energies

Article

Influence of Flow Divider on Overall Efficiency of a Hydrostatic
Drivetrain of a Skid-Steer All-Wheel Drive
Multiple-Axle Vehicle

Mirostaw Przybysz 1*(0, Marian Janusz Lopatka 1, Marcin Matek 2

check for

updates
Citation: Przybysz, M.;
Lopatka, M.].; Malek, M.; Rubiec, A.
Influence of Flow Divider on Overall
Efficiency of a Hydrostatic Drivetrain
of a Skid-Steer All-Wheel Drive
Multiple-Axle Vehicle. Energies 2021,
14, 3560. https://doi.org/10.3390/
en14123560

Academic Editor: Sebastian Muntean

Received: 21 May 2021
Accepted: 13 June 2021
Published: 15 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Arkadiusz Rubiec !

Faculty of Mechanical Engineering, Military University of Technology, Kaliskiego 2, 00-908 Warsaw, Poland;
marian.lopatka@wat.edu.pl (M.].L.); arkadiusz.rubiec@wat.edu.pl (A.R.)

Faculty of Civil Engineering and Geodesy, Military University of Technology, Kaliskiego 2,

00-908 Warsaw, Poland; marcin.malek@wat.edu.pl

*  Correspondence: miroslaw.przybysz@wat.edu.pl; Tel.: +48-261-837-107

Abstract: The efficiency of a skid-steer, all-wheel drive, multiple-axle vehicle with a hydrostatic
drivetrain equipped with low-speed motors when it operates on soft terrain was studied. A flow
divider enables a single pump to simultaneously power more than one motor circuit with different
pressures in each. It prevents kinematic discrepancy and improves vehicle mobility. There are two
types of flow divider: spool type and gear type, where each type has its own set of performance
characteristics, such as flow range, pressure drop, accuracy and application parameters. In the
present work, the influence of the characteristics of both types of flow divider on overall vehicle
driveline efficacy is described.

Keywords: hydrostatic drivetrains; efficiency; flow dividers

1. Introduction

The hydrostatic drivetrain, also known as hydrostatic transmission (HST), has many
advantages that make it increasingly used in mobile, off-road equipment [1]. Its advantages
and development potential were indicated by [2-4], among others. Among the most
important problems that should be analyzed when designing hydrostatic driveline is power
efficiency [5-8]. However, this depends on many factors, such as the structure of the system
and the selection of the size of pumps and motors [7], the method of controlling pumps and
motors [3,8] and external loads occurring [3,5,9]. In the case of the drive system, external
loads mainly depend on the rolling resistance, grade resistance and drawbar load [1,10-12].
They must be overcome by the driving force limited by the traction capability of the wheels.

Therefore, the cooperation of the driven wheels with the ground is essential for the
overall efficiency of the drive system. In order to maximize efficiency, the wheel slip
should be controlled [3,10]. Analyses and studies [13-15] have shown that in the case
of 4 x 4 vehicles moving on soft terrain, all wheels should rotate with equal angular
velocity. Otherwise, kinematic discrepancy (allowing different slips) leads to increased
energy and fuel consumption. In general, kinematic discrepancy increases the resistance
of the movement on hard surfaces as well [16-22]. This means that wheels of the same
diameter on flat surfaces should have the same rotational speed. Variable wheel angular
velocity during straight, forward driving is recommended only when overcoming an
obstacle [16,17,23]. Comparative studies of heavy, multi-axle wheeled vehicles moving on
soft terrain [24-26] have shown that a properly controlled multi-pump and multi-motor
hydrostatic drive can provide higher overall efficiency than a mechanical drive. Limited
slip and no-spin differentials can lead to excessive slippage, reducing travel speed and
decreasing the overall efficiency of a drivetrain. Ensuring proper synchronization of the
angular velocity of hydraulic motors requires the use of multi-pump systems [3,9,27] or
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the use of flow dividers [17,20,21]. A flow divider, which is mounted in a drivetrain, is
a hydraulic device responsible for dividing pump output flow into (an assumed) two or
more equal flows into high-pressure lines of parallelly connected motors. This enables
a single pump to simultaneously supply more than one parallelly connected line with
different pressure values in each. Two types of flow dividers are used: the spool type and
the gear type. They divide flow independent of pressure changes in circuits. In drivetrains,
they are used to synchronize the angular velocity of parallelly connected hydraulic motors
with unequal torque load. The flow dividing accuracy at nominal flow is about 97-98%. In
the drivetrains, in order to limit the accuracy of the flow division between the circuits, e.g.,
during steering or overcoming obstacles, additional controlled leakage is introduced upon
the operator’s request. This decreases the kinematic stiffness of the drivetrain and allows
for different wheel angular velocities.

Spool dividers split the input flow proportionally into two output flows with fixed
ratio. Common output ratios are 50/50, 60/40 and 66.6/33.3, but any ratio is theoretically
possible. To separate flow into more than two lines, a few spools in cascade configuration
should be used [28-31].

The gear-type divider can separate flow into two or more lines. A gear divider consists
of a housing, two or more internal sections of mating gears and sealings that separate the
sections from one another. A common shaft connects the gear sections. Fluid between the
gear teeth and housing is carried around to the opposite side of the gear section. As the
teeth mesh, fluid is pushed out of each outlet port. As all the gear sections are connected,
all the gears rotate at the same speed. This causes this type of flow dividers to have no
hysteresis during flow division. The positive displacements of the gear sections produce a
constant division of the flow. Inlet flow is divided proportionally between each section [17].

Rotary (gear) dividers have a low pressure drop across the section and many offer
efficiencies approaching 98% [32]. Spool type dividers tend to require a sizeable pressure
drop just to operate. This will generate heat, and engineers need to consider the inherent
inefficiency when sizing them for an application. Gear-type flow dividers are also more
tolerant of contamination. Spool-type dividers, on the other hand, have little internal
leakage and can be highly accurate [33,34].

The effectiveness of divisors depends on many factors [17,24]. Usually in vehicle
drivetrains, they do not operate with nominal parameters. Both the pressure, which
depends on the motion resistances, and the flow, which depends on the desired driving
speed, can be changed within a wide range (from minimum to maximum vehicle drive
speed). Moreover, even the divider operates with nominal working parameters, which
means that the efficiency of the entire vehicle drive system is not at its highest. The aim of
this research was to determine the impact of the type of flow divider on the total efficiency
of the drivetrain at variable loads, in soft terrain, for different driving speeds.

2. Materials and Methods

Research on the influence of the flow divider on the overall efficiency of a skid-steered
all-wheel drive multiple-axle vehicle was conducted in a simulation environment. For this
purpose, a co-simulation model was developed. It consists of two collaborative submodels.
The first represents the mechanical structure and properties of the vehicle, and the second
represents the hydrostatic drivetrain properties. The model was developed on the basis of
an existing 6 x 6 skid-steered hydrostatically driven mobile robot (Figure 1).

The robot (Figure 1) weight is about 4 t. It is equipped with independent hydropneu-
matic suspension, a manipulator and a loader attachment. The robot hydrostatic drivetrain
(Figure 2) consists of variable displacement pumps (1,2) and hydraulic motors on the
left (3, 4, 5) and right side (6, 7, 8) mounted directly inside the wheels. They create two
independent hydrostatic transmissions, for the left and right sides of the vehicle. This
configuration makes no provision for limited slip if any one of the wheels lose traction.
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(a) (b)
Figure 1. View of a 3D CAD model of the robot (a) and 6 x 6 robot (b).
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Figure 2. Main elements of the 6 x 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.

Research on the influence of the type of flow divider on the total efficiency of the
drivetrain at variable loads, on soft terrain, for different driving speeds, was conducted
with a co-simulation model consisting of two connected submodels (vehicle body model
and hydrostatic drivetrain model). The combination of hydraulic and mechanical models
made it possible to simulate the mutual dynamic interactions and their impact on the
efficiency of the drive system.

2.1. Vehicle Body Model

A half robot (Figure 3) was developed. It consists of three wheels driven by hydrostatic
motors. The kinematic structure of the suspension system of the vehicle body model reflects
the kinematics of real object suspension (Figure 1). The total mass of the vehicle body
model is half the mass of the robot.

The half vehicle model was developed with a multi-body method 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 has
3 DoF (degrees of freedom): two translational y and x and one rotational ¢. Suspensions
arms are connected (rotational) with the vehicle body at points G, H, and I. Hydropneumat-
ics suspension components were replaced in the model with stiffness/damping elements
with linear characteristics. These elements connect the arms with the body between pairs
of points: A-D, B-E and C-F.
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Figure 4. Structure and main parameters of half vehicle multi-body model.

Table 1. Values of main vehicle body parameters.

Type

Parameter Value

Mass/mass moment of inertia

mp = 1469.5 kg
I = 3234 kgm?
my,1 = 109.8 kg
L1 = 10.4 kgm?
my, =112.8 kg
Lo = 12.5 kgm?
my3 =92.1 kg
I3 = 7.9 kgm?
myq = myy = mys =39.7 kg
Liq = Lo = i3 = 4.08 kgm?

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

kq =209,000 N/m
¢ =22,570 Ns/m
ko = 154,800 N/m
¢y =16,720 Ns/m
k3 = 674,000 N/m
c3 = 54,600 Ns/m

Wheel radius

r=04m
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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 vehicle model and catalog data of the main robot component manufacturers. The
holonomic constraints, which were used in the vehicle model to connect its parts, were
ideal (without friction).

The vehicle model uses a discrete model of a flexible wheel consisting of rigid bodies
forming two circuits: the tire carcass and tire tread. The discrete elements are 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.

ot _—~ Xoi 1

Figure 5. Wheel model structure: 1—wheel rim; 2—carcass; 3—thread; dRy j—elementary normal re-
action of the substrate; dR;—elementary tangential reaction of the substrate; \p;—angle of operation
of an elementary normal force measured from a vertical line Z.

Each rim consists of 144 elements. Thus, it meets the computational efficiency re-
quirements in accordance with the recommendations contained in [17]. 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.

Figure 6. The forces acting on the wheel on soft surface: i—treat element; n—treat elements in contact
with ground number; W—uvertical load of wheel; Fr—pulling force.
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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.

Table 2. Values of main wheel model parameters.

Wheel Element Parameter Type Symbol Parameter Value
. Mass mg 10 kg
Rim Inertia Jo 1.120 kgm2
my 0.07 kg
1 0.0171 kgm?
- 72
kw1 100,000 N/m
Ko 100,000 N/m
Mass kw3 1 Nm/rad
Inertia kw4 10,000,000 N/m
Carcass Number of elements kws 20 N/m
Stiffness kwe 1 Nm/rad
Damping Cwl 10,000 Ns/m
Cw2 500 Ns/m
Cw3 500 Nms/rad
Cwi 100 Ns/m
Cw5 100 Ns/m
Cwé 1 Nms/rad
my 0.07 kg
Ta 0.0224 kgm?
- 72
kw7 500,000 N/m
Kus 500,000 N/m
Mass kwo 1 Nm/rad
Inertia kwio 5,000,000 N/m
Tread Number of elements kw11 5,000,000 N/m
Stiffness kwi2 1 Nm/rad
Damping Cw7 500 Ns/m
Cw8 500 Ns/m
Cw9 0.1 Nms/rad
Cw10 100 Ns/m
Cwll 100 Ns/m
Cwi2 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=F,=Y" (dRy,cost+ dRr,siny) 1)

where dRy; is the elementary normal reaction of the ground; dRr; is the elementary
tangential reaction of the ground.

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

Fr=Fx =) (dRy,;cosy — dRy,;sin) 2)
The driving force was determined according to

Fp = Fzj 3)
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where @ is the traction coefficient. Hence, the driving torque is expressed as
My = Fp-14 4)

where 1, 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 traction coefficient on the slip value
of the wheel model is similar to characteristics found in the literature [15]. Slip factor is
defined as ratio between theoretical wheel velocity (resulting from its angular velocity and
dynamic radius) to actual velocity.

0.8

0.7

0.6

0.5

0.4

0.3

traction coefficient, ©

0.2

0.1

0 0.1 0.2 0.3 0.4 0.5

wheels slip,s

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

2.2. Hydrostatic Drivetrain Model

The hydrostatic drivetrain model (Figure 8) for the half vehicle body model was
developed in separate software (Easy5 2015.0.1 Version 9.1.1 (MSC Software Corporation
Newport Beach, CA, USA)). To examine the impact of the flow divider properties on the
overall efficiency of the hydrostatic drive system, it was necessary to modify the drive
system (Figure 2) and introduce a flow divider between the pump and hydraulic motors.
The hydraulic flow divider is the unit that is responsible for equal flow division—in this
case, between the hydraulic motors. The values that connect the vehicle body model and
the hydrostatic drivetrain model are as follows: drive torques on the wheels M}, and their
angular velocities wy;.

The generated driving torque My; by the i-th wheel, in the model of the hydraulic
drive system, caused increases in the value of the pressure drop Ap; on the hydraulic motor
of this wheel

Ap; = Prni — Poi )

where py,,; is the pressure on the input of the hydraulic motor; p,; is the pressure on the
output of hydraulic motor.

The pressure on the hydraulic motor input depends on the pressure drop Ap; and on
the driving torque value My,

M.;
Pini = —p= + Poi (6)
N %
where g; is the hydraulic motor displacement; 1 is the overall efficiency of the hydraulic
motor; 7745 is the volumetric efficiency of the hydraulic motor. The overall and volumetric
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efficiency of hydraulic motors depends on the motor type and value of pressure and
angular velocity, #os, 17os = f(Ap;, wyi), which change during vehicle driving.

QDt:ilJI p Dol Q
| 20021Poo2 [Q 00 Pogs

Flow Divider

P pin

ENGINE

Figure 8. Concept of a hydrostatic drivetrain model for half vehicle body model.

The pressure pp,; on the i-th output of the flow divider is greater than the value py,;
shown by the pressure drop value Ap; resulting from flow resistance occurring on the
pipes Ap;; and hydraulic connections Ap,,;, which are mounted between the divider and
the motor:

Api = Apri + Apmi @)

The pressure drop in the hydraulic pipes Apy; mainly depends on the value of the
friction factor f, length i-th pipe/hose L;, its hydraulic diameter Dj;, and flow velocity Vp;

2

_ . Li Vip

where p is the hydraulic oil density.
The flow velocity in the pipe/hose V; depends on the value of the flow rate Qp,; and

hydraulic diameter Dy

_ 40pyi

=2
7Dy

Vii ©)
The value of the friction factor f depends on the of the flow character, classified on the
basis of the Reynolds number
Rey; = PVLiDiLi (10)
K
where p is the hydraulic oil dynamic viscosity.
For the laminar flow (Rey; < 2000), the friction factor is calculated according to

(11)

f - Re Li
In the case of transition state (2000 < Rej; < 4000), the friction factor is calculated
according to

f= %Reu +2fox — fax (12)
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where f)k is the value of the friction factor calculated according to (11) for a Reynolds
number value of 2000; f4x is the value of the friction factor calculated according to (13) for
a Reynolds number value of 4000.

For turbulent flow (4000 < Re; < Rey;s), the friction factor is calculated according to

1 5 2,51

W , 7 ReLi\/f

where ¢ is the relative roughness, whereby

5000
Repis = ——

5 (14)

For turbulent flow (Rey; > Rey;5), the friction factor has a constant value that depends
only on the value of Rey ;s calculated according to (13) for Rey; = Repjs.

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

Qpoi-2p-Rer
Apmi = =35 (15)
m-Dy-C4
where Dy, is the hydraulic diameter of the connection element; C; is the discharge coefficient;
Rer is Reynolds number for turbulent flow.
For turbulent flow, the pressure drop is calculated according to

SPQDoi

16

Apmi =

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 (Rer = 100). Therefore,
there is almost always turbulent flow.

The pressure drop between input, pp;;,, and the individual output of the flow divider,
PDois is also calculated from (16). The pressure value, py,, at the pump output is higher than
the pressure value, pp;,, calculated by the value of the pressure drop resulting from losses
(7). The pressure drop, App, on the pump is as follows

App = Ppo — Ppin (17)

where py;, 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, g,
and the angular velocity of the shaft of the engine/pump ws

60g,ws
Qpo = Tong Hop (18)
where 774 is the volumetric efficiency of the pump; 170y = f(App, ws).
The angular velocity i-th wheel, wy;, depends on the hydraulic motor displacement,
gs, and the flow rate, Qp,;

27 i
Wi = 60Qq?m vs

In line with the research aim, two hydrostatic drivetrain models were developed:

(19)

—  One with a gear-type flow divider—Figure 9;
—  One with a spool-type flow divider—Figure 10.
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Figure 10. Model of the hydrostatic drivetrain with a spool-type flow divider (a) and the model of spool divider (b).

The main hydrostatic drivetrain model parameters are presented in Table 3.

Table 3. Values of main hydrostatic drivetrain model parameters.

Parameter Value

gs =500 cm3/rev

s = 56 cm? /rev
100 dm®/min
80 dm3/min

Hydpraulic motor displacement (radial piston type)
Axial piston pump maximum displacement
Nominal pump flow
Flow divider’s nominal flow

In the models (Figures 9 and 10), characteristics (pump and motor volumetric, overall
efficiency and flow divider’s dividing accuracy—Figure 11) that had been identified during
previously conducted laboratory research were implemented [17]. The volumetric, total
efficiency and flow divider’s dividing accuracy were identified as functions of a pressure

and shaft speed map.
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Figure 11. Characteristics of the hydraulic motor volumetric (a) and overall (b) efficiency, pump volumetric (c) and overall

Flow [dm*3/min]

pressure [MPa] Flow [dm"3/min]

pressure [MPs]

(e) (f)

(d) efficiency, and spool (e) and gear-type (f) flow divider’s dividing accuracy [17].

3. Results and Discussion

e

Flow division accuracy

Overall efficiency

Overall efficiency

To assess the efficiency of the drive system of a vehicle with a flow divider, the main

indicators were as follows:

—  The hydrostatic transmission efficiency, calculated as

_ Myp-wia + Mig-wip + Mys-wia
T M;-ws

where M is the torque on hydraulic pump shaft.
— The kinematic efficiency, calculated as

3"0]'
(ra1 +7rap +143)-ws

e =

where v; is the vehicle velocity; 741, 742, and r43 are the dynamic wheel radii.
—  The overall efficiency, calculated as follows:

(M Mo
v]< +5, T

Ms‘w_g

Ta3

Mis )
ra1

Mo =

(20)

21

(22)
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In order to investigate the influence of the characteristics of the flow divider used in
the system on the overall efficiency of the drive transmission (22), it was assumed that the
surface is flat, with a traction coefficient variable from the maximum value p;x = 0.7 to
the minimum value i, = 0.1 according to the following equation

x-27
(%) = pmax — (Mmax — Hmin)- cos{(l2 + 7'c> + 1] -0.5 (23)
where i,y is the maximum value of the traction coefficient; y,,;, is the minimum value of
the traction coefficient; I; is the distance between the front and rear axles in a static position
(I =2.1 m). The total length of the test track used in the simulation studies was L, =4 x L.
The variation in the traction coefficient was schematic, as shown on Figure 12.

Figure 12. Scheme of traction coefficient variations during simulations.

Research was conducted with two different kinematic speeds: v = 0.62 m/s and
vj =2.75 m/s. These speeds correspond to ¢ = 22% and ¢ = 100% of the pump nominal
flow (Table 3). During the simulation, the vehicle accelerated over a distance of 10 m. The
kinematic speed was controlled by a setting pump flow. It was assumed that the pump
shaft speed was constant during the test.

Simulation tests showed significant differences in the operation of flow dividers
operating in the drive system. However, they were less noticeable when driving at speed
at maximum pump capacity. The reduction in pump output and flow through the flow
dividers highlighted the differences in drive efficiency. While driving with the nominal
pump flow (Figure 13a), for the spool type divider, the instantaneous driving speed
decreased below 2.5 m/s, which is about 10% of the rated velocity value. In the case of
the gear-type divider, the speed decreased less, by about 0.13 m/s, i.e., about 5%. While
driving with 25% nominal pump flow (Figure 13b), for the drive system with a spool flow
divider, the speed drop was more pronounced and was approximately 0.3 m/s, which is
approximately 50% of the speed developed on the substrate with high traction. In the case
of the gear flow divider, the speed drop was approximately 0.2 m/s, which is approximately
33% of the speed developed on the surface with high traction.

Increasing the value of road wheel slip, significantly influenced the driving time. In
the case of high speed and the system with a gear type divider, the driving time was
approximately 7.2 s, while in the case of driving with a spool type divider, the driving time
was approximately 7.7 s (more than 7% longer). While driving at a low speed with the gear
divider, the driving time was about 52 s, and in the case of the spool divider, it was about
62 s—an increase of over 16%.

The imperfect work of flow dividers is very clearly visible in the graphs of angular
wheel velocity. The time courses of rotational road wheels with high speed with a spool
type divider are shown in Figure 14a, while for the system with a gear divider, they are
shown in Figure 14b. As previously shown, the drive system with a spool divider allowed
for a much greater differentiation of wheel angular velocities, up to a maximum of 30%
compared to the average. In the case of the system with a gear divider, there were much
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smaller differences in the wheel angular velocities, and they amounted to a maximum of
less than 5% compared to the average value.

3.0 0.7
29 A 06
2.8 1
0.5
» «
26 1 €04
> >
£25 1 2
o 203
] 2.4 A =
23 A 0.2
) —Spool divider —Spool divider
’ - - Gear divider 0.1 - - Gear divider
2.1 4
2.0 T 0.0 T T T T
4 6 8 10 12 14 12 22 32 42 52 62
Time, s Time, s
(a) (b)

Figure 13. Vehicle velocity with nominal pump flow (a) and 25% of nominal pump flow (b) for model with spool and gear
flow dividers.

Angular velocity, rad/s
~N
o

Angular velocity, rad/s
~N
o

6.5 6.5
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55 4 —Wheel1  -- Wheel2 - Wheel 3 55 4 —Wheel1  -- Wheel2 - Wheel 3

5.0 5.0

4 6 8 10 12 14 4 6 8 10 12 14
Time, s Time, s
(a) (b)

Figure 14. Angular wheel velocity with nominal pump flow for model with spool flow divider (a) and for model with gear
flow divider (b).

The time courses of angular velocity changes while driving at low speed for the
system with a spool divider are shown in Figure 15a, and in the case of the gear divider
arrangement, they are shown in Figure 15b. In the case of the system with a spool divider,
the influence of its non-linear characteristics is clearly visible. This non-linearity is due
to the deadband in the range of small differences in flow values between the outputs
connected with the hydraulic motors. As a result, within the deadband limit value of the
differences in wheel rotational speed of approximately 1.7 rad/s and at low driving speed,
the drive system with a spool divider enables free differentiation of the rotational speed
of the wheels. Only after exceeding the limit value does the divider start to regulate the
flow. The more visible the effect, the slower the speed of the vehicle. In the analyzed case,
the speed differences reached 100% of the mean wheel angular velocity. This resulted in
large wheel slip and a reduction in driving speed. In the case of the system with a gear
divider, there is no deadband. There were much smaller differences in the angular velocity
of the wheels, and they amounted to a maximum of 0.3 rad /s, which is about 17% of the
average value.
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Figure 15. Angular wheel velocity with 25% of nominal pump flow for model with spool flow divider (a) and for model

with gear flow divider (b).

The wheel torque values in the system with a spool divider are shown in Figure 16a
(high speed) and Figure 17a (low speed), while those with the gear divider are shown in
Figure 16b (high travel speed) and Figure 17b (low travel speed). The comparison of the
torque values for both systems in the low-speed range shows that, in the system with a gear
divider, there were higher maximum values of torques and greater differences between
individual wheels compared to the system with a spool divider. The maximum value of the
torque in the case of the system with a gear divider was about 420 Nm, and the maximum
difference was 370 Nm. The value of the torque on the wheel in the low traction area
dropped to about 50 Nm. In the case of the system with a spool divider, the torque on the
wheels reached a maximum value of 330 Nm, and the maximum difference was 250 Nm.
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Figure 16. Torque on wheels with nominal pump flow for spool flow divider (a) and gear-type flow divider (b).

The reduction in the wheel torque results from the differences in the principle of
the operation of the flow dividers. In the spool divider, until the limit value of the dead
zone is not exceeded, the flow is divided freely. This results in a more even distribution
of driving forces on all the road wheels. When the limit value is exceeded, the divider
starts throttling the flow in the wheel with the highest speed, while the other two wheels
continue to adjust their speed to the load, maintaining favorable working conditions. In
the presented waveforms, this is confirmed by the overlapping of the torque values. In
the case of the system with a gear-type flow divider, the flow divider starts working with
small differences in wheel load, increasing wheel slip. This may result in a reduction in
its ability to develop driving force on the wheels in the area of low traction, and thus an
increase in the load on the wheels in the area of high traction. The comparison of the values
of the torque on the wheels of the systems while driving in the high-speed range showed
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slightly higher torque values for the system with a spool divider, which were 400 Nm, and
the maximum difference between the wheels was 200 Nm. The increase in the maximum
value of the torque in the case of the system with a spool divider resulted mainly from an
increase in dynamic loads acting on the drive system caused by the deterioration of driving
smoothness, and in turn, by the operation of the spool divider in comparison to the gear
divider (gear divider operates all the time during drive).
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Figure 17. Torque on wheels with 25% of nominal pump flow for spool flow divider (a) and gear-type flow divider (b).

12.0

The comparison of the pressure of the pump system for both divider types in the
range of high driving speeds is shown in Figure 18a, and in the range of low speeds in
Figure 18b. When driving at low speeds (Figure 18b), in the case of the drive system with a
spool divider, the pump pressure was higher by approximately 1.0 MPa (approximately
14%) compared to the system with a gear divider, despite having the same values of
resistance to motion. The pressure difference results from higher flow resistance through
the spool divider. Additionally, pressure pulsations are visible, reaching maximum values
of over 8 MPa. The pump pressure in the drive system with a gear divider remained at a
relatively constant level throughout the entire run. During high-speed driving (Figure 18a),
the pump pressure increased in relation to the slow speed for both systems. The maximum
value of pressure in the case of the system with a spool divider was 11 MPa, while for
the system with a gear divider, it was approximately 8 MPa. The pressure pulsations also
increased, which, in the case of the system with a spool divider, reached 6.5 MPa, while
in the case of the system with a gear divider, it reached 2 MPa. This effect was mainly
influenced by the dynamic load caused by the variable value of the traction force and the
increase in the hydraulic system resistance.
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Figure 18. Pump pressure with nominal pump flow (a) and 25% of nominal pump flow (b) for spool and gear-type

flow dividers.
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Analyzing the kinematic efficiency (Figure 19), which depends not only on the hydraulic
system but also on the interaction between the wheels and ground, it can be seen that the
system with the gear divider is more efficient, both at low and high speeds. In the case of low
speeds, it is in the range 1y = 0.51-0.78, while in the high-speed range, it is 1 = 0.82-0.85. In
the system with a spool divider in the low-speed range, it was ny = 0.38-0.78, while in high
speed the range, it was ny = 0.77-0.85.

1.0
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4 10 12 14 12 22 32 42 52 62
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Figure 19. Kinematic efficiency with nominal pump flow (a) and 25% of nominal pump flow (b) for spool and gear

flow dividers.

The greatest differences in efficiency occurred while driving at a relatively low speed
with low traction. The efficiency differences reached a value of 24%. In the case of driving
at high speeds, there were much smaller differences in efficiency, and a value of about 6%
was reached in favor of the system with a gear divider. The research shows that the system
with a gear divider is also characterized by a higher hydrostatic transmission efficiency
(Figure 20), both in terms of low and high driving speeds. In the case of driving at low
speed, the efficiency is in the range ny, = 0.55-0.60. The efficiency of the system with a spool
divider in the range of low speeds is within the range 1y, = 0.39-0.60, while in the range of
higher speeds, it is np, = 0.35-0.56.
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Figure 20. Transmission efficiency with nominal pump flow (a) and 25% of nominal pump flow (b) for spool and gear flow

dividers.

The overall efficiency presented in Figure 21a for high speed and Figure 21b for low
speed shows that the gear flow divider is much better with regard to energy. The total
efficiency in the case of the system with a gear divider in the low speed range is within
the range n, = 0.40-0.59, while driving in the high speed range is 1, = 0.50-0.55. In the
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case of the system with a spool divider, the efficiency while driving at low speeds was
Mo = 0.21-0.50, while for higher speeds, it was 1, = 0.32-0.51.
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Figure 21. Transmission efficiency with nominal pump flow (a) and 25% of nominal pump flow (b) for spool and gear

flow dividers.

In the case of driving at low speed, the efficiency of the system with the gear flow
divider is almost two times higher than that of the system with a spool divider, while when
driving at high speeds, it is about 33% higher. Increasing the efficiency difference in favor
of the system with a gear divider in relation to the efficiency of the system results in a more
favorable cooperation of the wheels with the ground.

4. Conclusions

This paper described an investigation into the influence of the flow divider type on the
overall efficiency of multi-motor hydraulic transmission for all-wheel drive vehicles with
skid-steer steering systems operating on soft terrain. The research was carried out with
the use of co-simulation. For this purpose, on the basis of the existing robot, a half model
of a multi-axle vehicle equipped with a closed hydrostatic drive system was developed.
The developed model consisted of two cooperating submodels. The first took into account
the mechanical properties of the vehicle (including the kinematic structure, masses and
mass moments of inertia of the components, as well as the tire properties). The second
submodel captured the structure of the hydrostatic drivetrain and the characteristics of its
components. Considering the aim of the research, the key issue was to develop a model
in which real performance characteristics were implemented: pumps, flow dividers and
hydraulic motors.

The results showed that in the range of low and high speeds, the use of a spool
divider causes a much greater drop in vehicle speed compared to the system with a gear
divider (from 5 to 30%) and a greater pump load (from 33 to 50%). The spool divider is
particularly ineffective at low driving speeds (overall efficiency generally does not exceed
40%). Moreover, the results showed that the overall efficiency of the vehicle driveline
depends on operating conditions, the performance characteristics of hydraulic components,
the pressure drop in the pipeline and the interaction between the wheels and the ground.

Due to the possibility of introducing control of the spool divider in the future, we
plan to develop a strategy for the active control of the spool divider while driving and
an appropriate model, which will make it possible to extend the results obtained in this
work. Another option for future consideration is to investigate the working efficiency of
the system with proportional throttles added to each wheel, which only restrict flow to
maintain wheel speed in proportion to ground speed.
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