvement of bandwidth range and accuracy in
tracking results of the proposed valve. [9] also worked on the effect of cascade dead zones of PDCYV,
and a compensation analysis method has been provided for better tracking performance. [10], using
the design of PID and feedforward control algorithms, the effect of dead zones and the tracking
performance of the PDCV has been improved. Referring to different applications of PDCV, [11]
experimentally investigated the dynamic analysis of hydrostatic drive system controlled through
the proportional valve. The speed and direction of the bent-axis hydromotor are controlled through
variable flow supplied by the PDCV. In contrast, [12] designed the integrated PDCV for the automatic
steering system of the tractor. The valve performs well based on the experimental results, referring to
the tracing and quick response characteristics.

On the other hand, the orbitrol valve has been designed and extensively used for steering
operation. In most cases, orbitrol valve is referred as steering control unit (SCU). It consists of a
rotary unit (Spool and Sleeve) and gerotor unit, which decides the direction and amount of fluid
flow coming out of the valve, respectively. [13], in their literary work, discussed the construction and
working mechanism of the orbitrol valve. Further, [14] extended their work on the orbitrol valve
mechanism. They studied the flow variation with the spool angular moment using the validated
model developed in the AMEsim environment. Steady-state analysis, dynamic analysis, response, and
control performance using different control algorithms of the orbitrol valve-driven articulated steering
system are performed by the authors of the current article. [15] compared different steering systems
(hydraulic, electro-hydraulic, and electric power steering systems) concerning energy consumption
and energy efficiency analysis. At the same time, [16] compared the energy efficiency analysis of
the conventional hydraulic steering system of the articulated vehicle with the novel displacement
controlled (DC) steering system. Based on the results, the proposed DC steering system is energy
efficient compared to the conventional articulated steering system.

From the above literature, the literary works on the orbitrol valve steering system are scant, and
comparison studies have not been found. Hence, a comparison of PDCV vs. Orbitrol valve operated
ASS in the aspects of energy efficiency and the response of the steering valve has been carried out,
which is the novelty of the current article. For this, PDCV and orbitrol valve-controlled articulated
steering systems developed are discussed in the next subsequent section.

To extend the scope, recent research has focused on enhancing orbitrol valves for semi-
autonomous and hybrid steering systems. [17] developed a Stepper-Motor Driven Orbitrol Valve
(SMDOV) and applied PID, MPC, and cascade PID controllers. The cascade PID achieved just 3%
tracking error, making the design promising for autonomous applications. Similarly, hybrid steering
systems combining Electro-Hydrostatic Actuators (EHAs) with orbitrol valves have been proven
to significantly improve redundancy and reduce energy consumption. The work by [18] validated
such a hybrid setup for improved reliability and control under off-road conditions. Energy-efficient
steering strategies such as the PVPA-EHSS [19] and brake-actuated steering systems [20] have reported
over 70-80% reduction in energy usage, further strengthening the argument for low-power steering
alternatives in mobile machinery.

The present article compares the Proportional Directional Control Valve (PDCV) and Orbitrol
Valve coupled to the steering system of articulated vehicles. Simulation models of both steering
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valves are developed in MATLAB and validated using experimental data. A comparative study is
conducted using a conventional PID controller to track steering position demands. The results indicate
that while PDCV provides faster response and sharper tracking, the orbitrol valve offers nearly 50%
energy savings. Despite slower response, the orbitrol valve delivers sufficient steering performance for
demanding environments such as mining. This study thus provides insight into the trade-offs between
energy efficiency and response performance in valve-controlled ASS, laying the groundwork for future
developments in autonomous orbitrol valve-based steering systems.

2. System Description

In an articulated steering system, the steering cylinders are placed between the two rigid bodies
of the vehicle symmetrically and one on each side of the articulated joint. The hydraulic arrangement
is made such that if one steering cylinder extends, the other will retract about the articulated joint
causing the steering effect. The mechanical arrangements of the steering cylinders in an articulated
vehicle, such as a Load Haul Dump (LHD) machine, are shown in Figure 1.

(a) Neutral case (b) Having right turn

Figure 1. Steering cylinder arrangement for an articulated vehicle (a) Neutral case, (b) When turned right side.

To investigate the energy efficiency and response characteristic of both the steering valves, i.e.,
PDCYV and orbitrol valve, a test rig is designed with one steering cylinder, where the steering valves
control the speed /position of the steering cylinder. The steering load is adjusted by the viscous-inertial
loading arrangements. The pictorial view of the fabricated test rig is shown in Figure 2, and the
corresponding hydraulic circuits of both the steering systems and the controller are shown in Figure
3. (Note: steering cylinder is operated using only one steering valve at a time, i.e., if orbitrol valve is
functional, then PDCV will not be in operation).
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Figure 2. Experimental test rig.
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Figure 3. Hydraulic circuit diagram of the experimental test rig.

2.1. Functioning of the Test Rig

The test rig consists of a fixed displacement main pump with an almost constant volume flow rate
of 20 Ipm, which drives the steering cylinder during its extension or retraction (left or right turning).
The supply line from the pump is connected to either PDCV or Orbitrol valve (only one at a time),
facilitated by the valve manifold, as shown in Figure 3. The steering cylinder’s extension/retraction
velocity is controlled through operations of the steering valve (orbitrol or PDCV). The inertial load on
the steering cylinder is varied by increasing or decreasing the number of deadweight blocks on the
frictionless trolley. In contrast, the resistive/ viscous loading is adjusted by changing the set pressure
of the PRV1 or PRV2 during retraction or extension of the load cylinder, respectively. The loading
pump acts as a boost pump to the low-pressure chamber of the loading cylinder. The PRVs in the main
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pump and the loading pump are used as a safety valve to prevent the system from over-pressurization.
The pressure transducers (P1, P2, P3, P4, and Ps), flow sensors (F1 and F2), and the load sensor record
the operating parameters for detailed analysis. The specification details about the sensors used are
listed in Appendix I.

2.1.1. While Operaing with PDCV

The main flow from the pump is fed to the P-port of the 4-way, 3-position solenoid spring return
PDCV. The spool inside the DCV is proportionally moving depending on the solenoid actuation. The
input voltage signal required for the actuation of the solenoid is £12V. Depending on the voltage
obtained at the PDCV for solenoid actuation, the variation in flow is obtained. This regulated flow is
fed to the steering cylinder for the steering operation of the articulated vehicle.

2.1.2. While Operating with Orbitrol Valve

The orbitrol valve is generally connected to the steering wheel through the steering column
for manual input. But for the experimentation purpose, constant steering rate inputs are required.
Hence, the stepper motor is connected to the steering column through chain-sprocket linkage to
provide different steering rate inputs with different steps. For the actuation of the stepper motor,
PWM signals are fed to the stepper driver. PWM signals with different frequency values result in
different steering rate inputs and, in turn, regulate the flow coming out of the valve. Therefore, for the
controlled extension/retraction of the steering cylinder, PWM signals with different frequency values
are used as input.

2.2. Experimentation Procedure

For experimentation purposes, the hydraulic system consisting of steering valves, hydraulic
cylinder, loading cylinder, and pressure relief valve (PRV) is interfaced with the developed controller
on MATLAB platform through dSPACE controller (MicroLab box RT1202) board. The LVDT sensor
fitted with the steering cylinder gives the feedback signal of the cylinder position using Analog to
Digital Converter (ADC) pins, which are used to estimate the difference between the demand position
and actual position, designated as position error. The position error is input for the conventional PID
controller to minimize the error by regulating the steering valve’s flow (PDCV or Orbitrol valve). In
the case of the orbitrol valve, the PID controller sends the required PWM frequency signals ranging
from 250Hz to 400Hz to control the stepper motor’s angular speed. Using the demand position, the
direction of the stepper motor is controlled, i.e., if the derivative of the demand value is greater than or
equal to zero, it will rotate in one direction; else, it will turn in another direction. Fig. 4 depicts the
control algorithm for the orbitrol valve operated ASS. While in the case of PDCV, the moment of the
valve-spool is proportionally varied by varying the voltage signal ranging from +12V to -12V induced
at the solenoid through DAC pins of the dSPACE controller board. From the calculated position
error, the PID controller sends the required voltage to the PDCV for the extension/retraction of the
steering cylinder. The simulation models of both the steering systems considered are developed in the
MATLAB Simulink environment, explained in the subsequent section.

3. Mathematical Modeling and Development of Simulation Model

The mathematical modeling of hydraulic steering circuits using PDCV and orbitrol steering valves
and its development of simulation model in MATLAB is discussed in this section.

3.0.1. Equations for PDCV Valve
The equation for the pump flow is given by Equation (1).

V dP,

Qs = Dpwp_EE_Qpl 1)
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Displacement of the pump is considered constant and rotating at constant angular speed. Q, rep-
resents the leakage losses occurring at the pump, which is not the point of concern for the current
analysis. The flow coming out the PDCV is given by the Equation (2).

()

Qhigh = CapA

Cdp is the discharge coefficient, and "A’ is the area of the orifice, varying proportionally with the voltage
induced at the solenoid of the PDCV.

3.0.2. Equations for Orbitrol Valve

The pump flow (Qs) is supplied to the spool-sleeve section of the orbitrol valve, where the priority
volume flow to the metering unit Qp; and bypass flow to the tank is controlled by the rotation angle
of the steering column. The flow distribution of the pump supply in the orbitrol valve spool-sleeve
assembly is expressed by Equation (3).

V dPy

Qs =Qm+ (ﬁ(ﬁ) +Qr 3)

Flow through the metering unit of the orbitrol valve (Figure 1) is expressed by Equation (4).

Qm = Dywy (4)

where, D, is the displacement of the orbitrol valve and wy is the rotational speed of the steering
column. Flow rate from orbitrol valve to the tank depends on angular opening between the supply and
the tank lines controlled by the angular position of the steering column and the differential pressure
across it, which is expressed as Equation (5).

Z(PS_PT)

5
p )

Qr = C4A(0)
The said flow is dependent on the angular opening between the supply and the tank lines controlled
by the angular position of the steering column. Fluid flow coming out of the orbitrol valve may be
expressed as Equation (6).

V dPy;
Quigh = Dowo - <ﬁ ;ﬂ) - Qu ®)

Where the third term represents the compressible flow loss inside the steering valve unit, and the Qvl
indicates the leakage flow in the steering/orbitrol valve. The equation for the steady-state leakage in
the steering valve is expressed as Equation (7).

Ps — Ppign

R, (7)

Qu =

where, Rvl signifies the leakage resistance, estimated empirically through test-data using Equations (4) and (5).

3.0.3. Equations for Steering Cylinder Unit

Fluid flow rate entering into the steering cylinder (high-pressure chamber) during extension may
be expressed by Equation (8).

dx <VC dphigh) Phigh — Prow ®)

Qnigh = AE + B dt R,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In the above equation, the second term represents the extension velocity of the steering cylinder; the
third term represents the compressible flow loss in the cylinder plenum (higher pressure side); the
last term indicates the cross-port internal leakage of the cylinder. Fluid flow rate coming out of the
steering cylinder (low-pressure chamber) during extension may be expressed as Equation (9).

dj Edplow + Phigh — Prow
dt B dt Ry

where the second term represents the extension velocity of the steering cylinder with respect to the rod

Qlow = (A - Ll) ©9)

end side variable, the third term represents the compressible volume flow rate in the cylinder plenum
(low-pressure side during extension); and the last term indicates the leakage flow rate added to the
low-pressure side chamber. The effective force generated during the extension of the steering cylinder
is given by Equation (10).

do

|PuignA = Pro(A = )| = Beo 4+ Fop + M

+ Fiond (10)
The first term on the right-hand side of Equation (10) represents the resistive damping force; the second
term indicates the resistive frictional force; the third term defines the inertial load, and the last term
indicates the resistive viscous load acting on the steering cylinder during extension. The viscous load is
applied through the loading cylinder arrangement, as shown in Figure 1. Fluid flow rate entering into
the steering cylinder (high-pressure chamber) during its retraction may be expressed as Equation (11).

dx <VC dphigh) Prigh — Piow 1)

Quign = (A —a)7 + Bt R
C

The second term in the Equation (11) represents the steering cylinder’s retraction velocity, the third
term represents the compressible flow loss in the cylinder plenum (high-pressure side); and the last
term indicates the cylinder’s internal leakage. Fluid flow rate coming out of the steering cylinder
(low-pressure chamber) during retraction may be expressed as Equation (12).

dx Ve dPyy Phigh — Prow
=(A) =+ (-2
Qlow ( )dt + ( ‘B dt Rcl

where the second term represents the retraction velocity of the steering cylinder with respect to the

(12)

piston end side variable; the third term represents the compressible volume flow rate in the cylinder
plenum (low-pressure side during retraction), and the last term indicates the leakage flow rate added to
the low-pressure side chamber. The effective force generated during retraction of the steering cylinder
may be expressed as Equation (13).

do

[Phigh(A - LI) - PlowA} = Bo+ Fcf +Mdt

+ Fload (13)
The first term on the right-hand side of Equation (11) represents the resistive damping force; the
second term indicates the resistive frictional force; the third term defines the inertial load, and the last
term indicates the viscous load on the steering cylinder during retraction. The viscous load is applied
through the loading cylinder arrangement as explained in Equation (7).

3.0.4. Equations for the Loading unit
Resistive-viscous force generated by loading cylinder during extension retraction of steering

cylinder (Figure 3) may be expressed as Equations (14) and (15).

d>x
Fload(EXt) = Pprle - Pboost(A - a) + B+ Fcf + MZWFload (14)
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Fload(REt) = Pper(A - lZ) - Pboost(A) +Bjv+ Fcf + Mlﬁ (15)

Based on the above equations, the transfer function of the SMDOV and PDCV steering system is given
by Equations (16) and (17), respectively.

x(s) 9.07
f(s)  s%(0.0355 + 1) * (s2 + 10464s + 106929)
for =16
x(s) 9.07 (16)
f(s) 5% (0.035s + 1) * (s2 + 26165 + 106929)
forl =4
x(s) 4.95¢4
E(s) s (s2+ 10464s + 106929)
for =16
x(s) 4.95¢4 a7
E(s)  sx*(s2+4 26165+ 106929)
for =4

Based on the above-discussed equations, the simulation model for PDCV controlled ASS and
Stepper motor Driven orbitrol valve (SMDOV) ASS are shown in Figures 4 and 5, respectively. Referring
to Figure 4, closed-loop simulation of PDCV steering system with conventional PID controller has
been developed in MATLAB Simulink environment. The hydraulic pump, assuming constant speed
source, has generated flow to the PDCV. From PDCYV, flow has fed to the steering cylinder depending
on the signal input given to the PDCV from the PID controller. the output of the steering cylinder is
either velocity or position of the steering system. Feedback of the position signal is taken and using the
reference signal, error has been calculated and is given to the PID controller. Based on the PID gains,
output of the PID controller signal is given to the PDCV. The transfer function of the PDCV system is

given by Equation (17).
PDCV
P
. A—B
iignald PID Controller
T
¥ PIDG) L g
s B —A
Demand —L—ppi Signal
P—l i 0 1b—»> lLoad
—{Speed
T e —
! l Load Steering Cylinder
Speed|— Pump [
| g PRV
Constant Velocity Source

Figure 4. Simulation model of the position control of the PDCV operated ASS.

For the closed-loop SMDOV system, input is the PWM frequency f(s), and based on the input
required steering rate is generated at the SCU subsystem. Depending on the steering rate, allows
the pressurized fluid going to the steering cylinder through the steering valve. The position output
of the steering cylinder is taken as feedback and based on the desired input error signal has been
calculated. The calculated error signal is fed to the PID controller, based on the PID gains desired
PWM frequency has been generated which in turn regulates the steering rate and flow entering into
the steering cylinder.
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Figure 5. Simulation model of position control of the SMDOV operated ASS.

4. Results and Discussions

The aforementioned simulation models are compared with the experimental test rig in open-loop
conditions for validation purposes. The simulation model is developed by finding the unknown
parameters of the steering valves (PDCV and Orbitrol both) like leakage coefficient, area, and damping
coefficient of the steering cylinder by performing numerous repetitive operations of the test-rig
different loading conditions varying from 15kN to 35kN with an interval of 5kN. Among the different
cases considered, the simulation results are compared with the experimental results in the case of
maximum loading. Steering valve flow characteristics are not focused as it is not the main objective of
the manuscript.

4.1. Validation of PDCV model

The input signal for the PDCV ranges from +12V to -12V. The position of the steering cylinder,
pressure across different lines, and flow entering into the steering cylinder has been discussed below.

4.1.1. Position of the Steering Cylinder

The extension and retraction of the steering cylinder using PDCV are shown in Figure 6 for the
case of 35kN external load. Simulation results are closely matching with experimental ones. Extension
of the steering cylinder occurs from time t = 2s to 11s (approx.) and dwell time of 5s, and retraction
starts from time t=16s to 23s (approx.). From the comparative study, it is observed that simulation
results closely match with the experimental ones with variation 2 -3 % of the difference in position of
the steering cylinder. The variation of pressure across different hoses and flow variation corresponding
to the cylinder position are shown below in Figures 7 and 8, respectively.
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Figure 6. Position of the steering cylinder controlled through PDCV in Open-loop condition.

4.1.2. Pressure across different Lines

Pressure variation across different lines, i.e., supply line, bore side, and rod side corresponding to
the position of the steering cylinder, is shown in Figure 7. The supply line (red color) pressure is always
at the maximum set pressure of PRV, i.e.150 bar (approx.). Bore side pressure of the steering cylinder is
shown in with the blue colored line, and rod side pressure is shown in pink color, respectively. The
relative difference between simulation and experimental values of the pressures vary in the range of 2
-3 bar. Hence, the simulated model is closely matched with the experimental ones.
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Figure 7. Pressures across different hoses of the PDCV controlled steering system for the considered case.

4.1.3. Flow entering into the Steering Cylinder

Flow entering into the steering cylinder, i.e., bore side flow while extending and rod side flow
while retraction of the steering cylinder is shown in Figure 8. At the dwell time, the flow is reduced to
zero, a whole flow coming out of the hydraulic pump passes through PRV. From the comparative study,
it is observed that the experimental values of the flow are slightly less compared to the simulation
values. This is may be because of the unaccounted fluid flow losses while performing the experiments.
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Figure 8. Pressures across different hoses of the PDCV controlled steering system for the considered case.

4.2. Validation of Orbitol model

Different cases are considered by varying input frequency range (250Hz to 400Hz) and external
load (15kN to 35kN) acting for the development of the simulation model. The results of the case with
maximum input varying parameters (i.e., 400Hz and 35kN) are shown and discussed below.

4.2.1. Position of the Steering Cylinder

In the open-loop condition, the extension and retraction of the position of the steering cylinder
using the orbitrol valve are shown in Figure 9. Simulation results closely match the experimental
results with a maximum difference of 3% in response to the position of the steering cylinder.

0.35 Dwell

0.30

0.25-  Extension Retraction

T L Simulation
oA 1 Experimental
0.15 A
0.10
0.05
0.00 T T T T 1
0 5 10 15 20 25

Time (s)

Figure 9. Position of the steering cylinder operated using Orbitrol valve in Open-loop condition.

4.2.2. Pressure Across Different Lines

Pressure variation across different lines, i.e., supply line, bore side, and rod side corresponding to
the position of the steering cylinder, is shown in Figure 10. Unlike for the PDCV valve, the steering
pressure in the supply line at the dwell time of the steering cylinder position is slightly above the
atmospheric pressure. This is because there is no steering input in the dwell condition. As there
is no steering input, the flow from the pump is directly diverted into the tank through the orbitrol
valve. This is the significant difference provided by the orbitrol valve compared to PDCV. Supply line
pressure bore side pressure and rod side pressures are indicated with red, blue, and magenta lines of
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color, respectively. A maximum difference of 3 bar pressure is observed from the comparative study
between simulation and experimental results.
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Figure 10. Pressures across different orbitrol valve-controlled steering system hoses for the considered case.

4.2.3. Flow Entering Into the Steering Cylinder

Flow entering into the steering cylinder, i.e., bore side flow while extending and rod side flow
while retraction of the steering cylinder is shown in Figure 11. As earlier said, there is no steering input
at the dwell time. Hence, there is no flow entering into the steering cylinder. From the figure, it can be
observed that the simulation results are closely matching with the experimental values.
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Time(s)

Figure 11. Flow entering into the steering cylinder for the extension and retraction of the considered case.

5. Comparison Analysis of PDCV and Orbitrol Valve
5.1. Estimation of the Demand Position

In the underground mines, the route splitting pattern is right-angled. To achieve the required
steering by the vehicle operating in the constrained gallery of the underground mines, the steering
angle must vary from 0 to +450. Based on the path profile having a right-angle turn at the diversion,
the desired profile of steering angle (x) and the demand position of steering cylinder are evaluated on
MSC Adams 2019®, which is shown in Figure 1 (a).

The CAD model of the LHD machine is imported into the MSC ADAMS environment, and the
steering command for the right angle turn is given to the machine. Based on the steering command,
the position of the steering cylinder and the corresponding variation of the steering angle is obtained
from the simulation results of the MSC ADAMS model.
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Position control of the steering cylinder, pressure variation, and hydraulic power calculation for
the operation of the steering system using both PDCV and Orbitrol valve are discussed in the following
subsection.
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Figure 12. Steering angle and steering cylinder position profile vs. time.

5.2. Comparison Analysis

Considering the demand position discussed in Section 5, position control of the steering cylinder
using both PDCV and Orbitrol valve is achieved. The performance, pressure variation, and power
calculations are compared using the experimental results.

5.2.1. Step Response

For the step input of 0.3m steering cylinder position, the step responses of the PDCV system and
SMDOV system for the extreme damping ratio values of the system has shown in Figure 13. The time
constant for the step response of the PDCV system is 0.2547s and for the SMDOV steering system, is
0.4767s, respectively.
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Figure 13. Step response comparison of PDCV vs SMDOV steering system.

5.2.2. Comparison of Steering Cylinder Position

Demand position of the steering cylinder and the position tracking response using PDCV and
orbitrol valve is shown in Figure 14 with black, green, and red color, respectively. From the comparative
study, it is observed that position tracking results are more accurate using PDCV when compared
with orbitrol valve response. The steering response of the PDCV is also higher than the orbitrol
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valve steering response. This is because of the difference in pressure across the valve. The higher the
difference in pressure higher will be the steering response. Hence, overall, PDCV offers better tracking
results and steering responses when compared to the orbitrol valve steering system.

0.35 4

Demand
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Figure 14. Steering cylinder position comparison of PDCV and Orbitrol Valve.

5.2.3. Comparison of Supply Pressure and Working Pressure

For the considered position tracking control, the variation of pressure in the supply line and
pressure working against the load is shown in Figure 15 (a) and (b), respectively. The supply pressure
for PDCV is almost near 150bar irrespective of the situation whereas, the supply pressure for the orbitrol
valve is 90bar and 110bar approximately for the cylinder extension and retraction case, respectively.
By observing Figure 14 (b), the working pressures of the PDCV and orbitrol valve have a difference in
the range of 10 to 15 bar for the full extension and retraction cycle.

160 150
1407 PDCV
120 - 1 Orbitrol 1204
100 90 rb-.m—f—.
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= 80+ =
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" 60 o F 607
40 304 ———PDCV
20 Orbitrol
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Figure 15. Pressure variation of PDCV and Orbitrol valve (a) Supply Pressure;(b) working pressure(pressure

against a load).

5.2.4. Energy Comparison

Using the pressure and flow passing through the line, the energy required is calculated for the
supply line and the working line, shown in Figure 16 (a) and (b), respectively. From Figure 16 (a), the
area below the black color curve represents the energy consumed/required by the PDCV steering unit.
The area inside the red color curve represents the energy consumed by the orbitrol valve steering unit
for the same operation. Energy consumed by the PDCV supply pressure is 127.67k], while the orbitrol

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0736.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 July 2025

d0i:10.20944/preprints202507.0736.v1

150f 19

valve circuits consume 59.7k]. The difference in energy which is 67k]J of energy can be saved by using
the orbitrol valve steering system for the case considered, i.e., approximately 52% of energy can be
reduced by operating with the orbitrol valve steering system.
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Figure 16. Pressure variation of PDCV and Orbitrol valve (a) Supply Pressure;(b) working pressure(pressure
against a load).

From Figure 16 (b), it can be observed that energy consumed by the working line for the entire
cycle of PDCV and orbitrol valve is 17.5 and 14.5, respectively. This means approximately 3k]J of energy
is saved on the working side of the steering cylinder. From both the figures, it is evident that the
orbitrol valve steering system proved to be the energy-efficient one compared to the PDCV steering
system. In general, the differences between PDCV and orbitrol valve by considering different factors
are mentioned in Table 1.

Table 1. This is a table caption. Tables should be placed in the main text near to the first time they are cited.

PDCV

As the valve operates at
high-pressure differences, the
response of the valve is also
relatively higher

Factors SMDOV

Do not have a high response
but enough for articulated
steering purposes

Steering Response

Pressure losses only when
there is steering input, and it

Pressure losses are high. So, also provides a tandem sort of

Energy Efficient - arrangement when there is no
not an energy-efficient one o .
steering input. Hence, it saves
a lot of energy and is an
efficient one
Cost Quite High Not Costlier
Easy for automation Not easy for the automation of
Ease of usage - .
applications the steering system
Design Relatively less complex Design is quite complex
. It is operated by supplying a Manual Operated using
Mode of Operation voltage source of +12V Steering Wheel
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6. Discussion

Authors should discuss the results and how they can be interpreted from the perspective of
previous studies and of the working hypotheses. The findings and their implications should be
discussed in the broadest context possible. Future research directions may also be highlighted.

7. Conclusions and Future Scope

The present article is focused on the comparative analysis of PDCV and orbitrol steering valves
with respect to response and energy efficiency factors. Mathematical modeling of the PDCV operated
articulated steering systems PDCV and orbitrol valve-operated system is developed in MATLAB
environment based on the experimental results. Demand position for the right angle turn is calculated
using the ADAMS simulation model, and position control of the steering cylinder is achieved using
conventional PID control for both the steering systems considered. The comparative results show that
the PDCV controlled steering system’s response is 1.01s whereas, for the SMDOV system, the steering
response is 1.9068s. While in the energy efficient aspect, the orbitrol valve steering system proved
quite an efficient one compared to the PDCV steering system, which saves almost 50% of the energy
consumed by the PDCV operated steering system. For the articulated off-road vehicles, the manual
steering operation’s response time (7) lies in the range of 0.02 — 0.48s [21], which is quite possible with
the orbitrol valve-operated articulated steering system. Hence, the orbitrol valve-operated articulated
steering system proves to be quite an efficient one compared to the PDCV operated articulated steering
system. Further to extend the current research topic, different hydraulic circuits can be developed
so that pressure lines need to be always at the maximum set pressure of the system. For the orbitrol
steering system, different mechanisms need to be developed for enhancing the steering response,
and mechanisms need to be evolved to develop autonomous steering operations, which can be the
potential future scope of work for the current article.
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Appendix A
Table Al. Details of the sensors used for the proposed system.

Type of the Sensors Specific Details

Load Sensor Load Range: 0 — 125 kN
Output signal range: 0-10 V

Pressure Transducer Pressure Range: 0-160 bar
Output signal: 4-20 mA

Flow Sensor Flow rate range: 0-30 Lpm

Output signal: 4-20 mA

Linear Variable Differential Transformer Output signal range: 0-5V

(LVDT)
Data Logger HYDAC HMG 3000 model
Table A2. Details of the components used for the proposed system.
Type of the Sensors Specific Details
Power Pack (Electric Motor + Pump) Angular speed of electric motor — 1000 rpm
Displacement of the hydraulic pump — 20 cc/rev
Volumetric Efficiency of the Pump —0.92
Orbitrol Valve Displacement of the Valve — 200 cc/rev
Steering Cylinder Bore diameter — 85 mm
Rod diameter — 40 mm
Stroke length — 340 mm
Viscous Loading Unit Displacement of the Load pump — 12 cc/rev
Angular speed — 1500 rpm
Load Cylinder Bore diameter — 85 mm
Rod diameter — 40 mm
Stroke length — 340 mm
Hybrid Stepper Motor Maximum torque — 9 N.m
Step angle — 1.8 degrees
Flexible Hydraulic Hoses Load-bearing Capacity — 250 bar
Table A3. System Parameters and Notations.
Notation Parameter Value
- Hydraulic Oil ISO VG 68
o Fluid Density 850 kg /m?3
B Bulk Modulus 1.3 x 10 N/m?
Cy Coefficient of Discharge 0.64
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