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In view of the high difficulty in coupling of various electric vehicle parameters, intractable parameter estimation, and unreasonable
distribution of vehicle driving torque, the four-wheel hub motor is applied to drive electric vehicles, which can instantly obtain the
torque and speed of the hub motor and achieve precise control of the torque of each wheel. According to the vehicle longitudinal
dynamics model, a progressive RLS (PRLS) algorithm for real-time estimation of vehicle mass and road gradient is proposed.
Meanwhile, by means of taking the longitudinal acceleration of the vehicle and the road gradient obtained from the estimation
algorithm as the parameter of the torque distribution at the front and rear axles, a dynamic compensation and distribution control
strategy of the front and rear axle torques is designed. Moreover, based on hardware-in-the-loop real-time simulation and real-
vehicle tests, the effectiveness of the proposed estimation algorithm and the rationality of the real-time distribution control

strategy of driving torque are verified.

1. Introduction

With continuous progress of automobile industry, in ad-
dition to the gradually highlighted issues such as energy,
environmental protection, and safety, the electric vehicle has
also become the focus of attention, in which hub motor drive
is an important direction for the future electric vehicle
development [1]. By means of directly installing the drive
motor into wheel hub to integrate the power system,
transmission system, and braking system, the hub motor-
driven vehicle not only greatly reduces mechanical trans-
mission components but also simplifies the vehicle structure
and lowers the entire vehicle mass. At the same time, hub
motor creates a more flexible driving mode so that the four-
wheel drive electric vehicle can easily switch between two-
wheel and four-wheel drive modes, and the front and rear
axle torque distribution ratio control is more precise and
flexible. Besides, compared with the internal combustion

engine, hub motor can further improve the vehicle effi-
ciency, making electric drive vehicles advantaged in active
safety and energy saving control. Moreover, based on real-
time vehicle dynamic information feedback, accurate
identification of more parameters and precise control of
more variables can be achieved [2].

At present, the algorithms for vehicle parameter esti-
mation, mainly include least squares method, least squares
method with forgetting factor, Kalman filter, extended
Kalman filter, and adaptive Kalman filter. In addition,
sliding mode observers, fuzzy observers, the nonlinear ob-
server derived from Lyapunov theory, and the neural net-
work algorithm have also been applied to a certain extent [3].
Literature [4] is put forward to estimate vehicle state and
adhesion coefficient while using dual extended Kalman filter.
Literature [5] realized the identification of battery model
parameters by the least square method and achieved and
used more accurate estimate of battery SOC through the
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genetic particle filter algorithm. The above parameter esti-
mation or identification methods are the approaches
commonly used in the domestic and foreign literature with
better estimation effect. However, due to high complexity
and many input variables, the above estimation algorithms
generally have poor real-time calculation, choosing a pa-
rameter estimation algorithm that can meet the needs of
vehicle control with high accuracy, low input variable re-
quirements, and fast calculation speed which is quite
significant.

The reasonable distribution of vehicle driving torque can
comprehensively improve various performances such as
vehicle power, maneuverability, steering, and safety [6-11].
According to the four-wheel drive vehicle driving torque
distribution control strategy in literature [12], the driving
condition is divided into straight driving and turning driving
from the perspectives of improving vehicle dynamics and
stability. In the straight driving condition, the vertical load
transfer of vehicle front and rear axles is determined through
longitudinal acceleration, and the vertical load ratio of front
and rear axles is used as the driving torque distribution ratio
so as to determine the amount of driving torque distributed
to the rear wheels. In the turning driving condition, for the
sake of ensuring good steering and stability of the whole
vehicle, under the driving torque distribution control
strategy with the given transmission system, the driving
force is distributed from the front wheels to the rear wheels
to reduce the tendency of understeer trend [13]. In high-
speed operating conditions, the torque distribution control
of four-wheel independent drive vehicles is prone to robust
stability problems. Literature [14, 15] designed a gain-
scheduled robust controller using the linear parameter
varying (LPV) system, which can not only obtain strong
robustness but also reduce the order of controller to address
the vehicle handling stability control considering system
uncertainties. Because the power system of the hub motor-
driven vehicle has undergone fundamental changes, the
traditional driving torque control strategy cannot be fully
applied to the new hub motor vehicle. In this consideration,
it is necessary to improve and optimize driving torque
distribution control strategy by virtue of hub motor.

From the perspective of vehicle dynamics, vehicle mass,
road adhesion coefficient, road gradient, and vehicle lon-
gitudinal acceleration are the key parameters involving the
distribution of vehicle driving torque [16]. Due to the dif-
ferent weights of occupants and loaded goods each time
when driving the vehicle, the vehicle mass is an indis-
pensable factor in the driving torque distribution of the front
and rear axles. Besides, on the premise of obtaining vehicle
longitudinal acceleration, road gradient, and vehicle mass,
the real-time distribution of the torque of four-wheel hub
motors at the front and rear axles can be realized.

Considering that the RLS estimation algorithm requires
few parameters and has good real-time performance, a
progressive RLS estimation algorithm for the four-wheel hub
motor vehicle is proposed in this paper. On the one hand, the
algorithm can estimate the quality of the vehicle and the road
slope with the least information from the on-board sensors,
and on the other hand, it introduces a progressive algorithm
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to further improve the accuracy and stability of the esti-
mation algorithm which realizes the accurate estimation of
vehicle mass and road gradient. On this basis, a four-wheel
hub motor torque dynamic distribution control strategy is
proposed by utilizing the estimated parameters and the
vehicle longitudinal acceleration proposed. Based on the
equal distribution of front and rear axle driving torques,
vehicle longitudinal acceleration and road gradient are
studied comprehensively, and the front and rear axle driving
torques are redistributed as well as dynamically compen-
sated to adapt to different driving conditions and fully exert
the strengths of the hub motor-driven electric vehicle.

2. Design of Progressive RLS Parameter
Estimation Algorithm

Compared with traditional vehicles, the proposed four-
wheel hub motor electric vehicle, instead of using the engine
and gearbox, adopts a wheel reducer at the reduction ratio of
iy=5.

The longitudinal dynamics model in the traditional
vehicle is shown in the following formulas:

F,=F;+F+F,+F, (1)
Tigigionr CpA » dj (2)

=Gf cos a+Gsin o+ u, + om—.
r f 21.15 ¢ dt

As can be learned from the driving mode of the hub
motor-driven vehicle, the longitudinal dynamics model of
the proposed vehicle is shown in the following formula:

T,
M=Gf cos a+G sin a+
r 21.15

CDAui + md—u, (3)
dt

where i is the reduction ratio of the wheel reducer and T, is
the sum of the torques of four hub motors.

In the field of parameter real-time estimation and
identification, the least square method has been well pro-
moted and applied, of which RLS is a recursive form. For a
single-input-single-output system (SISO), the adoption of
algorithm can achieve small calculation, quick convergence
speed, and fast convergence of parameter identification
without needing any given condition so that the real-time
and accuracy requirements in vehicle control system can be
met.

The idea of the recursive identification algorithm can be
summarized as follows:

New parameter estimate=old parameter estima-
te + correction term

That is, the new recursive parameter estimates are
iterated based on the old recursive estimates.
For an AR (n) (n-order autoregressive) model [17],

yt)=ay(t -1+ +a,y(t—n)+e(t), (4)

where ¢(t) is the zero mean, variance is white noise with
ag >0, y (#) is the observation, and the order is known at n.

Its parameter estimation through the recursive least
square method is expressed as follows:
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0(t+1) =0 +K(t+D[yt+1) -9 (t+1)0(1)],

P(t)e(t+1)

K = ,
(¢+1) 1+ (t+ 1P (t)(t+1)

P(t)e(t+1)¢" (t +1)P(t)

p =P(t) - :
(E+1)=P0) 1+¢" (t+ 1P (t+1)

(5)

The vehicle mass is a parameter that does not change
with time after the start of driving, but the road gradient is a
time-varying parameter, so t general RLS and exponentially
weighted RLS are applied to separately identify the vehicle
mass and road gradient online. When identifying multiple
parameters with the recursive least square method, the
identification results are affected by different parameter
identification sequences. Regarding the identification se-
quence, an initial value close to the true value can be selected
as vehicle mass when initializing the algorithm while the
road gradient at the start is unknown. In this consideration,
this paper proposes a progressive RLS estimation algorithm
that estimates the road gradient based on the initial value of
vehicle mass and then returns the estimated road gradient to
the mass estimation module to estimate the vehicle mass in
real-time. The logic diagram of this estimation algorithm is
shown in Figure 1.

The longitudinal dynamics model of the vehicle is
transformed as follows:

thiOr/T _ CDAuZ _
r 21.15°¢

d
(md—?) =m(gf cos a+g sin ).

(6)

Let  y= (Tyignr/r) - (CpA/21.15)u% — (m(du/dt)),
¢=m,and 0=gf cos a+g sin a.
Then, the above formula becomes

Y = 96, (7)

where 0 is the expression containing the road gradient
variable.

Therefore, the RLS algorithm recursive expression for
gradient estimation is shown in (8)-(10). The selection range
of forgetting factor is [0, 1]. In view that the road gradient
changes constantly and the old observation data have small
influence on new parameters, the forgetting factor 1=0.9 is
selected in this paper:

P(k - 1)¢ (k)

K(k) = ,
1 A+¢" (k)P (k- 1)g (k)

(8)

0(k) =0(k—1)+ K(k) [y (k) - 9" (O - 1)],  (9)

P(k—1)g (k)¢ (K)P(k—1)
1+¢" (k)P (k- 1)p (k)
(1-KW®e" (k)P(k-1)
- .

In the above expression, k represents the current sam-
pling time and k-1 represents the previous sampling time.
During the algorithm calculation, the least square gain is
firstly calculated by formula (9), and then (k) and P (k) are
calculated. The corresponding estimated value of road
gradient can be obtained from the following formula:

arccos{(@/g) —1+ f? —(92/92) }
“s 1+ f° '

The gradient estimation value, after being obtained, is
taken as the input variable of mass estimation module for
estimating the whole vehicle mass.

By transforming the vehicle longitudinal dynamics
expression,

T qionr _CpA 5

P(k)=P(k-1)-
(10)

(11)

. du
=m| gf cos a+ g sin at )

u
r 21.15 ¢
(12)
Let y1 = (Tigiohr/r) = (CpA21.15)u, ¢ =
(gf cos a+gsin a+ (du/dt)), and 6, = m;
Y1 =90, (13)

Then, expression of the recursive least squares method
for vehicle mass estimation can be obtained as follows:

P(k-1)¢, (k)

K (k) = ,
1+ ¢! (k)P (k- 1)g, (k)

(14)

6, (k) = Bk - 1)+ K(k) [y, (k) - 9" (KB, (I - 1)],
(15)

P(k) =(1- K (k)g; (k))P (k- 1). (16)

Formulas (14)-(16) help obtain the real-time estimation
of vehicle mass, formula (15) is the update of the least square
gain, and formula (16) is the update of the error covariance.

3. Design of Dynamic Self-Compensation
Torque Distribution Control Strategy

The force analysis of the hub motor-driven vehicle is shown
in Figure 2.

According to the vehicle theoretical dynamics formula
[18], through taking the moment of each force acting on the
vehicle to the contact center of the front and rear wheels and
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FiGure 1: Logic diagram of the estimation algorithm.

FIGURE 2: Vehicle climbing force analysis.

the road surface, the normal reaction force of the front and
rear axles can be expressed as follows:

h h
Fz;1=G éCOS a——Zsin a |- gl_& %
L L gL Lr)dt

"
-Fy. —Gchos a,

h h 1,\d
FZzzG(ECOS (x+fgsin a)+(G—g—h) u

(17)
L gL Lr)a
—FZw2+G%cos a.

After analyzing the normal reaction force components of
the proposed hub motor-driven vehicle, the rotating mass
inertial resistance couple moment, rolling resistance couple
moment, and air lift can be ignored under certain condi-
tions, and the front, so that the dynamic ground normal
reaction force of the front and rear axles is as follows:

b h, hy\ du
F,, —G(zcos (x—f)—(mf e (18)

a hg . hg du
FZZ—G(LCOS oc+fsm (x>+(mL)dt. (19)

Compared with the vehicle longitudinal acceleration,
the road gradient changes slowly. Therefore, in the process
of dynamic distribution of the front and rear axle driving
torque, the change in the front and rear axle loads under
road gradient change is used as a benchmark, and that

under the vehicle longitudinal acceleration is taken as
real-time dynamic compensation. According to the esti-
mated vehicle mass and road gradient value, different
front and rear axle driving torque distribution bench-
marks can be obtained. At the same time, the vehicle
longitudinal acceleration is obtained through the longi-
tudinal accelerometer, and the dynamic compensation of
the front and rear axle driving torque is performed ac-
cordingly [7, 19].

In order to prevent the jump of driving torque of the front
and rear axles under the conditions of small acceleration and
gradient, the gradient threshold iy and acceleration threshold g,
are designed. When the gradient reaches the threshold, the new
front and rear axle driving torque distribution relationship is
used for the secondary distribution of driving torque; on this
basis, the vehicle longitudinal acceleration signal is further
collected, and dynamic compensation of the driving torque of
front and rear axles based on the longitudinal acceleration is
performed when the acceleration reaches the set threshold. This
torque distribution control strategy not only considers the
changes in driving conditions but also ensures the smooth
output of torque.

The gradient threshold point is determined according to
the proportional relationship of the static normal reaction
force of the front and rear axles under different road gra-
dients [20]. According to the automobile normal mathe-
matical model established by (18) and (19), when the road
gradient is 16°, the static normal reaction force ratio of the
front and rear axles is 46: 54. In order to make the selected
torque distribution ratio adapt to more road conditions, the
front and rear axle driving torque distribution ratio is de-
termined at 40 : 60 when the road gradient is >16°; the front
and rear axle static normal reaction ratio is determined at
38:62 when the road gradient is 26°. Based on the same
selection principle, the ratio of the front and rear axle driving
torque distribution is determined at 30:70 when the road
gradient is >26".

The driving torque output control logic of the vehicle
front and rear axles is shown in Figure 3.

4. Hardware-in-the-Loop Simulation and
Actual Vehicle Test Verification

4.1. Hardware-in-the-Loop Real-Time Simulation Test.
With the purpose to verify the effectiveness of the proposed
mass and gradient estimation algorithm, as well as the
feasibility of the dynamic self-compensation distribution
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FiGure 3: The driving torque output control logic.

control strategy of the front and rear axle driving torque, the
vehicle control strategy model is established in Matlab/
Simulink . Among them, the mass and slope estimation
module uses S_Function to write the estimation algorithm
program, which realizes the iterative process of the pro-
gressive RLS algorithm. Then, one-key automatic code
generation is used to download the control strategy model to
the actual vehicle control unit (VCU). In dSPACE-ASM, a
vehicle dynamics model of four-wheel hub motor-driven
full-size SUV is built, and it communicates with the VCU
through the CAN bus. The hardware-in-the-loop simulation
platform is shown in Figure 4.

The parameter estimation simulation results are under
the condition of 50% of road gradient. At the same time, the
impact of the torque dynamic self-compensation

distribution on the climbing performance of the vehicle is
verified. The front and rear axle torques are equally dis-
tributed as a comparative experiment, and the simulation
road adhesion coefficient is set to 0.8. The vehicle starts to
accelerate by stepping on the accelerator pedal at 50% on a
flat road and keeps the accelerator pedal fully open after
touching the slope in the 4.2s. The simulation results of
vehicle mass and road slope estimation are shown in
Figure 5.

The proposed progressive least square method can
achieve real-time estimation of road gradient and vehicle
mass. As can be observed from the results of joint simu-
lation, the actual vehicle mass is 2530 kg, and the estimated
mass quickly converges near the true value; the actual value
of road gradient is 25°-28"; the estimated gradient quickly
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FiGure 4: Hardware-in-the-loop real-time simulation platform.
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FIGURE 5: Estimation results of vehicle mass and road slope.

converges to the actual value and maintains the same trend
as the actual value. The error of gradient estimation is within
2°, and the mass estimation error is within 10kg. The al-
gorithm has high estimation accuracy, fast convergence
speed, and good stability.

The torque dynamic self-compensation distribution
result is shown in Figure 6.

Figures 6(a) and 6(b) show that, at 4.2, the driver
recognized the climb and stepped on the pedal at full
throttle. The VCU sends a command to switch the motor
controller to peak torque operation mode, and the motor
output torque increases rapidly. Figures 6(c) and 6(d) show
that when the car is running on a slope, the front and rear
axle loads are shifted due to the slope of the road surface. The
normal load of the front axle is greatly reduced. When the
torque of each axle is evenly distributed, the maximum
wheel can use the road grip which is less than the expected
value of the wheel torque, the wheels slip, the motor output
torque is reduced, and the vehicle traction is insufficient.
Therefore, the vehicle is decelerating on the slope, and the
final speed drops to zero. However, the dynamic allocation
control algorithm proposed in this paper can effectively
suppress the front wheel slip. Figure 6(e) shows the front axle
torque distribution factors during the even distribution and
dynamic distribution control, respectively. It can be seen in
the figure that as the front axle load decreases, the target
torque allocated to the front axle also decreases. Figure 6(f)
shows that the test vehicle using the dynamic distribution
torque control algorithm can smoothly climb a steep slope of
50%, while the test vehicle that does not use the algorithm
fails to climb.

4.2. Actual Vehicle Test. Based on the test platform of the
four-wheel hub motor-driven off-road vehicle, the real-ve-
hicle tests of mass and gradient estimation algorithms and
front and rear axle dynamic compensation torque distri-
bution control strategy are carried out.

The vehicle related parameters are shown in Table 1.

The parameters related to hub motor are shown in
Table 2.

The physical photo of the in-wheel motor assembly
system is shown in Figure 7.

In order to test the key state data of the vehicle, the
sensor configuration of the vehicle is shown in Figure 8.

A 50% of the gradient climbing test is performed in the
standard test site, and the standard test ramp is shown in
Figure 9.

A longitudinal accelerometer is installed at the center of
vehicle mass to instantly measure the vehicle longitudinal
acceleration. Meanwhile, the parameter estimation algo-
rithm is loaded into the vehicle controller for real-time
operation, which is taken as an input parameter for pa-
rameter estimation and torque dynamic distribution control
[20]. The test results are shown in Figures 10-12.

Results of 50% of the gradient climbing test are as
follows. According to the test results, when the designed
progressive RLS estimation algorithm operates on a real
vehicle, it can accurately estimate the vehicle mass and road
gradient in a real-time. As can be seen from real-time
torque curve of each wheel of the front and rear axles, at
2.3s, the estimation algorithm accurately estimates that the
road gradient is greater than 16°, and the front and rear axle
driving force distribution coefficient is switched to 40:60
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TaBLE 1: Vehicle parameters.

Vehicle parameters Value
Curb weight (kg) 2500
Gross vehicle weight (kg) 3500
Wheelbase (mm) 2946
Center of mass height (mm) 781
Distance from center of mass to front axle (m) 1.33
Distance from center of mass to rear axle (m) 1.616
Frontal area (m?) 2.4
Reduction ratio 5
TaBLE 2: Motor parameters.

Motor parameters Value
Rated/peak power (kW) 35/70
Rated/peak speed (RPM) 1670/3500
Rated/peak torque (N-m) 200/500

FIGURE 7: In-wheel motor assembly system.

CAN bus
Hub motor |speed/torque Erlltcl}; I:c)[c]egll:;li;zil Vehicle
CAN data & speed
collector

PC data processing

Motor controller

Dynamic inclinometer GPS

FIGURE 8: The sensor configuration.

accordingly; at 4.6 s, the road gradient is estimated greater
than 26° so that the front and rear axle driving torque
distribution coefficient is switched to 30:70. At the same
time, the vehicle driving torque distribution coefficient
takes into account the changes in vehicle longitudinal
acceleration to timely compensate the torque distribution

coefficients of the front and rear axles. Therefore, the
dynamic self-compensation torque distribution strategy of
the front and rear axles not only realizes the real-time
control of the front and rear axle torque but also greatly
enhances the power performance and trafficability of the
whole vehicle.
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FiGURE 9: Standard test ramp.
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5. Conclusions

In this paper, by means of focusing on a certain type of the
four-wheel hub motor-driven off-road vehicle and making
full use of the hub motor vehicle, a progressive RLS esti-
mation algorithm is designed based on the vehicle longi-
tudinal dynamics model, which can accurately estimate the
vehicle mass as well as road gradient. Also, a dynamic self-
compensation torque distribution control strategy is pro-
posed, which, through using estimated parameters and the
vehicle longitudinal acceleration, realizes the dynamic dis-
tribution of the driving torque of vehicle front and rear axles
and improves the vehicle trafficability and power perfor-
mance. Besides, the CarSim and Matlab/Simulink joint
simulation shows that the proposed progressive RLS esti-
mation is more accurate in vehicle and road gradient esti-
mation, and the estimated value can be taken as a reference
for vehicle torque dynamic distribution. In the real-vehicle
test, the results are consistent with the simulation, verifying
the effectiveness of the proposed estimation algorithm and
control strategy.

However, there is still some room for optimizing the
designed control strategy. Specifically, in terms of driving
torque distribution, vehicle longitudinal acceleration, road
gradient, real-time vehicle dynamic parameters including
yaw rate and roll angle, and road conditions such as road
adhesion coefficient are all the parameters that need to be
considered in the real-time control of the whole vehicle. In
view of this, the future learning and research look into the
changing law of each dynamic parameter and its application
in the control of the whole vehicle.
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