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Abstract: We propose an algorithm with disturbance control for tires on electric vehicles (EVs) so
as to improve the steering stability of the vehicle. The effect was validated on EVs equipped with
twin independent electric motors on a skid pad. The algorithm with the disturbance controller can
remove the external noise generated on tires in order to suppress the abrupt slip and micro vibration
generated between the tire and road surface, especially on low friction surfaces at the critical speed of
the vehicle. The effective frequency corresponded to tire scale length. The effect was verified by the
fact that the hysteresis loop with control on the chart of steer angle and yaw rate showed a smaller
loop than those without control. The hysteresis loop with control also appeared at the oversteering
area, which can be interpreted as evidence that the algorithm can make the vehicle more stable and
gain faster speed on the skid pad. It is concluded that the tire digital control works well without any
information from sensors on the vehicle body and without any cooperative control between tires.
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1. Introduction

The international energy agency (IEA) reported on the global market trend of electric vehicles
(EVs) in Global Electric Vehicle Outlook 2018 [1]. Over 1 million electric cars were sold in 2017 with
more than half of global sales in China. The total number of electric cars on the road in 2017 surpassed
3 million worldwide, an expansion of over 50% from 2016. In terms of share, Norway remains the
world’s most advanced market for electric car sales, accounting for over 39% of new sales in 2017.
Iceland follows at 11.7%, then Sweden at 6.3%. The IEA also predicted that the number of EVs on the
road will reach 125 million by 2030 under the IEA’s New Policies Scenario. On the other hand, the
progress in CASE (connected, autonomous, shared, electrification) is expected to bring a discontinuous
change in the value chain and business model of the automotive industry. It is said that this change
will create opportunities and threats in the automotive market. If electrification spreads among service
provider businesses, as seen in current smartphones business, it is considered that it will bring a great
impact on the automobile industry. The important feature is that electric vehicles are operated by
electric motors under digital control. At present, the smartphone is customized according to personal
preference by downloading various applications. By comparison, electric vehicles can also be expected
to customize performance such as safety, electricity cost, steering stability, and riding comfort. In the
future, users will be able to download various control applications supplied from the Internet and
enjoy functions that suit their personal preferences in the form of software simply by acquiring vehicles
that satisfy the basic functions as a means of transportation.
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Stabilization of vehicle dynamics to sudden disturbance is an important technical issue, especially
for future electrification and autonomous driving [2]. However, in terms of safety and electricity costs,
it should be noted that such performance controls with a large current would be associated with risks,
including waste of electricity and unpredictable system malfunction. Hence, it can be considered that
the part of control with these large currents should be left to the driver’s operation or a safe-driving
autonomous system. In this work, it was found that the steering stability of the electric vehicle was
greatly improved by superimposing a small alternating current on the control current of the driver’s
operation to suppress the tire disturbance noise. In modern control engineering, this can be classified
into intelligent control, represented by artificial intelligence (AI), and robust control, represented by
disturbance suppression control. In this work, the latter was selected to achieve the stable control by
repeatedly processing the signal from the sensor with higher computer processing speed. In the case of
human beings, instead of using cerebral functions such as AI, reflex nerve functions prioritize response
speed to avoid the risk. We thought that this idea could be applied to the tire disturbance control. We
finally found that it worked very well and made it possible to suppress the disturbance of each tire
independently with higher processing speed and without any cross processing between tire control
command signals. In future, the direct drive in-wheel motor system will be the most suitable system
for the tire digital control algorithm [3–6]. Furthermore, it will be necessary to reduce the un-sprung
mass of the in-wheel motors with additional technology [7].

The dynamic response of a tire is 100-times faster than that of a vehicle body, because the weight
of a tire is much less than that of a vehicle body. An electric motor also has 100-times higher mechanical
response than a combustion engine [8]. The time constant of the tire lateral force, τy, can be represented
by Equation (1) [9]:

τy =
Cp

KV
, (1)

where, Cp is cornering power, K is a tire lateral stiffness, and V is a vehicle speed. Furthermore, the
time constant of the longitudinal force, τx, can be represented by Equation (2) [9]:

τx =
B
|u|

, (2)

where, B represents a relaxation length of the tire longitudinal force (travel distance required for a tire
to generate a steady longitudinal force), and u represents the traveling speed of the wheel.

From Equations (1) and (2), it was calculated that τy = 0.001 s (Cp = 1.4 kN/deg., K = 105 N/m) and
τx = 0.004 s (B = 0.05 m) at vehicle speed V = 50 km/h. These values are close to 0.0008 s, which is
the time constant of the electric motor. This suggests that the tire and electric motor can be a good
combination to achieve a quick response for a faster control system. Hence, we proposed a new concept
of tire digital control, which can stabilize the vehicle dynamics by suppressing the disturbance on
tires using the electric motor before the vehicle body becomes unstable. Figure 1 shows the type of
control objects corresponding to control frequency range. The conventional control objects, such as
anti-lock braking system (ABS) and dynamic stability control (DSC), are targeting the frequency ranges
from 0.1 to 10 s. But those of tire digital control range from 1 to 100 ms, which can be achieved only
by the controller of the electric-driven system. It is also an important feature that the electric motor
can control both driving and braking forces. Our study showed that the tire disturbance control with
electric motors, corresponding to higher frequency range, can be more effective on critical steering
performances, such as those on a wet skid pad.
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Figure 1. Control system corresponding to control frequency range.

2. Algorithm

2.1. Tire Disturbance Control

As shown in Figure 2, the tire driving force, Fd, includes the disturbance noise of the tire contact
patch, N1, and the vibration of un-sprung mass, N2. The tire disturbance control can cancel out these
noises by electric motor [10]. The cut-off frequency was determined so as to reduce the magnitude of
transfer function of slip ratio to tire driving force, Fd/λ, between 10 Hz to 1 kHz, keeping the human
maneuver frequency less than 10 Hz unaffected.
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2.2. Tire Disturbance Control Algorithm

The algorithm was redesigned on the basis of the model following the control system proposed
by Hori and Sakai [11]. The transfer function of the vehicle body, shown in Equation (3), was used:

∆λ
∆Fm

=
1

dµ
dλ · FZ

·
M(1− λ)

MW + M(1− λ)
·

1
τa · s + 1

, (3)
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where M is the vehicle weight, µ is Fd/Fz, Fd is a driving force, Fz is a load, Mw is the mass conversion
value of tire inertia, VW is the speed conversion value of tire rotational angular velocity, Fm is the motor
force conversion value of torque, λ is the tire slip ratio, and s represents the Laplace operator. The time
constant of the vehicle body can be given by Equation (4):

τa =
M ·V
dµ
dλ · FZ

·
MW

MW(1− λ) + M(1− λ)2 , (4)

where the time constant increases as the magnitudes of M, Mw, and V increase. In addition, it should
be noted that as dµ/dλ approaches zero at the maximum value of µ, the time constant rapidly increases
and it becomes difficult for the vehicle body to respond to control. This suggests that it is necessary to
stabilize the tire before the value of µ reaches the maximum value. As shown in Figure 3, the motor
driving force, Fm, can be divided into the wheel inertia force, Fw, and the tire driving force, Fd, for
moving forward the vehicle body. The output of Fm can be given directly from electric motor and the
input of Fw can be calculated from the wheel rotation speed, Vw. The output of Fd is derived from the
equation of Fd = Fm − Fw as the force generated at the tire contact patch. From the comparison of Fd
and the force followed by the nominal model, the abrupt slip and micro vibration at a higher frequency
range was extracted by low pass filter. The component of human maneuvers was compensated by
high pass filter. The filtered noise component was subtracted from the command value of Fm to be
applied to the motor controller. In order to find the effective frequency pass, the cut-off frequency of
low pass filter was varied from 0.01 to 10 kHz, and that of high-pass filter was varied from 0.01 to
10 Hz. The former can cut off the higher frequency disturbance noise from the electrical circuits and
the latter can cut off the lower frequency disturbance noise, keeping the human maneuvers unaffected.
It is important that all human maneuvers, such as throttling, braking, and handling, be kept unaffected
by optimizing the cut-off frequency of low pass filter.
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3. Results

3.1. Test Vehicle

The electric vehicle with twin motor system was constructed as a test vehicle, in which right and
left rear wheels were independently controlled by two 35 kW electric motors (Figure 4). The encoder
in each motor detected the rotation speed independently. The motor torque was also measured with a
torque sensor attached to the motor rotating axis. Tire size on the front was 185/55R15 and 205/55R15 on
the rear. In order to evaluate the instability of the vehicle dynamic behavior, the vehicle was equipped
with sensors for GPS, steering angle, and yaw rate.
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3.2. Test Method

The implementation evaluation of the control system was carried out on a wet skid pad, which
performed a steady turning test on the low-friction surface (Figure 5). The radius of steady turning
was kept at 30 m as to find its critical turning speed by increasing turning velocity. The speed at which
the amount of steering exceeded a threshold value was taken as the critical speed. The threshold value
depended on the limit of the friction circle. A test driver evaluated the steering performance according
to a 5-grade scoring system [12].
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4. Results and Discussion

4.1. Effect of Applied Control Frequency

The steering feeling at critical speed was evaluated on the wet skid pad, as shown in Figure 5.
Firstly, the relationship between Fm and Fd at the steady state of the accelerated turning test was
investigated and is shown in Figure 6. According to Equation (3), when the tire keeps the grip with
road surface at adhesive state, Fd is proportional to Fm as shown as a straight line in Equation (5).
In this state most of the motor torque can be transferred to the tire driving force:

Fd =
M

M + MW
· Fm, (5)

In Figure 6 the actual force generated at the rear-right tire (RR position) as a function of the force
generated by the motor was superimposed on the same graph. It can be seen that the actual measuring
value of Fd followed a straight line. This shows that the tire can keep the stable grip with the road
surface under the driver’s control.

Figure 7 shows the relationship between Fd and Fm in the state just before the spinout. The results
showed that Fd does not follow Equation (5) and fluctuates largely independent of Fm. This indicated
that the tire already showed signs of spinout just before the vehicle spinout and suggested that it is
possible to expand the stability margin by suppressing this fluctuation by motor control.

The ranges of the tire digital control frequency were determined by the combinations of cut-off

frequencies of high pass and low pass filter: I: 10–1000 Hz, II: 1–100 Hz, III: 0.1–10 Hz, IV: 0.01–1 Hz,
and V: 0.01–1000 Hz. The magnitude of the effect is shown in Figure 8 together with the corresponding
evaluation score of steering feeling. The rating was evaluated with the highest score of 7 and the lowest
score of 5, according to the 5-grade system. The evaluation was carried out as a relative evaluation
method with a reference of without control [12]. It was confirmed that the score of steering feeling
increased with increasing control frequency. The best frequency range was found to be from 10 to
1000 Hz, which corresponded to the length scale per control cycle from 1 m to 1 cm on the tire
circumference at a speed of 40 km/h. The length scale of 1 m and 1 cm corresponded to the half-length
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of the tire circumference and that of a piece of block pattern on the tire tread rubber, respectively.
The most frequent control length within this range can correspond to the tire contact patch length of
around 10 cm. The most effective control frequency range at critical driving on the wet skid pad was
found to correspond close to the tire scale length. It was, hence, proved that the tire digital control can
be completed within the tire scale length.
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4.2. Stabilization of Steering on the Wet Skid Pad

The effect of tire digital control on the stabilization of vehicle dynamics was examined quantitatively
by on-board sensors measuring the steering angle (deg) and the yaw rate (deg/sec). It was compared
with those examined without the tire digital control. The cut-off frequency of 10–1000 Hz was chosen
as the most effective frequency band. The radius of turning was kept at 30 m on the wet skid pad,
increasing its vehicle speed up to the critical speed. The steering performance charts, represented by
the plot of yaw rate (deg/sec) against steering angle (deg) at the critical speed, are shown in Figure 9.
The critical speed with the tire digital control was 45 km/h and without control was 44 km/h.
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The steering characteristics were determined by the deviation from the centerline at the zero steer
angle on the chart. The stability of the vehicle was estimated from the size and position of the hysteresis
loop on this chart. As the vehicle speed became close to the critical speed, the vertical loads on the
outer side of tires became higher and those on the inner side of the tires became lower on average.
Both of the tire grips became unstable at the critical speed and generated stick-slip vibrations. In this
situation, the tire disturbance noise could induce abrupt slip in tire contact patch, and the risk of losing
maneuverability and spinout increases. When the steering characteristic suddenly changed to unstable
states, the tire digital controller could suppress the abrupt slip and micro vibration generated between
the tire and the road surface. This led to optimizing the distribution of driving forces of the right and
left rear tires independently so as to change the steering characteristics to under-steering (U/S), thereby
keeping the turning speed higher while suppressing the risk of spinout. As shown in the right figure
in Figure 9, the hysteresis loop with the tire digital control appeared almost in the left steer angle area,
which represents the over-steering (O/S) characteristic. This suggests that the tire digital control can
stabilize the vehicle dynamics, even if it is at the over-steering (O/S) characteristic. It can be also seen
that the size of the loop with the control was smaller than that without the control. This shows the
fact that the driver did not have to do unnecessary steering maneuvers to avoid spinout. It should be
noted that the tire digital control with the electric motor could detect and remove the abrupt slip and
vibrations generated in the contact patch independently for each tire. It was, hence, concluded that the
tire digital control works well on each tire independently, because it can suppress the fluctuation of
each tire before the vehicle body starts to slide. This means that it does not need any information from
the sensors on the vehicle body and any cooperative control between tires.

5. Conclusions

Tires are the only part that contact and interact with the road surface. Hence, we proposed a
concept of the tire digital control with electric motors, which can detect and remove the disturbance
noises, such as abrupt slips and vibrations, in the tire contact patch before the vehicle body becomes
unstable. This also gives us the benefit that it consumes less energy than controlling a vehicle body
100-times heavier. The tire disturbance control algorithm was implemented on an electric vehicle
with twin motor system and was found to be effective, especially at critical speed on a low friction
road surface. The magnitude of the effect was evaluated from both steering feeling and on-board
instruments. The tire disturbance algorithm can make the tire more responsive to abrupt change and
the vibrations. The most effective frequency range was found to be between 10 to 1000 Hz, which
corresponded to the half-length of the tire circumference and the length of a piece of block on the
tread pattern, respectively. The most frequent control length can correspond to the tire contact patch
length of around 10 cm. Accordingly, the road holding performance of each tire was improved and the
steering stability of the vehicle can be improved. Each tire equipped with an electric motor can detect
and remove the disturbance in tire contact patch independently, just like artificial intelligence, and
stabilize the vehicle dynamics, especially at critical speed on a low friction surface.

Supplementary Materials: The following are available online at http://www.mdpi.com/2032-6653/10/2/25/s1.
Video S1: without control and Video S2: with control.
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