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and Marcin Małek 2

1 Faculty of Mechanical Engineering, Military University of Technology, Kaliskiego 2, 00-908 Warsaw, Poland
2 Faculty of Civil Engineering and Geodesy, Military University of Technology, Kaliskiego 2,

00-908 Warsaw, Poland
* Correspondence: miroslaw.przybysz@wat.edu.pl; Tel.: +48-261-837-107

Abstract: One of the problems limiting the off-road mobility of multi-axle-wheeled vehicles is
a kinematic discrepancy, which increases the resistance to motion when negotiating obstacles.
This paper presents the results of research on the possibility of reducing the kinematic discrep-
ancy in vehicles with a hydrostatic drive for each wheel by the appropriate selection of hydraulic
components—hydraulic motors and flow dividers. Four different configurations of the drivetrain
were tested. They used slow-running hydraulic orbital motors and multi-piston radial motors, as
well as gear and spool flow dividers. The tests were conducted with computer simulations based on
tests that had already been performed to identify hydraulic parts. They allowed for the assessment of
the influence of the characteristics of the components and the configuration of the drive system on
the differentiation of the rotational speeds of individual wheels, slippage between the wheels and
the ground, and the developed driving torques while overcoming obstacles. These values directly
translate into the kinematic discrepancy of the system, the ability to overcome terrain obstacles, and
energy consumption.

Keywords: hydrostatic drivetrains; energy consumption; kinematic discrepancy; terrain mobility

1. Introduction

For many years, hydrostatic drives have been used to drive Earth-moving machinery
and high-mobility vehicles [1–5]. Due to their resistance to overloads, they are widely
used in equipment in which there are large and fast load changes during operation [6,7]
or there is a need to smoothly change the driving speed in the entire speed range from 0
to the maximum speed and when it is advisable to drive at speeds that creep [8]. How-
ever, it should be noted that hydrostatic drives are characterized by the fairly large in-
fluence of the structure of the system and its configuration on the total efficiency of the
drive system and the effectiveness of machines and vehicles [9,10]. Particularly notewor-
thy are mobile machines [11–13], which must efficiently carry out technological activi-
ties and independently and efficiently move around the field with the lowest possible
energy consumption.

One of the most critical factors determining the capabilities of mobile machines and
vehicles for efficient off-road movement is the ability to overcome terrain obstacles. In the
case of wheeled vehicles moving on soft terrain with low load capacity and adhesion, to
reduce skids and the probability of becoming stuck, efforts are made to ensure the high
kinematic stiffness of the drive system; there should not be a significant speed difference
between wheels. As a result, axle and inter-axle differential locks are used in the mechanical
drive systems of multi-axle vehicles [1,14,15]. For the same purpose, flow dividers are used
in hydrostatic drive systems [3,4,6]. On the other hand, the high efficiency of the driveline
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requires a similar value for the slip of all wheels relative to the ground. As a result, when
negotiating obstacles, the wheels should rotate at different rotational speeds depending
on the kinematic discrepancy [14,15]. Therefore, it is advisable to shape the kinematic
discrepancy of the drive wheels, which undoubtedly causes energy consumption during
driving. In the case of the hydrostatic drives of vehicles and multi-axle machines with
all-wheel drive, the cooperation of the drive wheels with the ground plays a particularly
important role in the context of energy consumption and their instantaneous load, which
undoubtedly affects the operating parameters and efficiency of hydraulic components [8,16]
and, consequently, the overall efficiency of the drive system and energy consumption.

Eckert et al. [17], in their work, focused on examining the possibility of using multi-
domain optimization design and power management control in hydraulic hybrid vehicles
in various configurations of the structure of the drive system. As a result of the research,
they managed to increase the range of the vehicle, but the study was limited only to
driving on a paved road. Sokar and Murrenhoff [18] conducted preliminary simulation
studies of the impact of the drive system configuration on the overall efficiency and fuel
consumption of the vehicle. The research showed the possibility of a reduction in fuel
consumption by approximately 30%, only by changing the operating parameters. However,
as in [17], they were limited to the load characteristics of the motor vehicle on firm ground.
Azzam et al. [19] demonstrated a beneficial effect on energy consumption of applications in
a hybrid hydrostatic drive system instead of the conventional variable displacement pump
or multi-piston digital pump. In a sense, this may correspond to driving over large, uneven
terrain, which periodically increases and decreases the load.

Papers [17–19] concerned mainly motor vehicles. The developed models focused
on the issues of modeling the drive systems themselves and their structures and did not
consider the interaction between the wheel and the ground. As a result, they did not take
into account the wheel slip and the existing kinematic discrepancy, the resulting changes in
driving torques and engine rotational speeds, and changes in their efficiency.

Another issue discussed in the literature is the influence of using control algorithms
on the efficiency of hydrostatic drive systems. This problem is equally as important as
the properly selected structure of the drive system. Mulders et al. [20] demonstrated the
impact of a properly selected algorithm controlling the hydrostatic drive (torque control
of the hydraulic motor) on the total efficiency of the drive system. Burgos et al. [21]
demonstrated the possibility of using the fuzzy control system to control the engine speed
in a hydrostatic transmission. The papers [20,21] were limited only to stationary hydrostatic
drives. Attempts to assess the impact of control algorithms in a mobile machine while
working in rugged terrain with the simultaneous overcoming of terrain obstacles on the
smoothness of movement, taking into account the dynamics of the machine, were made
by Zavadinka and Krissak [22]. In their research, Cook et al. [23] attempted to examine
the proposed algorithms for controlling the hydrostatic drive system on the mobility of
heavy-duty tracked vehicles through traction control based on instantaneous traction force-
slip values. A similar problem was investigated by Bodin A. [24] when moving a tracked
vehicle in the winter when it has a limited grip and cannot carry much snow.

The problems of active (with the use of control algorithms) traction force control and
the rotational speed of the wheels, discussed in [20–24], concern mainly the movement
of vehicles on flat ground. An alternative approach to increasing the off-road mobility of
all-wheel-drive machines and all-wheel-drive vehicles equipped with hydrostatic drive
systems is the use of passive wheel speed control, which does not require complex control
algorithms. This requires the introduction of flow dividers into the drive system. However,
one should be aware that introducing them into the drive system changes the overall
efficiency of the drive system, resulting in energy consumption and the kinematic stiffness
of the drive system [8,16,25], which directly translates into the kinematic discrepancy.
However, these works largely concern motor vehicles or focus on energy consumption
research only for one selected type of flow divider without a significant change in its
performance characteristics.
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Gear and spool dividers, whose working principles and characteristics differ signifi-
cantly [16,26,27], are the two most common types of dividers used in machines and vehicles
currently. The objective of this study was to determine the effect of altering the configu-
ration of the hydrostatic drive system by combining different types of flow dividers with
different types of hydrostatic motors on the energy consumption and kinematic discrepancy
of 6 × 6 all-wheel-drive multiple-axle vehicles when encountering obstacles.

2. Materials and Methods

Research on the influence of the hydraulic drivetrain configuration on kinematic dis-
crepancy and energy consumption when overcoming obstacles in a 6 × 6 all-wheel-drive
multiple-axle vehicle was conducted in a simulation environment based on a previously
developed model [16]. A co-simulation method was used to achieve a good representa-
tion of hydraulic drivetrain properties. The developed co-simulation model consisted of
two collaborative submodels—the vehicle body model and the hydraulic drivetrain model.
The first represented the mechanical structure and properties of the vehicle, and the second
represented the hydrostatic drivetrain properties. The combination of hydraulic and me-
chanical models made it possible to simulate the mutual dynamic interactions and their
impact on the efficiency of the drive system. The model was developed on the basis of an
existing 6 × 6 skid-steered, hydrostatically driven mobile robot (Figure 1).
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The robot (Figure 1) weight was approximately 4 t. It was equipped with an inde-
pendent hydropneumatic suspension, a manipulator, and a loader attachment. The robot 
hydrostatic drivetrain (Figure 2) consisted of variable displacement pumps (1, 2) and hy-
draulic motors of the left (3, 4, 5) and right side (6, 7, 8) mounted directly inside the wheels. 
They created two independent hydrostatic transmissions for the left and right sides of the 
vehicle. 

Figure 1. View of a 3D CAD model of the robot (a) and 6 × 6 robot (b) [14].

The robot (Figure 1) weight was approximately 4 t. It was equipped with an inde-
pendent hydropneumatic suspension, a manipulator, and a loader attachment. The robot
hydrostatic drivetrain (Figure 2) consisted of variable displacement pumps (1, 2) and hy-
draulic motors of the left (3, 4, 5) and right side (6, 7, 8) mounted directly inside the wheels.
They created two independent hydrostatic transmissions for the left and right sides of
the vehicle.
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Figure 2. Main elements of the 6× 6 robot hydrostatic drivetrain: 1, 2—variable displacement pumps;
3, 4, 5—robot left-side hydraulic motors; 6, 7, 8—robot right-side hydraulic motors [14].

2.1. Vehicle Body Model

A half-vehicle body model (Figure 3) was developed. It consisted of three wheels
driven by hydrostatic motors. The kinematic structure of the suspension system of the
vehicle body model reflected the kinematics of real object suspension (Figure 1). The total
mass of the vehicle body model was half the mass of the robot.
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Figure 3. Concept of half-vehicle model [14].

The half-vehicle model was developed with a multi-body method given in Adams
2014.0.1 (MSC Software Corporation). The assumed principle of the vehicle model is shown
in Figure 4, and its parameter values are presented in Table 1. The half-vehicle body
model had 3 DoF (degrees of freedom): two translational y and x and one rotational ϕ.
Suspension arms were connected (rotational) with the vehicle body at points G, H, and I.
Hydropneumatic suspension components were replaced in the model by stiffness/damping
elements with linear characteristics. These elements connected the suspension arms with
the body between pairs of points: A–D, B–E, and C–F.



Energies 2022, 15, 6397 5 of 21
Energies 2022, 15, x FOR PEER REVIEW 5 of 21 
 

 

 
Figure 4. Structure and main parameters of half-vehicle multi-body model [14]: m/I—Mass/mass 
moment of inertia of vehicle, suspension arms and wheels; M—torque, ω—rotational velocity; 
k,c—stiffness and damping; A-K—kinematic joints. 

The values of masses and mass moments of inertia of particular model parts and the 
location of the resultant vehicle center of gravity (CM) were obtained based on the 3D 
CAD (CATIA v5 version release 2016 (Dessault Systems, Dassault Systèmes, Vélizy-Vil-
lacoublay, Francia)) vehicle model and catalog data of the main robot component manu-
facturers. The holonomic constraints that were used in the vehicle model to connect its 
parts were ideal (without friction). 

Table 1. Values of main vehicle body parameters [16]. 

Type  Parameter Value  

Mass/mass moment of inertia 

mp = 1469.5 kg 
I = 3234 kgm2 
mw1 = 109.8 kg 
Iw1 = 10.4 kgm2 
mw2 = 112.8 kg 
Iw2 = 12.5 kgm2 
mw3 = 92.1 kg 
Iw3 = 7.9 kgm2 

mk1 = mk2 = mk3 = 39.7 kg 
Ik1 = Ik2 = Ik3 = 4.08 kgm2 

Stiffness/damping of the spring-damping elements of 
the suspension 

k1 = 209,000 N/m 
c1 = 22,570 Ns/m 
k2 = 154,800 N/m 
c2 = 16,720 Ns/m 
k3 = 674,000 N/m 
c3 = 54,600 Ns/m 

Wheel radius R = 0.4 m 
Wheel base  2 × 1.1 m 

 

Figure 4. Structure and main parameters of half-vehicle multi-body model [14]: m/I—Mass/mass
moment of inertia of vehicle, suspension arms and wheels; M—torque, ω—rotational velocity;
k,c—stiffness and damping; A-K—kinematic joints.

Table 1. Values of main vehicle body parameters [16].

Type Parameter Value

Mass/mass moment of inertia

mp = 1469.5 kg
I = 3234 kgm2

mw1 = 109.8 kg
Iw1 = 10.4 kgm2

mw2 = 112.8 kg
Iw2 = 12.5 kgm2

mw3 = 92.1 kg
Iw3 = 7.9 kgm2

mk1 = mk2 = mk3 = 39.7 kg
Ik1 = Ik2 = Ik3 = 4.08 kgm2

Stiffness/damping of the spring-damping
elements of the suspension

k1 = 209,000 N/m
c1 = 22,570 Ns/m
k2 = 154,800 N/m
c2 = 16,720 Ns/m
k3 = 674,000 N/m
c3 = 54,600 Ns/m

Wheel radius R = 0.4 m
Wheel base 2 × 1.1 m

The values of masses and mass moments of inertia of particular model parts and the
location of the resultant vehicle center of gravity (CM) were obtained based on the 3D CAD
(CATIA v5 version release 2016 (Dessault Systems, Dassault Systèmes, Vélizy-Villacoublay,
France)) vehicle model and catalog data of the main robot component manufacturers. The
holonomic constraints that were used in the vehicle model to connect its parts were ideal
(without friction).

The vehicle model used a discrete model of a flexible wheel consisting of rigid bodies
forming two circuits: the tire carcass and tire tread. The discrete elements were connected
to each other and to the rim by forces and torques derived from stiffness and damping in
the radial and circumferential directions; see Figure 5.
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Figure 5. Wheel model structure: 1—wheel rim; 2—carcass; 3—thread; dRN,i—elementary normal re-
action of the substrate; dRT,i—elementary tangential reaction of the substrate; ψi—angle of operation
of an elementary normal force measured from a vertical line Z [14].

Each rim consisted of 144 elements. Thus, the model met the computational efficiency
requirements in accordance with the recommendations contained in [27]. Figure 6 shows
the forces acting on the contact between the wheel and the flexible ground, which were
taken into account in the developed wheel model.
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Figure 6. The forces acting on the wheel on soft surface: i—treat element; n—last treat elements in
contact with ground number; W—vertical load of wheel; FT—pulling force [16].

Each element of the wheel tread in contact with the ground surface generates a traction
force depending on the slip, the value of the traction coefficient, and the normal reaction to
the ground. The main wheel model parameters are presented in Table 2.
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Table 2. Values of main wheel model parameters [16].

Wheel Element Parameter Type Symbol Parameter Value

Rim
Mass mo 10 kg

Inertia Jo 1.120 kgm2

Carcass

Mass m1 0.07 kg
Inertia J1 0.0171 kgm2

Number of elements - 72
Stiffness kw1 100,000 N/m

kw2 100,000 N/m
kw3 1 Nm/rad
kw4 10,000,000 N/m
kw5 20 N/m
kw6 1 Nm/rad

Damping cw1 10,000 Ns/m
cw2 500 Ns/m
cw3 500 Nms/rad
cw4 100 Ns/m
cw5 100 Ns/m
cw6 1 Nms/rad

Tread

Mass m2 0.07 kg
Inertia J2 0.0224 kgm2

Number of elements - 72
Stiffness kw7 500,000 N/m

kw8 500,000 N/m
kw9 1 Nm/rad
kw10 5,000,000 N/m
kw11 5,000,000 N/m
kw12 1 Nm/rad

Damping cw7 500 Ns/m
cw8 500 Ns/m
cw9 0.1 Nms/rad
cw10 100 Ns/m
cw11 100 Ns/m
cw12 0.1 Nms/rad

The vertical load on the wheel is balanced by the sum of the vertical components
of the elementary forces—normal and tangential—acting at the contact point of the tire
with the ground (Figure 6), which, in the developed model, was determined based on
the dependence

W = Fz = ∑n
i=1(dRN,i cos ψ + dRT,i sin ψ) (1)

where dRN,i is the elementary normal reaction of the ground; dRT,i is the elementary
tangential reaction of the ground [15].

In agreement with the abovementioned dependence, the pulling force results from the
difference in the horizontal components of normal and tangential forces acting in contact
with the ground, according to

FT = FX =
n

∑
i=1

(dRT,i cos ψ− dRN,i sin ψ) (2)

The driving force was determined according to

FD = FZ ϕ (3)

where ϕ is the traction coefficient. Hence, the driving torque is expressed as

MN = FD·rd (4)
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where rd is the wheel dynamic radius.
The developed model allowed us to obtain different traction coefficient values depend-

ing on slip; see Figure 7. The dependency of the traction coefficient on the slip value of
the wheel model is similar to the characteristics found in the literature [15,17,28–30]. The
slip factor is defined as the ratio between the theoretical wheel velocity (resulting from its
angular velocity and dynamic radius) and the actual velocity.

Energies 2022, 15, x FOR PEER REVIEW 8 of 21 
 

 

The driving force was determined according to 𝐹 = 𝐹  (3)

where ϕ is the traction coefficient. Hence, the driving torque is expressed as 𝑀 = 𝐹 ∙ 𝑟  (4)

where rd is the wheel dynamic radius. 
The developed model allowed us to obtain different traction coefficient values de-

pending on slip; see Figure 7. The dependency of the traction coefficient on the slip value 
of the wheel model is similar to the characteristics found in the literature [15,17,28–30]. 
The slip factor is defined as the ratio between the theoretical wheel velocity (resulting 
from its angular velocity and dynamic radius) and the actual velocity. 

 
Figure 7. Plot of the traction coefficient of the wheel model as a function of slip. 

2.2. Hydraulic Drivetrain Model 
The hydraulic drivetrain model (Figure 8) for the half-vehicle body model was de-

veloped in a separate software program (Easy5 2015.0.1 Version 9.1.1 (MSC Software Cor-
poration, Newport Beach, CA, USA)). To examine the influence of the hydraulic drivetrain 
configuration on the energy consumption and kinematic discrepancy of a 6 × 6 all-wheel-
drive multiple-axle vehicle during the overcoming of obstacles, the system structure 
shown in the figure was assumed (Figure 2). Different types of hydrostatic motors and 
flow dividers were considered. A hydraulic flow divider is a unit that should theoretically 
share the flow between the hydraulic motors. The values that connect the vehicle body 
model and the hydraulic drivetrain model are as follows: drive torques on the wheels Mki 
and their angular velocities ωki. 

 

Figure 7. Plot of the traction coefficient of the wheel model as a function of slip.

2.2. Hydraulic Drivetrain Model

The hydraulic drivetrain model (Figure 8) for the half-vehicle body model was de-
veloped in a separate software program (Easy5 2015.0.1 Version 9.1.1 (MSC Software
Corporation, Newport Beach, CA, USA)). To examine the influence of the hydraulic driv-
etrain configuration on the energy consumption and kinematic discrepancy of a 6 × 6
all-wheel-drive multiple-axle vehicle during the overcoming of obstacles, the system struc-
ture shown in the figure was assumed (Figure 2). Different types of hydrostatic motors and
flow dividers were considered. A hydraulic flow divider is a unit that should theoretically
share the flow between the hydraulic motors. The values that connect the vehicle body
model and the hydraulic drivetrain model are as follows: drive torques on the wheels Mki
and their angular velocities ωki.
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The driving torque Mki generated by the i-th wheel in the model of the hydraulic drive
system caused increases in the value of the pressure drop ∆pi on the hydraulic motor of
this wheel:

∆pi = pIni − poi (5)

where pIni is the pressure on the input of the hydraulic motor; poi is the pressure on the
output of the hydraulic motor.

The pressure on the hydraulic motor input depends on the pressure drop ∆pi and on
the driving torque value Mki:

pIni =
Mki

qs· ηos
ηvs

+ poi (6)

where qs is the hydraulic motor displacement; ηos is the overall efficiency of the hydraulic
motor; ηvs is the volumetric efficiency of the hydraulic motor. The overall and volumetric
efficiency of hydraulic motors depends on the motor type and the values of pressure and
angular velocity, ηos, ηvs = f (∆pi, ωki), which change during vehicle driving.

The pressure pDoi on the i-th output of the flow divider is greater than the value pIni
shown by the pressure drop value ∆pi resulting from flow resistance occurring on the
pipes ∆pLi and hydraulic connections ∆pmi, which are mounted between the divider and
the motor:

∆pi = ∆pLi + ∆pmi (7)

The pressure drop in the hydraulic pipes ∆pLi mainly depends on the value of the
friction factor f, length Li of the i-th pipe/hose, its hydraulic diameter DhLi, and flow
velocity VLi:

∆pi = f
Li

DhLi

V2
Liρ

2
(8)

where $ is the hydraulic oil density.
The flow velocity in the pipe/hose Vi depends on the value of the flow rate QDoi and

hydraulic diameter DhLi:

VLi =
4QDoi

πD2
hLi

(9)

The value of the friction factor f depends on the flow character, classified on the basis
of the Reynolds number:

ReLi =
ρVLiDhLi

µ
(10)

where µ is the hydraulic oil dynamic viscosity.
For the laminar flow (ReLi < 2000), the friction factor is calculated according to

f =
64

ReLi
(11)

In the case of the transition state (2000 ≤ ReLi < 4000), the friction factor is calculated
according to

f =
f4K − f2K

2000
ReLi + 2 f2K − f4K (12)

where f 2K is the value of the friction factor calculated according to (11) for a Reynolds
number of 2000; f 4K is the value of the friction factor calculated according to (13) for a
Reynolds number of 4000.

For turbulent flow (4000 ≤ ReLi ≤ ReLiδ), the friction factor is calculated according to

1√
f
= −2 log10

(
δ

3.7
+

2, 51
ReLi

√
f

)
(13)
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where δ is the relative roughness, whereby

ReLiδ =
5000

δ
(14)

For turbulent flow (ReLi > ReLiδ), the friction factor has a constant value that depends
only on the value of ReLiδ , calculated according to (13) for ReLi = ReLiδ.

The pressure drop occurs at the connection elements of hydraulic lines ∆pmi, which
also depends on the flow character. The laminar flow is calculated according to

∆pmi =
QDoi·2µ·ReT

π·D3
h·C

2
d

(15)

where Dh is the hydraulic diameter of the connection element; Cd is the discharge coefficient;
ReT is the Reynolds number for turbulent flow.

For turbulent flow, the pressure drop is calculated according to

∆pmi =
8ρQDoi

C2
d ·π2·D4

h
(16)

Usually, to calculate the pressure drop for the connection elements, it is assumed that
the transition to turbulent flow occurs at a Reynolds number of 100 (ReT = 100). Therefore,
there is almost always a turbulent flow.

The pressure drop between input, pDin, and the individual output of the flow divider,
pDoi, is also calculated from (16). The pressure value ppo at the pump output is higher than
the pressure value pDin calculated by the value of the pressure drop resulting from losses
(7). The pressure drop ∆pp on the pump is as follows:

∆pp = ppo − ppin (17)

where ppin is the pump input pressure, which is usually 2 MPa for closed circuit systems.
The flow rate Qpo generated by the pump depends mainly on its displacement qp and

the angular velocity of the shaft of the engine/pump ωs:

Qpo =
60qpωs

2π
ηvp (18)

where ηvp is the volumetric efficiency of the pump; ηvp = f (∆pp, ωs).
The angular velocityωki for the i-th wheel depends on the hydraulic motor displace-

ment qs and the flow rate QDoi:

ωki =
2πQDoi

60qs
ηvs (19)

According to the scope of the research, two hydrostatic drivetrain models were developed:

- One with a gear-type flow divider—Figure 9;
- One with a spool-type flow divider—Figure 10.

In addition to the two types of flow dividers, the tested variants took into account
the characteristics corresponding to two types of hydraulic motors: a radial piston motor
and an orbital motor. The main hydrostatic drivetrain model parameters are presented
in Table 3.
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Figure 9. Model of the hydrostatic drivetrain with a gear-type flow divider (a) and the model of the
gear divider (b).
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Figure 10. Model of the hydrostatic drivetrain with a spool-type flow divider (a) and the model of
the spool divider (b).

Table 3. Values of main hydrostatic drivetrain model parameters.

Parameter Value

Hydraulic motor displacement (both radial
piston and orbital types) qs = 500 cm3/rev

Axial piston pump maximum displacement qs = 56 cm3/rev
Nominal pump flow 100 dm3/min

Flow divider’s nominal flow 80 dm3/min

In the models (Figures 9 and 10), characteristics were implemented that had been
identified during previously conducted laboratory research [27]. The volumetric and
overall efficiency and the flow divider’s dividing accuracy were identified as a function of
a pressure and shaft speed map (Figure 11).
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2.3. Simulation Setup and Evaluation Indicators

Research on the energy consumption and kinematic discrepancy of a 6 × 6 all-wheel-
drive multiple-axle vehicle during the overcoming of obstacles was performed with the
following driveline configurations:

1. In a drivetrain with a gear-type flow divider (GD) in combination with

a. Orbital motors (OM);
b. Radial piston motors (RM);

2. In a drivetrain with a spool-type flow divider (SD) in combination with

a. Orbital motors (OM);
b. Radial piston motors (RM).

In all configurations, vehicle models were driven through obstacles in the form of
an earth ditch (Figure 12) that was 2.4 m in length and with two different heights of
0.6 m. In the research, the unevenness of the ground was introduced in the shape of a
sinusoid. Earlier preliminary studies [25,26] carried out for a model of a vehicle with a
perfectly rigid, kinematically stiff drive system moving on terrain with obstacles of various
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geometry (ditch, earth embankment, hill) showed that the ditch was the obstacle in the
case of which there was the greatest kinematic discrepancy. To compare the actions of the
drive system and assess the impact of the tested drive system configurations in various
conditions, simulations were conducted for two values of maximum traction coefficient
between the wheel and ground, φmax 0.3 and 0.7. According to Figure 7, the temporary
traction coefficient depends on the wheel slip values.
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Figure 12. Overall scheme of simulated situation.

In order to reduce the influence of dynamic loads, a theoretical, relatively low speed
of 0.8 m/s (3 km/h) was assumed in the model. It was set by the rotational speed of the
pump shaft (Figures 9 and 10) and the pump setting. The actual driving rate was lower due
to leaks in the hydraulic system (volumetric efficiency of components depends on pressure
and rotational speed) and slippage between the wheels and the ground.

The following values were assessed:

- the maximum value of the differences in the rotational speed of the wheels, ∆nmax,

∆nmax = max
0 ≤ t ≤ end

[∆n(t)]

where n1 (t), n2(t), n3(t)—rotational speeds of the wheels,

∆n(t) = max
0 ≤ t ≤ end

[n1(t), n2(t), n3(t)]− min
0 ≤ t ≤ end

[n1(t), n2(t), n3(t)]

- the average value of the differences in the rotational speed of the wheels, ∆navg,

∆navg = average
0 ≤ t ≤ end

[∆n(t)]

- the maximum value of wheel slip, smax,

smax = max
0 ≤ t ≤ end

[smax(t)]

where s1,2,3(t)—wheel slip, rd1,2,3 (t)—dynamic radius of the wheels,ωk1,2,3—angular ve-
locity of the wheel, vj1,2,3—linear speed of the wheel center,

smax(t) = max
0 ≤ t ≤ end

[s1(t), s2(t), s3(t)]
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s1(t) =

(
ωk1(t)·rd1(t)

vj1(t)

)tanh(vj1(t))

s2(t) =

(
ωk2(t)·rd2(t)

vj2(t)

)tanh(vj2(t))

s3(t) =

(
ωk3(t)·rd3(t)

vj3(t)

)tanh(vj3(t))

- the average value of wheel slip, savg,

savg = avarage
0 ≤ t ≤ end

[smax(t)]

- the maximum value of the driving torques on the wheels, T,

Tmax = max
0 ≤ t ≤ end

[Tmax(t)]

where T1,2,3(t)—value of driving torques of road wheels,

Tmax(t) = max
0 ≤ t ≤ end

[|T1(t)|, |T2(t)|, |T3(t)|]

- the maximum value of the differences between the driving torques of the
wheels, ∆Tmax,

δT = max
0 ≤ t ≤ end

[δT(t)]

where T1(t), T2(t), T3(t)—driving torque of road wheels,

δT(t) = max
0 ≤ t ≤ end

[|T1(t)|, |T2(t)|, |T3(t)|]− min
0 ≤ t ≤ end

[|T1(t)|, |T2(t)|, |T3(t)|]

- the average value of the driving torques of the wheels, ∆Tavg,

Tavg(t) =
|T1(t)|+ |T2(t)|+ |T3(t)|

3

Tavg = avarage
0 ≤ t ≤ end

[
Tavg(t)

]
The value of the kinematic discrepancy is directly related to the value of the rotational

speed of each wheel. At the same time, the energy consumption is related to the rotational
speed, slip, and drive torque.

3. Results and Discussion

The performed simulations showed significant differences between the tested configurations.
Figure 13 shows the time histories of the changes in the values of the relative differences

in the rotational speeds of road wheels during the simulation when the vehicle model was
driven through the ditch with the tested drive system configurations and the values of the
adhesion coefficients.
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Figure 13. The values of the relative differences in the rotational speed of the road wheels during
the simulation when the vehicle model was driven through the ditch at the maximum value of the
coefficient of adhesion ϕ = 0.3 (a) oraz ϕ =0.7 (b): GD—gear-type flow divider, SD—spool-type flow
divider, OM—orbital motor, RM—radial piston motor.

The change in the characteristics of the flow divider (GD or SD) had a much greater
impact on the differences in the speed of the road wheels during the simulation than that
of the hydraulic motor (OM or RM). It was especially visible when negotiating an obstacle
with low adhesion of the substrate (Figure 13a). In the considered case—driving on the
ground with the coefficient of adhesion ϕ = 0.3 with different divisors—the maximum
differences between the rotational speed of the wheels and the average speed were as high
as ∆nmax = 0.8.

The value of ∆nmax for systems with the same flow divider for the different engine
types differed by a maximum of 10%. However, in the case of changing the flow divider
with the same type of hydraulic motor, they were in the range of 30 ÷ 50%. When over-
coming the same obstacle, but with the coefficient of adhesion ϕ = 0.7 (Figure 13b), such
significant differences in rotational speed between the wheels of individual axles were
not observed.

A list of the maximum values of the relative difference in rotational speed when
driving on the ground with a high or low coefficient of adhesion is presented in Figure 14a,
while the values of the average relative speed difference are presented in Figure 14b.
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Figure 14. List of maximum values (a) and average (b) relative differences in the rotational speed
of the road wheels during the simulation when the vehicle model was driven through the ditch at
different maximum values of the adhesion coefficient: GD—gear-type flow divider, SD—spool-type
flow divider, OM—orbital motor, RM—radial piston motor.
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The maximum differences in rotational speed (Figure 14a) differed in value for different
configurations of the driveline and values of the adhesion coefficient. The largest of them
occurred in the case of a system in which a slider divider (SD) and a hydraulic orbital motor
(OM) were used, and they were then 80%. A much smaller effect of adhesion was observed
in the case of systems equipped with a gear flow divider (GD). In this case, regardless
of the characteristics of the hydraulic motor, the values were similar and amounted to
approximately 40%. Comparing the average values of the difference in rotational speed
(Figure 14b), a smaller variation was observed for different components of the drive system.
A clear influence of the value of the adhesion coefficient occurred in the configuration
SD + OM (slide divider and hydraulic orbital motors). The highest average values also
occurred in this configuration. This was due to the lowest kinematic stiffness of the
drive system.

The characteristics of the flow divider had a much greater influence on the values of
slip (Figure 15), as in the case of the rotational speed than the choice of a hydrostatic motor.
This was especially visible when driving on the ground with a lower value of the coefficient
of adhesion, equal to ϕ = 0.3. The most significant values of wheel slip occurred while
driving into the ditch, which initially relieved the front wheel and then the rear wheel. The
second moment of increased wheel slipping occurred during the exit from the ditch and
resulted from the need to generate greater driving forces.
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A summary of the maximum values (Figure 16) of the sum of wheel slip when driv-
ing on the ground with a high or low coefficient of adhesion is shown in Figure 16a, while 
the values of average wheel slip are shown in Figure 16b. 

Figure 15. The maximum value from the course of road wheel skidding during the simulation when
the vehicle model was driven through the ditch at the maximum value of the coefficient of adhesion
ϕ = 0.3 (a) and ϕ = 0.7 (b): GD—gear-type flow divider, SD—spool-type flow divider, OM—orbital
motor, RM—radial piston motor.

The maximum value in the case of a system equipped with slide dividers (SD), assum-
ing the coefficient of adhesion ϕ = 0.3 and ϕ = 0.7 was in the range s = 0.3 ÷ 0.35, while, in
the case of systems equipped with gear dividers (GD), the slip value was s = 0.15 ÷ 0.20. In
the case of a system in which a gear divider (GD) and an orbital motor (OM) were used,
the slip values of the wheels were similar to those of the spool divider (SD). This was due
to significant leaks in the orbital motor (similar to the level of the slide divider).

A summary of the maximum values (Figure 16) of the sum of wheel slip when driving
on the ground with a high or low coefficient of adhesion is shown in Figure 16a, while the
values of average wheel slip are shown in Figure 16b.
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Figure 16. Summary of the maximum values (a) and average values (b) of road wheel skidding during
the simulation when the vehicle model was driven through the ditch at different maximum values
of the adhesion coefficient: GD—gear-type flow divider, SD—spool-type flow divider, OM—orbital
motor, RM—radial piston motor.

In the case of a substrate with a higher coefficient of adhesion smax (Figure 16a), the
maximum value occurred for a system consisting of a gear divider (GD) and a hydraulic
orbital motor (OM). It amounted to smax = 0.8. In the case of the substrate with a lower
value of the adhesion coefficient, the maximum values of smax also occurred for the same
configuration and amounted to smax = 1.08. The smallest maximum values of smax were
obtained for gear dividers in configuration with radial motors (for both tested values of the
coefficient of adhesion). In the case of the substrate with higher adhesion, they amounted
to smax = 0.6, and in the case of higher adhesion, smax = 0.4.

The system consisting of a sliding divider (SD) and a hydraulic orbital motor (OM)
obtained the highest average values (Figure 16b) for the sum of road wheel slips. This value
was smax = 0.19 for the substrate with lower adhesion and smax = 0.12 for higher adhesion.
In the case of the other tested configurations, the slip values obtained were within the
range smax = 0.04 ÷ 0.12. The lowest value was obtained in the case of a system with a gear
divider (GD) and a radial motor (RM).

The tests did not show a significant influence of the kinematic discrepancy compensa-
tion on the sum of the values of driving moments occurring on the road wheels (Figure 17).
In the cases of both coefficient of adhesion ϕ = 0.3 and ϕ = 0, the maximum value of the
sum of the driving torques reached values in the range TΣ = 1500 ÷ 2000 Nm.
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simulation when the vehicle model was driven through the ditch at the maximum value of the
coefficient of adhesion ϕ = 0.3 (a) and ϕ = 0.7 (b): GD—gear-type flow divider, SD—spool-type flow
divider, OM—orbital motor, RM—radial piston motor.
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On the other hand, the ability to compensate for the kinematic discrepancy had
a significant impact on the differences in the driving torque on individual road wheels
(Figure 18). The research showed that in the case of using the slide divider for the passage on
the ground with a high coefficient of adhesion ϕ = 0.7, regardless of the type of hydrostatic
motor, it was possible to freely adjust the rotational speed of the road wheels to the demand
resulting from the shape of the terrain obstacle. This divider was working in the dead
zone at this time. When driving on the ground with a lower grip value ϕ = 0.3, an increase
in the load difference was visible due to the operation of the slide flow divider at the
moment of unloading one of the road wheels. The fact that the slide divider operated in the
non-sensitivity zone while negotiating an obstacle had a positive effect on the loads in the
driving system, as it did not cause additional internal elastic tension. Only after exceeding
the speed difference limit corresponding to the insensitivity zone caused by the increase in
wheel slip was the short-term operation of the divider observed.
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OM—orbital motor, RM—radial piston motor.

The maximum values of the differences in moments in the tested configurations were
similar (Figure 19a). The greatest differences occurred in the case of the use of the gear
divider and the radial motor. Comparing the values of the maximum torques (Figure 19b),
it was observed that the highest value of the driving torques was obtained when using
radial motors, both in combination with a gear divider and a slide divider. The smallest
average values of the driving torque (Figure 19c) were obtained both in the case of a system
consisting of a slide divider and a radial motor (both in the case of a lower and higher value
of the coefficient of adhesion).
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4. Conclusions

The paper presents the results of research on the influence of the hydraulic drivetrain
configuration on kinematic discrepancy and energy consumption during the overcoming
of obstacles in a 6 × 6 all-wheel hydraulic drive vehicle.

The research showed a significant influence of the configuration of the drive system on
the kinematic discrepancy (up to 195%) and energy consumption during off-road driving
(about 15%). The greatest differences in the rotational speed of the wheels (about 200%)
occurred in the systems in which the tested hydraulic motors were compiled in slide
flow dividers. As a result, it should be recognized that systems with slide dividers are
characterized by lower kinematic stiffness and, thus, a greater ability to compensate for the
kinematic inconsistency (up to 79%). On the other hand, larger ones were found to be more
energy-consuming. In systems using gear dividers, the value of moments generated on
the wheels while overcoming obstacles was approximately 20–30% higher than in systems
with slide dividers. In the drive systems in which the spool dividers were used, greater
sensitivity of the change in the assessed parameters to the change in the value of the
adhesion coefficient was also observed compared to the systems with gear dividers.

Due to the greater efficiency of systems with gear dividers, further research should
be focused on examining the possibility of increasing their flexibility through the use of
active digital flow control valves or the use of actively controlled external braking systems
for each wheel separately. Particular attention should be paid to the efficiency of such a
system, and the obtained results should be compared to the results obtained for the system
with a spool divider. In addition, further works could be focused on the research of the
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possibility of negotiating other types of obstacles and driving on the ground with variable
traction characteristics.
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