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Abstract. Dual motor multi-axle drive vehicles are commonly used in heavy-duty transportation scenarios,
with high energy consumption and low range during driving. Improving the efficiency of power system
operation and improving energy utilization are important ways to solve the problem within a low range. This
article takes dual motor multi-axis drive autonomous vehicles as the research object. Besides, it proposes a dual
feedback motor torque distribution optimization model and designs a braking torque distribution strategy that
meets the optimal braking energy recovery. The dual feedback motor torque distribution optimization model
and the braking torque distribution strategy that meets the optimal braking energy recovery are designed.
Driving energy consumption and braking energy recovery are used as evaluation indicators to simulate
and analyze the C-WTVC cycle and the CHTC-HT cycle conditions. The results show that the driving energy
efficiency has been further improved, and the braking energy recovery efficiency has increased by 10%.
Therefore, the optimization strategies for driving torque distribution and braking torque distribution
designed in this article can both improve energy utilization efficiency, thereby increasing the driving range

of the vehicle.

Keywords: Power optimization, Drive torque distribution, Brake force distribution.

1 Background

In order to meet the needs and efficiency of contemporary
transportation, heavy transport trucks and high-power
transport trucks have developed rapidly. Heavy transport
trucks and high-power transport trucks are mainly used
in the transportation of large goods, and their driving and
braking processes have significant energy changes and low
energy efficiency, resulting in a lower range. Therefore,
improving the power control strategy of transport vehicles
and further enhancing their energy utilization efficiency
can enable them to travel longer distances under the same
electrical conditions [1, 2.

As the load capacity of goods increases, transport truck
also changes from single axle drive to multi-axle drive, and
from single power source drive to multi-power source drive.
During transport-truck operations, energy consumption is
high. An unlimited increase in battery capacity will lead
to an increase in vehicle weight, which is obviously not
the best way to increase driving range. Therefore, designing
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and developing better power control strategies is becoming
increasingly important. Under certain energy source
conditions, by designing more optimal power optimization
control strategies, while meeting the requirements of driving
power and economy, the efficiency of energy utilization of
the vehicle can be improved, and the range of the vehicle
can be further increased [3].

Manne et al. [4] analyzed the speed curve of the driving
cycle, accurately controlled the driving torque, and reduced
the fuel consumption of heavy vehicles. Cong et al. [5]
analyzed the shifting mode of dual motor electric vehicles
and proposed the optimal shifting torque distribution
pattern under acceleration and braking conditions.
Pataparambath and Subramaniam [6] developed a dual
torque control strategy for 48v-P3 hybrid electric vehicles
to improve the energy transfer efficiency of the wheels.
S. Shakya [7] used fuzzy control theory to design a torque
control system for electric vehicles that is insensitive to
parameter changes and disturbances. Laguidi et al. [8] pro-
posed a dual motor drive control method for electric vehicles
based on nonlinear PI control technology to reduce wheel
slip. Verbruggen et al. [9] used particle swarm optimization
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algorithm to optimize gear shifting, thereby further improv-
ing the driving efficiency of cars. Samuel et al. [10] studied
the driving control strategy of plug-in hybrid vehicles using
multi-objective optimization methods. Ryosuke et al. [11]
proposed a four-wheel drive vehicle driving force distribu-
tion method based on wheel energy loss rate to improve
off-road vehicles and optimized the driving force distribu-
tion. Kang et al. [12] proposed control modes and expected
dynamic torque control strategies for the 4WD series hybrid
electric vehicles with front and rear drive axles. Moinfar
et al. [13] studied the effects of several tractor drive systems
[rear wheel drive (RWD), four-wheel drive (4WD), and front
wheel drive (FWD)| on tractor performance and fuel
usage. Through reviewing the current research status of
automotive drive control strategies, it has been found that
whether it is a single-motor or multi-motor drive, how to
reasonably control the torque output of each wheel drive
and coordinate their work is the key to achieving optimal
drive control. For heavy-duty transfer vehicles, the driving
system is no longer a single-motor single-axis drive, but a
multi-motor multi-axis drive.

2 Theory and modeling
2.1 Motor map diagram

The same motor is used for the front and rear drive motors
in this article, and the selected drive motor map is shown in
Figure 1. From the graph, it can be seen that the driving
efficiency of the front/rear motor is related to the motor
speed and the current motor speed, but the driving effi-
ciency is different for each torque and torque. Therefore,
to improve the driving efficiency of dual motor multi-axis
drive autonomous vehicles, it is necessary to make the
front /rear motors work in areas with higher motor driving
efficiency as much as possible and avoid appearing in areas
with lower efficiency.

2.2 Optimization model and strategy for torque
distribution in dual motor multi-axis drive

A dual-motor torque allocation optimal control strategy is
proposed for the motion control process of a dual-motor
multi-axis drive autonomous vehicle, considering the road
adhesion coefficient and aiming for optimal driving effi-
ciency [14]. The torque distribution control scheme for
dual-motor, multi-axis drive autonomous vehicles is illus-
trated in Figure 2.

For dual-motor multi-axis drive autonomous vehicles; in
order to achieve optimal working efficiency, it is necessary
to establish the optimal driving efficiency objective function
for dual-motor multi-axis drive autonomous vehicles. This
article defines the utilization efficiency #,,, of dual drive
motor drive as:

T T .
o = (Lu+ To)mm, )
Tan, + Tun,

the efficiency #; of the front motor that drives the rota-
tion of the first and second bridges is when the speed is
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Figure 1. Drive motor map.

n and the torque is Ty. The driving efficiency 7, of
the rear motor that drives the rotation of the third
and fourth axles is when the speed is n and the torque is
Tt2.

When driving normally, assuming the total driving tor-
que required for a dual motor multi-axis drive autonomous
vehicle is T}, the output torque of the front motor driving
the first and second axles to rotate is Ty, and the output
torque of the rear motor driving the third and fourth axles
to rotate is Ty, then there are:

Tt - Ttl + Ttg . (2)

To simplify the model, assume the distribution coefficient of
the rear motor is «, there are:

Tﬂ == O(Tt. (3)

For a, there are:

0<au<l. (4)
For the front drive motor, there are:
Th=01-o)T,. (5)

The driving motor efficiency is a function of the torque and
speed. Therefore, for the determined reduction ratio and
transmission efficiency of the dual-motor multi-axis drive
autonomous vehicle, under the condition of fixed speed,
the working efficiency of the motor is adjusted by adjusting
the torque of the front/rear motor, so that the front/rear
motor works in the high efficiency area. Assuming a dual
motor drive efficiency objective function #,y, the optimal
value is Max(fopt):

Gl Ty

M =M
ax(nopt) aX( aTmy +(1—a) Tn,
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Figure 2. Optimal torque distribution scheme for dual motor multi-axis drive autonomous vehicles.

The constraint conditions are:

Ty =0T,

Th=>01-a)T,

m = f(n, Tu)

ny = f(n, T) (7)
0<a<l1

0 S Tt S Ttmaxl + TtmaxZ
0 S Ttl S Ttmaxl

0 S Ttl S Tz‘,ma.x?

In the above equation, Ty,ax1 is the maximum output tor-
que of the front axle motor at a speed of n. The maximum
output torque Ti,axo Of the rear axle motor at a speed of n.
When a dual-motor multi-axis drive autonomous
vehicle is driving, the speed and torque constantly change.
To obtain the optimal torque distribution for the front and
rear motors of the vehicle under various torque and speed
conditions, equations (6) and (7) are optimized. The opti-
mal distribution diagram of the front and rear motors under
different speeds and torques is shown in Figure 3.

2.3 Optimization control strategy for energy recovery of
dual motor multi-axis braking

For dual motor-driven autonomous vehicles and meeting
the above braking requirements, the motor map feature is

added to further optimize the regenerative braking energy
recovery [15-17]. The optimal braking distribution strategy
is designed based on the feedback motor map characteris-
tics, while considering the driving torque distribution opti-
mization strategy principle diagram of the motor map and
road adhesion coefficient [18-20]. The optimal braking dis-
tribution strategy is shown in Figure 4.

An optimal braking torque distribution model is built
based on the feedback motor map characteristics. Assuming
for a dual motor multi-axis drive autonomous vehicle, the
braking torque between the first and second axes is the
same, and the braking torque between the third and fourth
axes is the same [21, 22]. At this point, the feedback braking
force relationship between the front and rear motors is as:

{ Ty = o Thotal

Tbg = (]. — Oﬁb)T (8)

btotal

Among them, Ty and T}, respectively represent the brak-
ing torque of the front and rear motors, and T are
the total feedback braking torque. The braking energy effi-
ciency of the double feedback motor is:

(T} + Tio) e

9)
Tying + Trrne

n bopt —

The optimal value Max(#p0pt) of braking energy efficiency is
set as:

(10)

MaX(nbo ) = Max<(Tb1 + Tb2)nb1 leg)
pt/ T )

Tyiny + Typng
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Figure 3. Diagram of torque distribution coefficients for front and rear motors based on motor map characteristics.
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The constraint conditions are:

Tbl S Tbl max(nbl)
T < Tomax(n2)
Mo = (T, nin)

Mo = (T, i)
Pb _ Tunpnp

1 9550

_ Tipmipni
Py, = 9550

Omin S Oy S Olmax

Pb1 +Ph2 < Pbtutul

(11)

Among them, Tjrand T}, respectively represent the braking
feedback torque of the front and rear motors. o is distribu-
tion coefficient of braking torque for front and rear motors.
Py, is maximum power of feedback braking. Tpnax (1)
and Tymax (7,) Tespectively represent the maximum torque
that the motor can provide. o, and ., are the upper and
lower bounds, respectively.

The optimization model was obtained for different rota-
tional speeds and braking torque requirements, as shown in
Figure 5.

An optimal braking control strategy for a dual motor
multi-axis drive autonomous vehicle is designed. In order
to improve the efficiency of vehicle braking energy recovery
and meet braking safety requirements, priority should be
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Figure 5. Optimal model for braking torque distribution of double feedback motor.

given to using feedback motors to generate braking force for
braking. Developing specific control strategies is as follows:
(1) While z, < 0.2 the distribution of braking force can

be:

mre

Frml = Up1 min (szv min (iq(TWl(n)-FT”"l(n)) ) Tbattl))

Frm2 = (1 - abl) min (sza min (w, TbattQ))

—_ Gzb
be_ f_Frml

_ Gzb
Fbr_ Z_FT"HIQ

(12)
(2) While 0.2 < z, < 0.5 the distribution of braking force

can be:

FT'TVLl = p1 min (Ff17 min (wizmu(n))7 Tbattl))
Frm2 = (]— - OCbl) min (Fﬂa min (ig(Tuu?(:z)::T"'ﬂ?(")) ’ Tbatt?))
Fy=Fy—Fu
Fy=F— Frna
(13)

(2) While 2z, > 0.5 the distribution of braking force can
be:

Fy = Gzy(b+ zyhy)/ L
Fy. = Gzy(a — z3hy)/ L
Fru=0 '
Fre=0

(14)

Among them, Tj,.¢1 and Tii0 are the maximum allowable
charging torque of the battery. F,,; and F,,;, respectively,
represent the feedback braking force of the front and rear

e
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Figure 6. Schematic diagram of C-WTVC cycle operating
conditions.

motors. Fyr and Fj, are the mechanical braking forces of
the front and rear axles.

3 Results and analysis

The maximum speed is 49.75 km/h. The C-WTVC cycle
condition is a standard developed based on WP29 to detect
the economic and power performance of heavy-duty
vehicles under instantaneous cycle conditions, which are
divided into urban conditions, highway conditions, and
high-speed conditions. The following diagram shows the
schematic diagram of the C-WTVC cycle operating condi-
tion and the C-WTVC cycle operating condition taking a
factor of 0.5.
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Figure 8. C-WTVC speed tracking results and error graph. (a) Driving torque demand diagram, (b) drive torque distribution

diagram.

Table 1. Energy consumption of C-WTVC driving conditions for dual motor multi-axis drive autonomous vehicles.

Number Working condition Energy consumption (kJ)
Average allocation strategy Optimal allocation strategy
1 C-WTVC cycle-driven working condition 15698.2 15572.7

Based on Figure 6, due to the dual motor multi-axis
drive, the autonomous vehicle’s maximum speed exceeds
49 km /h. Therefore, this study uses half of the speed value
of the C-WTVC cycle condition as the expected cycle con-
dition for simulation, as indicated by the red line in Figure 6.
The simulated speed following and speed error values are
shown in Figure 7.

For the C-WTVC cycle simulation model, the driving
torque can be obtained as shown in Figure 8. From the
graph, it can be seen that the torque distribution is mainly
distributed between 0.5 and 1, with only a small portion dis-
tributed between 0.5 and 0.6.

As a comparison, using the average torque distribution
of dual motors as a comparative experiment, the energy

consumption of C-WTVC driving conditions can be
obtained, as shown in the table below. From Table 1,
it can be seen that the optimal driving control strategy,
based on the motor map characteristics, can achieve the
goal of reducing driving energy consumption.

For the braking process, the C-WTVC braking torque
distribution and energy recovery change curve are shown
in Figure 9.

From Figure 9, it can be seen that during the braking
process, the motor provides a portion of regenerative feed-
back braking force, while the rest is provided by pneumatic
braking. The energy consumption table for the C-WTVC
braking condition is shown Table 2, with an energy recov-
ery rate of 32.8%.
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Figure 9. C-WTVC braking torque distribution and energy recovery variation curve. (a) Braking torque distribution diagram,
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Table 2. Energy consumption of C-WTVC braking condition for dual motor multi-axis drive autonomous vehicle.

Number Working condition Energy consumption (kJ) Energy recovery rate
Total energy loss Energy recovery

1 C-WTVC cycle braking condition 863503.9 28364.6 32.8%
CHTC-HT is a standard officially implemented in May i — 5

2020 for the inspection of the power and economy of heavy- 8ok OCZTCCH%HT f’: ] ".\ ;N:

duty vehicles. The following diagram shows the schematic o W

diagram of CHTC-HT cycle operating conditions and 70r ! ":‘-' i :.
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of the CHTC-HT cycle as the expected cycle condition for = s ': ' ' ;
simulation, as indicated by the red line in Figure 10. The ! !
simulated speed following and speed error values are shown 20 F ! i
in Figure 11.

For the CHTC-HT cycle simulation model, the driving 10
torque can be obtained as shown in Figure 12. From the "
graph, it can be seen that the torque distribution is mainly 0 200 400 600 800 1000 1200 1400 1600 1800

distributed as 1, with only a small portion distributed
between 0.5 and 1.

As a comparison, using the average torque distribution
of dual motors as a comparative experiment, the energy
consumption of the CHTC-HT driving condition can be
obtained, as shown in Table 3. From the table, it can be
seen that the optimal driving control strategy based on
motor map characteristics can achieve the goal of reducing
driving energy consumption.

For the braking process, the CHTC-HT braking torque
distribution and energy recovery change curve are shown in
Figure 13.

Time/s

Figure 10. Schematic diagram of CHTC-HT cycle operating
conditions.

From Figure 13, it can be seen that during the braking
process, the motor provides a portion of regenerative feed-
back braking force, while the rest is provided by pneumatic
braking. The energy consumption table for the CHTC-HT
braking condition is shown in Table 4, with an energy
recovery rate of 36.7%.
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Figure 12. CHTC-HT speed tracking results and error chart. (a) Driving torque demand diagram, (b) Drive torque distribution
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Table 3. Energy consumption table for driving conditions of dual-motor multi-axis drive autonomous vehicle
CHTC-HT.

Number  Working condition Energy consumption (kJ)

Average allocation strategy Optimal allocation strategy
1 CHTC-HT cycle-driven working condition 9104.9 8925.7
4 Conclusion braking energy recovery is designed. Establishing simula-

tion experiments for C-WTVC and CHTC-HT cycle condi-
Aiming at the dual motor multi-axis drive autonomous tions, the results show that the power optimization control
vehicle, a dual-motor multi-axis drive autonomous vehicle ~ strategy based on motor map characteristics has good
driving torque distribution model and driving torque — ©RCIgY utilization efficiency, further improving driving
distribution strategy are proposed. A dual feedback motor ~ €DCIrgy efficiency and increasing braking energy recovery
torque distribution optimization model is designed, and a efﬁc.iency by 10%. It can further increase the range of
braking torque distribution strategy that meets the optimal vehicles.



The Author(s): Science and Technology for Energy Transition 80, 51 (2025) 9

4
Prall 12000)
5F ' ; 10000
| i
H d
' ! \
|
4t | ! 3 80001
B i | p "
5 | b ]
- 1 (R 2
g ] W i <
§ sl It ! i i i 6000
E IRt 1 1 g
g |l 1y b &
Bl ER
i ! ) ! I " 4000)
1 ' Il '
IR i i
1Fih i | 1
1 i 1l i1l | 2000F
[ | Il '
110 I
M)
0 0 = L i i 1 L 1 L 1 J
0 200 400 80 ) 1000 1200 1400 1600 1800 0 200 200 500 500 1000 1200 1400 1600 1800
Time/s Timels
(a) (b)
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(b) energy recovery change curve.

Table 4. Energy consumption of CHTC-HT dual-motor multi-axis drive autonomous vehicle under braking conditions.

Number Working condition Energy consumption (kJ) Energy recovery rate
Total energy loss Energy recovery

1 CHTC-HT cycle braking condition 10794.2 2936.8 36.7%
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