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Abstract—Driving force control (DFC) has been well-developed
for in-wheel-motor electric vehicles (IWM-EVs). However, due
to the powertrain complexity, DFC for on-board motor electric
vehicles (OBM-EVs) is still an open challenge, especially in system
configuration and stability analysis. To address these issues, this
paper proposes (i) a novel cascade two-degree-of-freedom DFC
for OBM-EVs and (ii) an absolute stability analysis of the overall
system with respect to the maximum allowable wheel speed,
which depends on the driving situation. In the outer layer, a
feedback-feedforward reaction force controller directly generates
the wheel speed references. In the inner layer, a feedback-
feedforward speed controller generates the motor torque. By
utilizing a real IWM-EV, a hardware-in-the-loop (HIL) system
is developed to imitate the OBM-EV properly. HIL results show
that the proposed stability analysis can effectively predict the
system behavior. The proposed system successfully improves
the DFC performances with quick response, less vibration, and
accurate tracking.

Index Terms—electric vehicle, absolute stability, driving force
control, driving force observer, on-board motor.

I. INTRODUCTION

Electric vehicle technology is advancing [1], and electri-
fication is progressing not only in passenger vehicles but
also in construction machinery such as dump trucks. Behind
the spread of EVs, various energy optimization studies have
been conducted to achieve the range extension of electric
vehicles (EVs) [2], [3]. Furthermore, motors are superior
to internal combustion engines in terms of motion control
because they have a much faster torque response and an
accurate measurement of the actual torque. Thanks to these
merits, many advanced motion controls have been developed,
such as chassis control [4], yaw moment control [5], [6], and
vibration suppression [7].

The focus of this paper is a safe and comfortable traction
control for EVs. To achieve this goal, several controllers have
been developed, mainly for in-wheel-motor electric vehicles
(IWM-EVs). There are three types of controllers, such as anti-
slip control (ASC) [8], [9], slip ratio control (SRC) [10], [11],
and driving force control (DFC) [12]. ASC is a disturbance
observer-based controller that regulates the excessive slip ratio,
thus it is impossible for ASC to utilize driving force reference
directly. Similarly, the reference of SRC is the slip ratio.

Therefore, ASC is hard to combine with other higher-layer
motion controllers. On the other hand, DFC can accurately
track the driving force with the desired value by utilizing a
cascade configuration with force control in the outer layer and
motor speed control in the inner layer.

However, the family of EVs includes not only IWM-EVs
but also on-board motor electric vehicles (OBM-EVs), which
have many promising applications such as buses and trucks.
The drivetrain from the motor to the tires of OBM-EVs
is more complex than that of IWM-EVs. DFC for OBM-
EVs was preliminarily studied in [13] and [14], which were
merely copies of IWM-EV DFC. To develop the OBM-EVs
version of DFC, we recently proposed a higher-order motor
speed controller and a driving force observer (DFO) that
simultaneously estimates the viscous friction coefficient [15].
However, the study [15] still faces two essential issues. (i)
From a system configuration point of view, the DFC [15] is
quite complex and not practical, as it requires the accurate
measurement of vehicle chassis velocity. On the other hand,
[15] did not consider the design and integration of the feedfor-
ward control signal with the feedback control signal. (ii) From
a system analysis point of view, no theoretical approach exists
to analyze the overall DFC system for OBM-EV. Although
absolute stability has been considered for the first time in [16],
it is an IWM-EV version.

With respect to the above discussion, this paper proposes
a novel DFC strategy for OBM-EVs. The proposed control
system has a two-degree-of-freedom cascade configuration,
which means both the outer layer and inner layer consist of
the feedback and feedforward controllers. Notably, the outer
layer’s reaction force control directly outputs the wheel speed
reference. The chassis velocity is only used to calculate the
upper bound for the wheel speed reference limiter. In addition,
this paper presents a new feedforward force controller for the
outer layer, which can eliminate the steady-state error that is
the remaining problem of the previous method [16]. Further-
more, an absolute stability condition has been established to
address the wheel speed limiter, which must be implemented
in the system for the purpose of slip prevention. The proposed
strategy was validated using a hardware-in-the-loop (HIL)
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(a) Vehicle model. (b) Drivetrain model.

Fig. 1. Single-wheel OBM-EV with a differential gear and drive shafts.

system, which was originally developed by our research group
by using a real IWM-EV [15]. Test results clarify that the
proposed system can attain good tracking performance without
overshooting and reduce vibration. Especially, the absolute
stability analysis allows us to do a graphical test, which shows
a practical approach to predict and tune the behavior of the
overall system.

II. MODELING

A. Vehicle dynamics

For DFC design, this paper considers the longitudinal mo-
tion of the single-wheel vehicle model depicted in Fig. 1(a).
The equations of vehicle longitudinal motion are expressed as

M
dv

dt
= F − Fd, (1)

Fd = µrMg + b|v|+ 1

2
ρCdAv2, (2)

where M , v, Fd, µr, b, and 1
2ρCdA are the vehicle mass,

vehicle chassis speed, resistance force of road friction and
air resistance, rolling resistance coefficient, viscous resistance
coefficient, and air resistance coefficient, respectively. The
equation of driving force is F = µ(λ)N which is the product
of the vehicle load N and the friction coefficient of the road
surface µ, and the friction coefficient is determined by the
magic formula proposed by Pacejka with slip ratio λ as a
variable [17]. λ is defined as

λ =
rωL − v

max(rωL, v, ϵ)
, (3)

where ϵ, r, and ωL are a small positive value preventing zero
division, the wheel radius, and the wheel speed. To match the
definition for both acceleration and deceleration, controllers
use a variable y instead of λ [15]. The definition of y is
expressed as

y =
vω
v

− 1. (4)

As for the OBM drive systems, the motor connects to the
tires via a reduction gear and a differential gear as shown in
Fig. 1(b). By using the combinations of torque and angular
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Fig. 2. Drivetrain block diagram.

speed of both the motor (Tm, ωm) and the ring gear (TM ,
ωM ), the equations of reduction gear are summarized as

ωM = gmdωm, TM =
Tm

gmd
, (5)

where gmd is the gear ratio. The differential gear distributes
the output torque of the reduction gear to the left and right
side gears and transmits it to the tires through the drive shafts.
Besides, the rotational motion of the drive and load side of the
drivetrain system are expressed as follows,

JM ω̇M =TM −BMωM −Ksθs, (6)
JL0ω̇L =Ksθs −BLωL − rF, (7)

where Ks is the driveshaft rigidity, and JM = Jm/g2md +
Jinput + Jring + Jpinion, JL0 = Jside + Jdrive + Jω , BM , and
BL are the sum of inertias of components and viscous friction
coefficients of both the drive side and load side, respectively.
Lastly, Equations (8) and (9) represent the backlash of the
differential gear.

θs =


θS − θb (θS > θb)

0 (−θb ≤ θS ≤ θb)

θS + θb (θS < −θb),

(8)

θS =

∫
(ωM − ωL)dt, (9)

where θb is the boundary value of the deadband.

B. Drivetrain model

To define a two-inertia drivetrain model, the resistance
force Fd is considered as a disturbance term. Based on (1)
and (3), the driving force can be expressed with the slip
ratio λ instead of vehicle chassis speed v as F = Mv̇ =
Mr2(1 − λ)ω̇L +Mr2λ̇ω. Combining this equation and (7),
the rotational motion of the wheel is expressed as

JL(λ)ω̇L =Ksθs −BLωL −Mr2λ̇ωL, (10)

JL(λ) =JL0 +Mr2(1− λ). (11)

Due to (6), (8), (9), and (10), the drivetrain can be modeled
as a two-inertia system, and the block diagram of the drivetrain
plant is shown in Fig. 2. By assuming a constant slip ratio λn

and ignoring the effect of backlash, the transfer functions from



(a) Conventional DFC. (b) Proposed DFC.

Fig. 3. Comparison of overall driving force controller.
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the motor torque to the motor speed PMn(s) and wheel speed
PLn(s) are obtained as

PMn(s) =
ωM

TM
=

JL(λn)s
2 +BLs+Ks

an3s3 + an2s2 + an1s+ a0
(12)

PLn(s) =
ωL

TM
=

Ks

an3s3 + an2s2 + an1s+ a0
(13)

where an3, an2, an1, a0 are defined as an3 =
JMJL(λn), a2,n = JL(λn)BM + JMBL, an1 = BMBL +
JMKs + JL(λn)Ks, a0 = (BM +BL)Ks.

III. CASCADE DRIVING FORCE CONTROL

A. Outline of the proposal

Block diagrams of overall DFC systems are shown in Figs.
3. The output of the force controller is changed to wheel
speed in the proposed method, which eliminates the product
of vehicle speed. Feedforward controllers are introduced for
each of the force and speed controllers. The proposed DFC has
four main components, Speed controller, wheel speed limiter,
DFO, and reaction force controller as shown in Fig. 3(b). It is
the cascade configuration of the inner layer speed controller
and outer layer force controller. The feedback signal of the
driving force is generated by DFO.

The wheel speed limiter is defined as

ωmax = (1 + ymax)
v

r
, (14)

where ymax is the maximum allowable slip ratio to prevent the
wheel slip. Considering the reduction gear, the output torque
T ∗
M of the speed controller is multiplied by gear ratio gmd

to calculate T ∗
m. Speed controller, DFO, and reaction force

controller will be designed in the following subsections.

B. Motor speed control

The motor speed controller consists of a motor speed
feedback controller and a wheel speed-based feedforward con-
troller. As the motor speed feedback controller, a proportional-
integral-differential (PID) controller and phase lead compen-
sator are used with the reference generator GL→M (s) [15],
and they are defined as

Cw =

(
kp +

ki
s

+
kds

τds+ 1

)(
τ1s+ 1

τ2s+ 1

)
, (15)

GL→M (s) = Q(s)P−1
Ln (s)PMn(s), (16)

where Q(s) = 1/(τQs + 1)3 is a third-order low-pass filter
to make GL→M (s) proper, and τQ is the time constant of the
filter.

As the wheel speed-based feed-forward controller, the trans-
formation from ω∗

L to T ∗
M can be derived as

Cωff = Q(s)P−1
Ln (s). (17)

C. Driving force observer

As for the load side force observer, there are some attempts
to establish a state space observer using four variables wM ,
wL, θs, and F [18]. However, the resolution of the load side
sensor for ωL is not as high as the drive side motor speed
sensor for ωM . Thus, this paper formulates DFO as a one-
inertia drivetrain with the assumption that ωM is almost equal
to ωL. Accordingly, by summarizing (6) and (7), we have

JMLnω̇M =−BMLnωM − rF + TM , (18)

where JMLn = JM + JL0 and BMLn = BM + BL. Using
(18) and the first-order low-pass filter with the time constant
τ , the driving force can be estimated as shown in Fig. 4.

D. Reaction force controller design with absolute stability

The conventional DFC uses an integral force controller
Cf (s). On the contrary, the proposed method uses a
proportional-integral (PI) controller which is defined as,

Cf (s) = KFP +
KFI

s
(19)

Based on (1), the reaction force feedforward controller can be
derived as

ω∗
Lff =

1

rM

∫
F ∗ − Fddt (20)



Equivalent transfer function H(s) = Cf (s)F̂ /ω∗
L is used

to evaluate stability analysis as shown Fig. 5. The transfer
function from wheel speed reference w∗

L to estimated driving
force F̂ is calculated as shown in below,

F̂ = QfT
∗
M −Qf (JMLns+BMLn)wM , (21)

T ∗
M =

Cωff + CωG

1 + CwPMn
ω∗
L, (22)

wM = PMnT
∗
M . (23)

Using these equations, the transfer function L(s) is defined
as,

L(s) =
F̂

ω∗
L

= Qf (Cωff + CωG)
1− PMn(JMLns+BMLn)

1 + CwPMn
(24)

From this transfer function, L(s) has a zero at the origin. Thus,
the PI controller is not able to eliminate steady-state error for
step reference. Thus, the feedforward wheel speed reference
ω∗
Lff is crucial to reduce steady-state error.
We can analyze the DFC stability using the nominal slip

ratio λn. The derivative of slip ratio λ̇ and backlash can be
treated as disturbance due to the change of road condition
to the system. Using an equation of the feedback connection
of H(s) = L(s, λn)Cf (s), the block diagram of the proposed
DFC system can be rewritten as shown in Fig. 5. By the Routh-
Hurwitz stability criterion, H(s) is shown to be Hurwitz if the
stable poles of the speed controller and the positive gains of the
force controller are selected. Then, the absolute stability of the
proposed method can be evaluated by the H(s). As presented
in [19], the saturation block with the input ω∗

Lc and the output
ω∗
L can be treated as a time-varying nonlinear gain ϕ which

belongs to a specific sector bound [α, β], α ≤ ϕ(ω∗
Lc, t) ≤ β.

As shown in Fig. 6, the wheel speed limit is defined with
the upper-bound β = 1 and lower-bound α. The value of α
is selected as greater than 0 and less than 1. As for α = 1,
there is no limiter, and when α = 0, the stability analysis is
too conservative to guarantee good tracking performance [16].
Since H(s) is Hurwitz, the following design condition is
defined.

• Stability condition: The DFC system is absolutely stable
if the Nyquist plot of H(jω) does not enter the disk
D(α, β) defined in Fig. 7

IV. SIMULATION

A. Simulation setting

Numerical simulations are performed using an OBM-EV.
The main parameters of the vehicle are summarized in Table
I. Inertias and viscous friction coefficients of the drivetrain
are obtained by the frequency domain parameter identification
using an actual OBM-EV.

With respect to the speed controller, the high-order speed
controller is designed by a two-inertia drivetrain model PMn

when the nominal slip ratio λn is 0.05 [15]. We set the
parameters as kp = 138, ki = 6, kd = 0.6, τd = 0.004, τ1 =

βω∗
Lc

αω∗
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Fig. 6. Wheel speed limiter.
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TABLE I
VEHICLE PARAMETERS.

Parameter Value
JM 1.55 kgm2

JL0 1.24 kgm2

BM 3.1Nms/rad
BL 0Nms/rad
Ks 2784Nm/rad
M 1300 kg
r 0.27m

0.005, τ2 = 0.001, and τQ = 0.12, respectively. The time
constant of DFO τ is 0.07, and the nominal slip ratio λn is
0.05.

To select a reasonable value of α, it is determined by
α = ωmax/ωcri as shown in Fig. 6. Using λ, we can define
ωmax, ωcri as shown below,

ωmax =
1

1− λs

v

r
, ωcri =

1

1− λcri

v

r
, (25)

where λs and λcri are the slip limiter λs = ymax = 0.05 and
the ciritical slip ratio. Thus, we can select the lower-bound α.

α =
ωmax

ωcri
=

1− λcri

1− λs
(26)

λs = 0.05, λcri = 0.7. Thus, α is assumed to be almost
0.3. This paper evaluates the stability analysis with the sector
bound [0.3, 1].

B. Stability analysis for the simulation vehicle

As for the reaction force PI controller, the proportional
gain KFP is set to 0.0001. The three types of integral gains
KFI are 0.01, 0.03, and 0.0423. The graphical tests of three
controllers by circle criterion are shown in Fig. 8(a). The
Nyquist plots of controllers with a large integral gain close
to the edge. The controller with KFI = 0.0423 is on the edge
of absolute stability.

C. Simulation result

Figs. 8(b) and 8(c) show the simulation results of driving
force and motor speed. Comparing controllers with KFI of
0.01 and 0.03, which are stable controllers, there is no error
in the steady state. The response is better with a larger integral
gain. The controller with KFI = 0.0423, which reached the
edge of the disk in the stability analysis, is found to be unstable
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Fig. 8. Numerical simulations of the proposed stability analysis.

Fig. 9. Hardware-in-the-loop experimental setup.

due to increased oscillations in both motor speed and driving
force.

V. EXPERIMENTAL EVALUATION

A. Real-vehicle based HIL experimental setup

HIL experiment validates the stability analysis and evaluates
the proposed DFC system. As shown in Fig. 9, the load
side of the two-inertia drivetrain is the real rear-left-IWM of
the experimental vehicle FPEV5 [15]. FPEV5 has a dSPACE
DS1007 processor board as the on-board controller that runs
the DFC system and real-time simulation from the motor to
the differential. The vehicle chassis speed is estimated by GPS
speed and acceleration whose sampling periods are 1Hz and
100Hz, respectively.

B. Stability analysis for the experimental vehicle

The reaction force controller gain are KFP = 0.001, and
the value of KFI is 0.01, 0.0175, and 0.02. The graphical tests
of three controllers by circle criterion are shown in Fig. 10(a).
The high gain reaction force controller of KFI = 0.02 enters
the disk. The smaller gain reaction force controller KFI =
0.0175 is the edge of the disk. Finally, the controller KFI =
0.01 is the stable controller.

C. Experimental result

Figs. 10(b) and 10(c) show the HIL experimental results.
When the controller gain is KFI = 0.01, the controller is sta-
ble. On the other hand, when the controllers are KFI = 0.0175
and KFI = 0.02 the oscillation occurs, and the controller

of KFI = 0.02 is unstable. The results match the stability
analysis as shown in Fig. 10(a) and verify the proposed
method.

We also compare the proposed DFC (Prop.) with the tradi-
tional DFC (Conv.). The same motor speed controller as in the
proposed method is used. The gain of the reaction force inte-
gral controller of conventional DFC is KFI = 0.002, which
is determined by the parameter tuning in the experiments. The
HIL experimental results are shown in Figs. 11(a) and 11(b).
Since the reaction force controller of the proposed method is
a PI and that of the conventional method is an I controller,
the response of the proposed DFC is quicker than that of
the conventional DFC. In addition, the feedforward controller
improves DFC response. Especially in the proposed DFC, the
wheel speed-based feedforward force controller eliminates the
steady-state error. Even though vibration around 1Hz caused
by the vehicle chassis speed estimation is observed in the
conventional method, it disappears in the proposed method. As
a result, the root-mean-square-error (RMSE) values between
F ∗ and F̂ show that the proposed method reduces the tracking
error by 22.9% in comparison with the conventional method.

VI. CONCLUSION

We propose a novel DFC system for OBM-EVs which
enables us to analyze the stability by circle criterion. The
output of the novel reaction force controller is wheel speed.
Due to this reaction force controller, the proposed DFC does
not need the product of vehicle chassis speed and the slip
ratio and is a linear system that is easy to stability analysis.
Moreover, to eliminate the steady-state error, we introduce
the reaction force feedforward controller, which is easy to
implement. HIL experiments show that the circle criterion
can evaluate the stability of the DFC system properly. The
proposed DFC system for OBM-EVs can reduce the tracking
error. The above methods facilitate parameter tuning of the
driving force controller. It reduces the time required for param-
eter tuning by experimentation, which has been conventionally
conducted. We would plan to install the proposed DFC system
to the real OBM-EVs. In addition, we verify that the system
can be applied to electric dump trucks, including off-road
driving.
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Fig. 10. HIL experimental evaluation of the proposed stability analysis.
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