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ABSTRACT

The individual drive of the axles of a vehicle produces a reduction of the axle adhesion, implicitly reducing the
total traction force of the vehicle. The paper proposes eliminating load transfer effects by using an algorithm
to redistribute the traction effort between the tractive axles equipped with electric traction motors. A case study
is presented, using the balancing of the electric traction torque for an electric locomotive, using the load transfer
effects compensation. The conclusions can be used to maximise the traction of all types of vehicles, such as
trailers, hybrid tractors, large harvesters, and Diesel-electric locomotives.

REZUMAT

Actionarea individualad a axelor unui vehicul produce o reducere a aderentei axei, reducénd implicit forta totala
de tractiune a vehiculului. Lucrarea propune eliminarea efectelor transferului de sarcind prin utilizarea unui
algoritm de redistribuire a efortului de ftractiune intre axele de tracfiune echipate cu motoare electrice de
tractiune. Este prezentat un studiu de caz, folosind echilibrarea cuplului de tractiune electricd pentru o
locomotiva electrica, folosind compensarea efectelor transferului de sarcina. Concluziile pot fi utilizate pentru
a maximiza tractiunea tuturor tipurilor de vehicule, cum ar fi autocamioane, tractoare hibride, utilaje agricole
mari si locomotive diesel-electrice.

INTRODUCTION

Producing tractive torque at large vehicles implies the use of multiple tractive axles as a solution to
overcome the limitations of the tractive effort due to the lack of adherence. Multiple tractive axles are used in
trailers, hybrid tractors, large harvesters, and Diesel-electric locomotives. Because of the ease of control, for
multiple traction, there is a preferred solution, consisting of independent electric motors for traction connected
using a fixed single-gear transmission. A review regarding Electric Traction Motors for Battery Electric and
Hybrid Vehicles presented the latest developments in electric traction motors and provided an efficient
overview of the state-of-the-art motor designs, performances, technical limitations, as well as future concepts
and trends (Krings and Monissen, 2020). The main topologies of the electric motors used for traction are the
Direct-Current machines and the Alternative-current machines (Nategh et al., 2020). The AC machines are
asynchronous machines and synchronous machines. Synchronous machines use permanent magnets PMSM
or variable reluctance motors SRM (Widmer et al., 2015).

Regarding the independent tractive axle drive, a practical active traction control system is proposed,
according to the wheel slip state of the front and rear axles, and the dynamic transfer of torque between axles
is realised to maintain the vehicle propulsion power (Wang et al., 2023). From the papers involved in
independent axle driving, it can be mentioned the analysis of Nussupbek et al., (2023), regarding a proposed
phenomenon of redistribution of a 4x4 vehicle traction forces, by considering front and rear drive wheels
separately as modular ones with reduction of all parameters to equation for each wheel separately.

The hydraulic system of the tractor hitch has the characteristics of a large load and complex working
environment. A differential and integral sliding mode adaptive controller is designed for the hydraulic
transmission system (Liu et al, 2023).
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The dependence of the force of draft force on the square of the working speed is found in most of the

literature (Cardei et al., 2019). The modelling of the running system pressure on the soil depending on the
structural parameters of the tractors according to Golub et al., (2023) is important for the characterisation of
the traction system of the vehicle, especially during the normal operation of agricultural vehicles while sliding
on the soil.
When assessing the adherence of the tractive wheels to the ground (soil, road, rail), the adherence coefficient
is a very important figure, which characterises the maximum possible torque which can be applied to the
tractive axle. A new approach to estimating vehicle tire forces and road maximum adherence is presented by
Villagra et al., (2010). A fast method for the computation of the wheel-rail forces, suitable for the investigations
of problems regarding traction control and axle drive dynamics and their interaction with a vehicle’s dynamic
behaviour is presented in Polach, (2001). It is well-known that the adhesion coefficient between wheel and rail
is widely variable, which has an influence on the running stability of vehicles, particularly the performance of
driving and braking of the rail vehicles (Zhao et al., 2018). Prevention measures against adherence loss are
necessary, and a new anti-slip control approach for four-wheel independent-drive electric vehicles based on
the energy method is proposed, making full use of the distribution of motor energy between the body and the
wheels during vehicle turning, being able to adjust the driving torque of each wheel (Ci et al., 2023).

Load transfer between tractive axles during traction is described in the comprehensive review of the
current technologies in practice and future research trends in traction motors developed for high-speed
railways, starting with Multiphysics design, including electromagnetic, mechanical, and thermal perspectives,
with a special focus on understanding the use of the distributed traction system for high-speed railway system
and related motor technology (Paul et al., 2022). The drive torque for each motor can be performed
independently for the distributed drive, and the torque distribution can be optimised according to the axle load
(Gao et al., 2021).

When speaking of multiplying the tractive force of a vehicle, the best example can be found in railway
traction, where, based on the limited adherence of the wheel-to-rail system, multiple tractive axles must be
used. A typical traction system consists of one or more locomotives and a train formed with several wagons.
For locomotives, a two-bogie tractive solution with a total of 4 or 6 tractive axles is used. The Diesel-electric
locomotives use the 4-tractive axle system and the all-electric locomotives use both 4-axle and 6-axle
solutions. For large freight trains towing, multiple locomotives can be used according to Sun et al., (2017), in
tandem operation, in independent operations and in “push-pull” operation. The experience was used, lately, in
the Electric Multiple Units (EMU) passenger trains, where the traction system developed is located in the
tractive coaches, similar to the underground trains. An example of improving the energy efficiency of rail
vehicles equipped with multi-motor electrical traction when operating with partial load is shown in Zarifyan et
al., (2019). Electronic control of multiple traction units used in modern AC high adhesion locomotives are very
complex mechatronic systems and can be designed with two alternative traction topologies of either bogie or
individual axle controls (Spiryagin et al., 2017). For proper acceleration or braking of the wheel, the driving
torque should be kept near the adhesive level for the desired anti-slip control (Isharat et al., 2016). Depending
on the type of drive system used, the distribution of the forces and moments generated by the drive equipment
at the axles is different (Arsene et al., 2018).

The present paper will perform a case study for the two-axle bogie locomotive traction system, starting
with an in-depth analysis of the axle load distribution, a study of the influence of load transfer on the traction
characteristics of locomotives, pointing out the mechanical characteristics with limited grip for axle depending
on the position of each axle. The original contribution of the authors is underlined by the presented algorithm
of redistribution of the prescribed tractive force among the tractive axles for maximising the tractive force,
applied for the case of torsion of the locomotive which generated a 15% unbalance between tractive axles.

MATERIALS AND METHODS
Calculation of axle load redistribution in the case of two-axle bogie vehicles

The case of a locomotive on two independent bogies having the B0-B0 formula of axles will be analysed.
Each of the two bogies transmits the traction forces to the box through a pivot. The calculation of the axle load
redistribution is done in the following simplifying hypotheses:

- the bogie frame and the locomotive chassis are rigid assemblies that do not deform when the traction
forces are applied or under their weight;

- traction motors generate equal traction forces;

- the forces of gravity and traction are evenly distributed on the bogies and the axles of the locomotive;
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- the rolling resistance forces of the two bogies are neglected,;

Symbol FO represents the traction force at the locomotive hook and F represents the traction force
corresponding to each axle.

In traction mode, two horizontal forces act on the locomotive:

- Traction force applied to the knuckle FO, to each driving axle having a force F=F0/n, n = 4 (number
of driving axles);
- Resistant force T applied by the train to the traction hook.

These two forces form a torque that tends to unload the front axles and load the rear axles. In the
absence of traction force, the axle load is G/4, and G is the total weight of the locomotive (equal in this case to
the adherent weight).

In traction mode, due to the effect of the wiring torque, the loads on the four axles change, the values
being denoted by: G1, G2, G; and G4. The variations of the axle loads will be equal to:

AG, =S -Gy A6, =5—G,; AGs=5—Gy; 4G, =%-G, L)
4 4 4 4

In the case of axle unloading, the AG values are positive, and in the case of overloading, the 4G values

are negative. The evaluation of the effect of the wiring torque is done by calculating separately the wiring of

the box and the wiring of the bogies and then the total effect will be the sum of these two cumulative effects
(superposition).

Fig. 1 - Forces acting on the motor vehicle in bogies
a) without traction; b) in traction mode

Two pairs of forces acting in equilibrium act on the locomotive box:

- The torque generated by the resistant force T (applied to the hook at height H above the upper rail
level) and the two traction forces T/2 applied by bogies to the two pivots of the locomotive (forces applied at
height h above the upper level of the rail). The torque generated by these forces tends to rotate the locomotive
box in a counterclockwise direction;

- The torque generated by the two reactions at components Gg1 and Gg of the gravitational force G of
the locomotive box applied to the supports of the pivots at a distance L. This torque tends to rotate the
locomotive box in a clockwise direction;

Equating the moments of these two torques acting on the box, torques calculated concerning the point
M located in the middle of the distance between the two pivots at the height h from the upper level of the rail,
the equation is obtained:

T(H — h) = (G2 — Ga1) - 2

This equation establishes the equality of the modules of the couples of those two moments of opposite
directions. In the absence of traction, the two components of the weight force G are equal, the weight of the
locomotive being evenly distributed over the two bogies.
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In traction, a redistribution of the weight force occurs on the two bogies with the value 4Gc.

Gpy = g —AG; and Gg, = g + 4G, ©)
Result:
4G = (4)
From the equal relation of the moments of the couples acting on the box is obtained:
AG =t — 7. 20 5)

The amount 4Gc represents the effect of the box load transfer in the redistribution of loads on axles
and bogies. By replacing the 4Gc the expressions for the load of the box on the two bogies are obtained:

G H-h

GBlzg_T'T (6)
G H-h

G32=;+T'T (7)

The evaluation of the load redistribution on the two axles of a bogie is made considering the two bogies
loaded by the box with the loads Gg: and Gg, respectively. In traction mode, the loads on the four axles are
Gs1, Ge2, Ges and Ggs. For each bogie, the moment generated by the traction forces of the two axles is equal to
the moment generated by the redistribution of the loads on the two axles:

gh:(Gz—Gl)é and §h=(64—63)§ (8)
Substituting in the equilibrium relation of the moments for each of the two bogies results:

Aop = =55 =252 = 0] ©
Using Gg as the bogie’s weight, in the absence of traction effort, the static load on the axle is:

Go=7+2 (10)
After applying the traction force T, the loads on the four axles will be:

Gy =22 — AGog (11)

G, = L4 AGop (12)

Gy = 22 — AGop (13)

Gy = 22 4 AGog (14)
Replacing expressions for AG,g, Gz, and Gy, is obtained:

G=getal (1) as)

o= (1) as)

= el (152 an

Gu=§r e () a®)
Unloading the 4 axles 4G the index i representing the axle number (i=1...4) is equal to:

AG; = Gy — G; (wherei=1..4) (29)

46, =1 (+£24) (20)

a6, =1 (+15-1) @

6, = - (=15 44) @2

a6, =1(-12-1) @

The forces generated by the motor-transmission system also contribute to the redistribution of axle loads
and apply vertical forces Z on the drive axle, the values of which are given by the relations (24)-(26):
Z=F- 2% for the semi-suspended motor; (24)

Z=F-: 2%(1 + %) for the suspended motor with the semi-suspended gear; (25)

Z=0 for fully suspended motor and gear. (26)
where D is the diameter of the drive wheels, b is the distance in the horizontal direction between the axle axis
and the point of support of the motor on the bogie frame and i is the gear ratio of the gear. These vertical forces
produce a variation of the axle load due to the motor-reduction gear system equal to:

AGoy =2 (27)
Expression of 4Gom can be written as:
AGoy = £F -2+ A (28)

where the coefficient 1 depends on the type of motor suspension and gearbox:
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A=1 for the semi-suspended motor; (29)
A=1 +% for the suspended motor with the semi-suspended gear; (30)
A=0 for fully suspended motor and gear. (32)

The general expression of the load on the drive axles can be given in the form:
46, =1 (#2221 2.7) (32)
This relationship highlights the three components that unload the axles of the locomotive in traction
mode:

- the component represented by the term +/-(H-h)/L is the component given by the locking of the
locomotive box. This term appears with the plus sign for the front bogie axles (bogie no.1) and with the minus
sign for the rear bogie axles (bogie no.2);

- the component represented by the term +/- h/l represents the component given by the load transfer of
the bogie under which the axle is mounted. This term appears with the plus sign if the axle is mounted in the
front of the bogie (axles no.1 and no.3 respectively) and with the minus sign if the axle is mounted in the back

of the bogie (axles no.2 respectively no.4).

- the component represented by the term +/- D 1/4b represents the component given by the force
generated by the motor-reduction system. This term appears with the plus sign if the traction motor is placed
in front of the axle (the axle is unloaded) and with the minus sign if the traction motor is behind the axle it drives
(the axle is overloaded). In electric braking mode, the signs are reversed.

The influence of load transfer on the traction characteristics of locomotives

The redistribution of loads on the locomotive axles under the action of the coupling torques and the
forces exerted on the drive axle by the traction gear have negative effects on the traction force that can be
developed by the unloaded axles.

In the case of locomotives that have bogies in which the axles are operated in groups, (single-motor
bogies) the traction force is automatically redistributed only between the axles of the same bogie. In this case,
only the box wiring is manifested, which has a relatively low effect (max. 4% of the load on the bogies).

Locomotives with individual drive axles cannot make full use of the weight due to the tendency of the
unloaded axles to skid.

The relationship gives the maximum traction force that a drive axle can develop:

Fnax =Y () - (Gy — 4G) (33)

Where (V) is the speed-dependent axle adhesion coefficient.

The dependence of the velocity adhesion coefficient is approximated by parabola or hyperbola arcs,
one of the commonly used formulas being:

Y() =~ +0,161 (34)

As previously shown, the unloading of an axle in traction or electric braking mode is given by the
relation:

26=2-F-(+222+242.0)=F ¢ (35)

where:
p=2-(+£11212.2) (36)
For ¢>0 the axle is unloaded and <0 the axle is overloaded.
By replacing the @ result:

Enax = Y(@) - (Go — Epax * @) (37)
Fnax = 1+1ll;)((1;)),(p “Go =n() Gy (38)
where:
__¥Ww
W) = oore (39)
It is obvious that:
n(w) < Y) if ¢ > 0 (unloaded axle) (40)
n(v) > P() if p < 0 (overloaded axle); (42)
nw) = p@)ifo =0. (42)
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The drive axle subjected to unloading behaves as if it were running with a low grip, and the overloaded
axles behave as if they were running with an increased grip. In the graph in Figure 2, the family of curves was

drawn 7(v) for the usual values of axle loads (-0.20 < ¢ <0.20).
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Fig. 2 - Calculation of adhesion limits according to the degree of unloading or loading the drive axle

In Figure 2 it can be observed that, in the absence of load transfer limitation measures, the limit of
adhesion of the unloaded axles is considerably reduced, significantly diminishing the performance of the
locomotive.

F(v) limited grip characteristics for drive axles depending on the position of each axle

Next, the traction characteristics F(v) will be constructed for each drive axle affected by the wiring,
depending on the position of the axle under the locomotives. For clarity, it will be exemplified on a locomotive
with two bogies, each bogie having two axles, the example can be easily generalized for other types of
locomotives.

Subsequently, based on the characteristics of each axle affected by the load transfer, the actual
characteristic F(v) of the locomotive will be constructed under the influence of the load transfer for different
traction motor control systems.

The traction characteristic F(v) for a single-drive axle has the following limits:

- On the right side it is limited by the maximum speed of the locomotive. This speed is mainly due to
the maximum speed allowed by the rotors of the traction motors but also by a multitude of other
factors such as suspension type, brake type, etc.

- The central part is limited by the maximum power that the traction motor can provide to the
crankshaft;

- In the upper part the characteristic is limited by the adhesion and the adhesion is influenced by the
load transfer AG..

- Taking into account the relations expressing the axle discharges AG; calculated in the previous
chapter and the fact that the values of the discharges given by the box load transfer are lower
compared to the discharges given by the bogie load transfer, there is the following order of amplitude
of these discharges:

AG, < AG, < 0 < AG; < AG, (43)

Axles 1 and 3 will be unloaded and axles 2 and 4 will be overloaded. There will be the same order for
the coefficients ¢.

Py <P <0< 3 < (44)
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When constructing characteristic F(v), the appearance of the adhesion limit curves in Figure 2 shall also

be taken into account for the various values and signs of ;.
Using this demonstration, the characteristics F(v) for each axle will have the appearance of Figure 3.

F

/7/

Psgine =CONSL.

Fonging=const.

Speed V

Fig. 3 - Characteristics F (v) and P (v) for each axle with the adhesion limits given by the wiring

In the case of locomotives for which the individual adjustment of the traction motors is performed, an
algorithm of integral use of the adhesion will be proposed, even in the presence of load redistributions between
the motor axles. The algorithm aims to compensate for the limitations caused by the unloading of the axles
with the additional traction force available on the axles loaded as a result of the load transfer.

This is how the algorithm works:

- An order is given to increase the traction force of the locomotive. If no motor has slipped, it is further
ordered to increase the traction effort.

- If a starting slip is detected on one of the motors, then that motor will enter the force limit at the grip
limit. To compensate for the limitation of the traction force on the traction motor, the traction force is increased
in the same way as for the other three motors which will uniformly take over the traction force deficit caused
by the limitation produced by the traction motor.

- The traction force is further increased for non-slip axle.

- If another motor with a tendency to skid is detected, then it will also enter the force limitation and the
traction force will be uniformly increased for non-slip axle.

The logic diagram for the implementation of this algorithm is shown in Figure 4.

Imposed traction
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|

Traction force
controller

5 v

Increase force command Decrease force command
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< motor > .
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Fig. 4 - Scheme for the implementation of the algorithm for redistribution of traction forces on the loaded axles
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For the efficient operation of this method in compensating the effects of load transfer, the redistribution
of traction forces must be done equally on all non-slip axles. Any overloads to which the traction motors and
the electric power equipment are subjected during this redistribution of traction forces will have minimum,
tolerable values. Otherwise, there will be a risk of overcurrent or overvoltage protection coming into action,
which will nullify these measures for the efficient use of locomotive adhesion.

RESULTS
Traction simulation software program under the influence of load transfer on locomotives

To visualize the traction characteristics under the influence of load transfer and how the load transfer
influences the performance of the locomotive, a software code was written (hamed Sim Cabraj.exe) that
simulates the behaviour of the drive axles and the locomotive as a whole, taking into account the negative
effects of load transfer. The presented program calculates and represents graphically the traction
characteristics of the locomotives taking into account the effect of the load transfer on the adhesion and the
different solutions adopted to limit it.

The graphical representation of the traction characteristics starts from the calculation of the
characteristics F(v) for each axle. The calculation of the characteristics F(v) of each axle is made according to
the effects of the load transfer on each axle.

From the traction characteristics calculated for each axle, the traction characteristics of the locomotive
are obtained by calculating the sum of the traction forces of the axles for a given speed. The calculation of
these sums of the traction forces of the axles is made taking into account the limitations given by the
constructive variant of the locomotive: the electrical diagram and the measures taken to reduce the load
transfer and its effects.

The traction characteristics for the most used variants of locomotives were calculated and plotted:

- Locomotives with group adjustment of traction motors with anti-slip that act simultaneously on all
axles;

- Locomoaotives with independent adjustment of traction motors, each axle having its anti-slip system;

- The variant proposed by the locomotive with independent adjustment of the traction motors, in which,
in case of a slip, it achieves the automatic redistribution of the traction force on the other axles that have the
adhesion ensured due to the load transfer (overloaded axles).

B {oton characieretics Traction characteristics simulator under the influence of cabrage
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Fig. 5 - The main SimCabraj.exe application window.
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After launching the program, two rows of diagrams are displayed in the main application window. The
diagrams on the top row represent the traction characteristics for each driving axle of the locomotive. At the
bottom row are three diagrams of traction characteristics for each of the three types of studied locomotives.
The three variants of locomotives analysed can thus be easily compared, concluding their advantages and
disadvantages. The following curves are drawn on each diagram:

- Constant power curve - green colour.

- Adhesion limit curve - dark blue, corresponding to the axle.

Locomotive - with adhesion compensation

P locom.$4 x Pmot.=const.

Speed=  66.13 Km/h
Force = 18.83 tone-forta
Power = 3392.64 KW
Limiting : Adhesion

F[tf] PJK
Axle 1: 3[.8 6;4%
Axle2: 511 920.28

Axle 3: 4.15 748.26
Axle 4: 5.77 1039.80

\K\ Axle nr.4.
%NAxle'm.z.
\\ Static

15 E_E—Axle nr3.

= Axle nr.1.
.

Force"{‘{t—f]

1
0 20 40 60 8o 100 120 140 160
Speed [Km/h]

Fig. 6 - The Force-Speed characteristic after redistribution of traction efforts according to the algorithm

For comparison, the adhesion limits for all other axles were drawn with a thin line. With a thin blue line,
the adhesion limit was represented in the absence of load transfer. For locomotives, (lower row) in light blue
is the actual traction characteristic of the locomotive. The first two curves delimit three differently coloured
areas:

- The light green area under these two curves is the area where the locomotive can operate normally;

- The red area above the grip curve is the slipping area,;

- The blue area above the constant power curve is the overload operating area.

The values characteristic of the indicated cursor point (speed, traction force, power) are displayed in the
upper right part of each diagram. By moving the cursors on different areas of the diagrams, following the way
the traction characteristics are constructed and the implications of the three constructive variants on the
performance of the locomotive can be evaluated.

CONCLUSIONS

The diagrams generated by the presented software show that this algorithm manages to avoid slipping
the locomotive axles as a result of the balanced load transfer while keeping the traction characteristics of the
locomotive unaltered. By applying this algorithm, the harmful effects of axle slipping are avoided and the power
of the locomotive can be used in full. Using the proposed algorithm in controlling the torque commands for
each independent drive, the unloaded axle motors will gradually enter the force limitation regime, and with the
other motors, it will be possible to go beyond the normal adhesion limit, these being overloaded as a result of
the load transfer. By doing so, it is theoretically possible to fully compensate for the load transfer, thus the
locomotive operates practically with maximum adhesion.
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