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ABSTRACT: An all-speed-range electronic differential system (EDS) based on steering geometry during yaw motion is proposed for

electric vehicles with front-wheel-independent-drive architecture and no mechanical differential. The EDS primarily calculates the

reference wheel speeds for each driving wheel based on the desired vehicle speed and the steering angle, and subsequently generates the

required motor drive torques through a wheel speed controller. To maintain the same steering feel, a feedforward compensation control is

designed and integrated into the electric power steering system to adjust the assisting torque. Simulation results show that the proposed

EDS can enhance vehicle handling and driving stability in various test scenarios and vehicle speeds.
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1. INTRODUCTION

Electric vehicle drivetrains can be classified into centralized
motor drive and independent wheel motor drive. During cornering,
each wheel requires different torque and speeds. Centralized motor
drive needs a mechanical differential to distribute torque, leading
to efficiency losses due to multiple power transmissions. In
contrast, independent wheel motor drive directly reduces
transmission losses and allows more flexible control strategies.
During cornering, motor torques can be allocated to each wheel to
achieve the function of an electric differential system (EDS).

The Ackermann geometry can be used to calculate the reference
wheel speeds for the inner and outer drive wheels [1, 2] to achieve
the EDS function. This kind of approach does not use a yaw rate
sensor. Thus, it cannot ensure yaw rate tracking performance when
subjected to disturbances. In addition, the Ackerman geometry is
only valid at low vehicle speeds. The turning center actually
moves forward for medium and high vehicle speeds.

Direct yaw moment control (DYC) can be used to generate the
virtual yaw moment control command for the yaw rate following
[3, 4] to achieve the EDS function. However, control allocation is
required to generate motor torque commands for each wheel [5-9].
Additionally, DYC is often designed based on a bicycle model,
which is valid at medium and high vehicle speeds due to the
characteristics of the lateral tire forces.

The above approaches do not consider steering torque variations
caused by EDS or DYC. Asperti et al. [10] noted that the

distribution of motor torques on the front wheels causes an

unbalanced longitudinal force on the front wheels, resulting in an
interference torque on the steering wheel, which affects driving
feel and increases handling difficulty.

In this paper, a full-speed-range EDS based on a kinematics
model is proposed with the consideration of steering geometry
during yaw motion. A feedforward compensation control is also
designed and integrated into the electric power steering (EPS)
system to adjust the assisting torque to maintain the driver's
steering feel similar to that of a rear-wheel drive electric vehicle.

2. CONTROLLER DESIGN

The control architecture proposed in this paper, as shown in Fig.
1, mainly consists of a reference generator and a wheel speed
controller. The reference generator is responsible for calculating
the reference wheel speed commands for the front drive wheels,
while the wheel speed controller generates the corresponding drive

torque to provide propulsion for the vehicle.
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Fig. 1 Proposed control structure.

Similar to the EDS in [1], simple longitudinal vehicle dynamics
is used to generate the desired vehicle speed vy ,or with the

driver’s throttle input d,4;. The desired yaw rate r; can then be
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obtained by multiplying the steering input 6f and the desired yaw
rate gain which is designed as a function of v, ,.r. However,
instead of using the Ackerman geometry with the point O as the
turning center at low vehicle speeds as shown in Fig. 2, the steering
geometry during yaw motion is used to derive the turning radiuses
of the front wheels. As the vehicle speed increases, the front and
rear wheels begin to experience lateral tire slip due to the influence
of centrifugal force, causing the turning center to move from the
point O to the point O'. The turning radiuses of the front left and

front right wheels, i.e. Rg; and Ry, can be obtained as follows.
;o a\?
\/(R - stgn(8f) ;) +1,2 1)

Rpp = J(R’ + sign(5f) g)z +1,2 2)

where & is the front wheel steering angle; d is the track width; R’

RFL

IR

and [, are expressed as follows.

Rr=—— L 3)

tan(sf—af)+tan(ar)

L tan(é”f—af) (4)

tan(ﬁf—af)+tan(ar)

X

where L is the wheelbase; ay and ;- are the tire slip angles of the

front and rear wheels, respectively.
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Fig. 2 Steering geometry during yaw motion.

After obtaining the turning radiuses of the front wheels, i.e. R,
and Rpg, we can calculate the corresponding feed-forward wheel
speed commands wy; pr and wyr. pr. To achieve yaw rate tracking,
a closed-loop feedback control is designed to obtain the reference
wheel speed commands wgjref and wgprer . The overall
architecture of yaw rate tracking control is illustrated in Fig. 3.

Adaptive RST control is employed to design the wheel speed
controller as shown in Fig. 4. The subscript i denotes the front left

or right wheel. During the control process, the lumped system
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Fig. 4 Adaptive RST control.

parameters a and b are updated via the recursive least square
method, and the coefficients of R(z), S(z), and T(z) are
adaptively adjusted according to time-varying system parameters.
3. STEERING FEEL COMPENSATION

When unequal driving forces act on the left and right front
wheels, they create a steering torque on the steering column in
addition to the EPS assist torque. The driver’s steering feel is
affected as shown in Fig. 5. Baseline denotes the steering feel of
the rear-wheel-drive vehicle with a centralized traction motor and
a mechanical differential. With the additional steering torque
caused by the EDS, the increase in the steering angle does not
correspond to a linear increase in the driver's steering torque SWT

when the steering wheel angle SWA is between 30° and 50°.

SWA (deg)

Fig. 5 Steering feel responses without compensation.

A feedforward compensation is proposed to restore the driver’s
steering feel as shown in Fig. 6. When the driver turns the steering
wheel, the EPS generates a corresponding steering assist control
command based on the required torque and the vehicle speed,
using a two-dimensional lookup table. This command Tgpg first
deducts the steering torque Tgpgs generated by the EDS as shown
below. The remaining part is provided by the EPS motor to assist

the driver in cornering.
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Teps = Teps,g — Teps,L )
where Tgps g and Tgpg ), are the steering torques generated by the
longitudinal tire forces of the front right and left wheels, i.e. Fy pg
and F, p;, on the kingpin [11] which includes the factors of caster
angle, scrub radius, camber angle, and the gear ratio between the

front wheels and the steering wheel.
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Fig. 6 Steering feel compensation.

After adding feedforward compensation, tests are conducted
using the same scenario as shown in Fig. 7. The feedforward
compensation significantly improves the driver's steering feel by
reducing the EPS assist torque since the EDS itself also provides
steering assist. This results in a more linear relationship between

steering wheel angle and torque similar to that of Baseline.
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Fig. 7 Steering feel responses with compensation.

4. SIMULATION RESULTS

MATLAB/Simulink and TruckSim are utilized to construct the
control architecture and simulate vehicle dynamics, respectively.
Three strategies of Proposed, Even Dist., and Ackermann are
evaluated using constant-radius circular and double lane-change
tests. Even Dist. denotes evenly distributed front-wheel torques.
Ackermann denotes the EDS based on the Ackermann geometry
to distribute front-wheel drive torques.
4.1. Constant-radius Circular Test

Constant-radius (CR) circular tests using left turns are primarily
conducted at speeds of 20 km/h, 40 km/h, 60 km/h, 80 km/h, and
100 km/h, with different turning radiuses used at each speed.

The vehicle dynamic responses at 40 km/h are shown in Fig. 8.

Responses at other speeds are similar to those at 40 km/h. It can

be seen that the proposed controller shows the smallest body slip
angle [, steering wheel angle §y,,, and yaw rate tracking error,
indicating that the proposed EDS can achieve better yaw tracking

performance and lateral stability.

20 4
z z
Z10 2ot
= Reference | ~= & LT LTI T
S snmnn Bven Dist. | § AR R ALR UL " LR TR
0 = Ackermann 0
10 11 Proposed 10 15 20
1.5 3
— B B B Bt B R R W R N a
05 =1
0 0
10 15 20 10 15 20
200 45
& S0
= 100 g
s ~— 35
0 30
10 15 20 10 15 20
Time (s) Time (s)

Fig. 8 CR responses of vehicle dynamics at 40 km/h.

The responses of wheel speeds and torque distributions are
shown in Fig. 9. The proposed EDS increases the speed of the
outer wheel and decreases the speed of the inner wheel to follow
the desired yaw rate command. Ackermann also shows similar
speed responses to assist cornering. However, a steady-state error
remains due to the lack of yaw rate tracking. The proposed EDS,
through yaw rate tracking control, adjusts the reference wheel

speed, reducing the tracking error and improving lateral stability.
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Fig. 9 CR responses of wheel speeds and torques at 40 km/h.

4.2. Double Lane-change Test

The vehicle cruises at a speed of 75 km/h on a high-friction road
surface for the double lane-change (DLC) test. The trajectory
responses are shown in Fig. 10. Since there is no longitudinal input
from the driver, Even Dist. does not perform torque control. The
proposed strategy can correct trajectory errors more quickly and

achieve better path-following performance.
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Responses of vehicle dynamics are shown in Fig. 11. The
proposed EDS shows the smallest yaw rate tracking error e,., body
slip angle £, and steering wheel angle J,, . It significantly
improves vehicle handling and stability, and allows the vehicle to

maintain a straight-line driving quickly after completing the DLC.
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Fig. 10 Trajectory responses of DLC test.

20 o
@ z )
¥ o o \1 f;
v Reference | =
-20 -20
4 6 8 10
5
4
/g? ‘\- 1 2
< 0 2 0
2 3 X
£ q =2
5 T4 i
4 6 8 10 4 6 8 10
200 80
% =
@ S =
Z 0 \ 73 2170 \M.,_
-200 60
4 6 8 10 4 6 8 10
Time (s) Time (s)

Fig. 11 DLC responses of vehicle dynamics at 75 km/h.
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Fig. 12 DLC responses of wheel speeds and torques.

The response of wheel speeds and torque distributions are
shown in Fig. 12. The proposed EDS can generate corresponding
driving forces by following the reference wheel speed commands,
ensuring good vehicle handling performance and stability.
Although Ackermann is also effective at high speeds, it lacks yaw
rate tracking control, resulting in worse dynamic responses similar

to those of Even Dist.

5. CONCLUSIONS

An all-speed-range EDS is proposed for front-wheel-

independent-drive electric vehicles. The reference command

generator is designed based on the steering geometry during yaw
motion to generate the required wheel speed commands for the
front-drive wheels. The wheel speed controller based on adaptive

RST control follows these commands to provide the necessary

driving torques to the inner and outer wheels for cornering.

Meanwhile, the feedforward compensation can restore the driver’s

steering feel. Simulation results show that the proposed EDS

effectively solves steering feel issues and improves handling and
lateral stability in both CR circular and DLC tests.
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