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Abstract. Road grade is important for autonomous vehicles, but it is difficult to measure directly.
To address this issue, a hierarchical estimation of road grade is suggested based on the observation
of'tire forces. First, a 7-degree-of-freedom (DOF) dynamics model, including vehicle longitudinal,
lateral, and yaw motions together with wheel rotations, is developed while considering the road
grade. Subsequently, a dual-layer road grade estimation strategy is proposed based on an
unscented Kalman filter (UKF). The lower-layer UKF estimates the longitudinal and lateral tire
forces for road grade observation, and the upper-layer UKF is employed to estimate the road grade
by considering the vehicle’s lateral acceleration and yaw rate. Finally, CarSim and MATLAB joint
simulations and road tests are performed under different conditions to validate the correctness and
effectiveness of the proposed estimation method. The results show that the proposed tire force
observation-based estimator exhibits a lower mean absolute error and root mean square error on
sloping roads and combined curved and sloping roads, and presents a better overall estimation
performance on road grade compared with the widely used kinematics and dynamics model-based
estimators.

Keywords: 7-DOF vehicle model, dual UKEF, tire force estimation, road grade estimation, curved
and sloping road.

1. Introduction

Road grade is a valuable external feedback signal during vehicle driving and can be used to
build a three-dimensional map [1]. In addition, the road grade has an appreciable influence on the
measurement of vehicle state properties, control strategy, and decision-making of automotive
active safety control systems and driver assistance systems, such as the adaptive cruise control
system and the autonomous emergency braking system [2]-[4]. Therefore, knowledge of road
grade plays a vital role in enhancing the control accuracy of these systems.

Accurate direct measurement of road grades is challenging and expensive [2]. Consequently,
vehicle kinematics or dynamics models are frequently used to estimate road grades. Kinematics
model-based estimators (KMBEs) require longitudinal acceleration. However, the measured
acceleration contains the vehicle acceleration and road grade information. Using a kinematics
model to estimate the road grade requires decoupling the two signals. Kim et al. [5] suggested a
vehicle kinematics model, and the road grade was estimated using a Kalman filter (KF), in which
the vehicle longitudinal speed and longitudinal acceleration were described as the state variables,
while the speed, acceleration, and gravity effects due to the road grade were described as the
measurements. Hao et al. [6] identified road grade by steady-stable KF based on a kinematics
model. Lin et al. [7] estimated the road grade using a KF considering vehicle acceleration and
speed, coupled with the change rate of the road grade, which was identified in accordance with
the derivatives of the measured and estimated accelerations. KMBE exhibits low accuracy when
the vehicle rapidly accelerates or decelerates [8]. Therefore, Liu et al. [9] proposed an
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acceleration-adaptive interactive multiple-model algorithm to estimate road grade under smooth
and intensive driving scenarios, and the vehicle pitch angle was adopted to enhance estimation
accuracy under intensive driving conditions.

A dynamics model-based estimator can be established according to the vehicle longitudinal
dynamics equation, also called the driving equation, in which the vehicle driving force equals the
sum of the climbing resistance, rolling resistance, air resistance, and inertial resistance. This
method commonly requires measurement of the engine torque, engine speed, vehicle speed, and
transmission gear ratio. Vahidi et al. [8] suggested an estimator for vehicle mass and road grade
based on recursive least squares (RLS) with forgetting factors. This method estimated the mass
well but showed poor estimation of the road grade. Jo et al. [1] removed faulty measurements from
a global positioning system (GPS) and vehicle onboard sensors using a probabilistic data
association filter and then developed an interactive multiple-model filter to estimate the road
grade. Lei etal. [11] and Liu et al. [12] decoupled road grade from vehicle mass using an extended
Kalman filter (EKF). Su and Huang [13] proposed both the EKF and the unscented Kalman filter
(UKF) to estimate road grade. The comparison results showed that the UKF had a higher accuracy
than the EKF because the former needed to calculate the Jacobian matrix and inevitably introduced
linearity errors. Ren et al. [14] addressed the time-varying system noise during road grade
estimation by introducing a noise statistics estimator with forgetting factors based on the EKF. An
adaptive EKF was utilized to update the state and measurement equations in real time to correct
the noise statistics.

The driving equation-based estimator (DEBE), which requires the transmission gear ratio and
lacks vehicle lateral responses, presents limitations under shifting, stopping, and cornering
conditions [15]. Vehicle working conditions can be determined by vehicle speed, acceleration,
and other signals. Under normal driving conditions, the UKF was employed by Qin et al. [15] to
estimate the road grade, while short-range grade estimation was accomplished using a gated
recurrent unit under special driving conditions, such as starting, shifting, braking, and stopping.
Feng et al. [8] combined the kinematics and dynamics models to estimate road grade and suggested
a probabilistic nearest-neighbor data association method to determine which model was most
suitable under special conditions. Additionally, a dual KF (UKF) was proposed for each model.
The lower-layer KF (UKF) was used to calculate the grade change rate, and the upper-layer KF
(UKF) was used to estimate the road grade.

The aforementioned studies only focused on road grade estimation in straight-line driving
conditions without considering the influences of vehicle lateral responses on the estimations. The
vehicle lateral acceleration was adopted to correct the longitudinal acceleration in the longitudinal
dynamics model in [16], where a combination of the interacting multiple model and a strong
tracking filter was proposed to estimate the road grade. Furthermore, Gao et al. [17] corrected the
vehicle longitudinal acceleration using the lateral acceleration and yaw rate and performed road
grade estimation under complex conditions. However, lateral and yaw motions are not presented
in these equations.

Longitudinal and lateral vehicle motions occur simultaneously during driving, particularly
under cornering conditions. However, most traditional DEBEs [10]-[15] do not consider vehicle
cornering responses, which results in a low tracking performance for estimators due to inaccurate
vehicle models. In addition, these DEBEs replace the tire forces with the engine torque, neglecting
the interaction forces between the vehicle wheels and road. Therefore, this study develops a
7-degree-of-freedom (DOF) vehicle model and presents a hierarchical estimator for road grade.
The estimator is comprised of two layers. The longitudinal and lateral tire forces were estimated
using a lower-layer UKF. The estimated forces were used as inputs for the upper-layer UKF,
which was employed to estimate the road grade. Simulation and experimental validations
demonstrated that the proposed estimator performed well in tracking road grade under different
driving conditions. These findings can facilitate the further development of vehicle active safety
control systems and driver assistance systems.

This study estimated the road grade under various speeds and road conditions using the
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simulation software MATLAB (r2019b Version) and CarSim (2020 Version). The undertaking
method to enhance the structure and clarity is described in the following sections [18]:

Stage 1: Vehicle dynamics modeling with 7 DOFs.

Stage 2: Design of the hierarchical estimator, including a tire force observer and road grade
observer.

Stage 3: Simulation and experimental validations.

2. Vehicle dynamics model
2.1. 7-DOF vehicle model

A 7-DOF vehicle model was established considering the road grade, as shown in Fig. 1. This
model contains vehicle longitudinal, lateral, and yaw motions coupled with the rotations of the
four wheels. The road bank, namely, the cross-slope, was assumed to be zero in this model.
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Wheel model

Fig. 1. 7-DOF vehicle model

According to D’Alembert’s principle, the longitudinal, lateral, and yaw motions of a vehicle
are expressed as follows:

m(izx vyy) (Fxﬂ + F, T)cos& ( vt Fyfr)smé + Fypy + By — F,, — mgsing, (1)
m(ﬁy + vxy) (Fxﬂ + Fxfr)smé + (Fyﬂ + Fyfr)cos6 + Fyp + Bypry 2)

. . ™ W
Ly = a(Fxfl + Fxfr)51n6 5 (Fxfl - xfr)C056 e (Fxrt = Ferr) 3
+a( vt Fyfr)COS(S + ( S yfr)sm(S b( i+ yrr)

where m is the vehicle mass; 6 is the road grade; v, and v,, denote the longitudinal and lateral
velocity, respectively; y is the yaw rate; 6 represents the steering angle of front wheels; I, is the
moment of inertia about the z-axis of the vehicle; a and b are the distances from the vehicle mass
center to the front and rear axles, respectively; TW is the track width; F, and F, denote the
longitudinal and lateral tire forces, respectively; the subscript ij refers to fI, fr, rl and rr,
representing the front-left, front-right, rear-left, and rear-right wheels, respectively; and g is the
acceleration of gravity. F,, is the aerodynamic drag force and is described as follows:

Cy Av?

= 4
w2115’ @
where C, is the aerodynamic coefficient; and A is the frontal area.
Rotational equations for the wheels are shown as:
IWWIZL] Tpl} TBL] R qu' (5)

where I,, is the spin moment of inertia of the wheels; w is the angular speed of the wheels; Tp and
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Ty refer to the driving torque and braking torque, respectively; and R, is the effective rolling
radius of the wheels.

2.2. Tire model

The magic formula is typically used to describe tire forces. The longitudinal force for the pure
longitudinal slip case and the lateral force for the pure lateral slip case are individually given as
follows [19]:

Fyijo = Dysin {Cxarctan [Bxxlij —Ey (Bx/lij - 31'Ctan(3x’1i1'))]}' (6)
Fijo = Dysin {Cyarctan [Byal-j -E, (Byal-j - arctan(Byaij))]},

where, By, Cy, D, and E, are the factors of the longitudinal tire force; By, Cy,, Dy, and E,, are the
factors of the lateral tire force; and A and a denote the slip ratio and slip angle of the tires,
respectively.

In addition, the slip ratio can be written as:

f'Ux - Rthij

y Uy 2 Rthij'
A= Vx (7
b watij — Uy R >
_ Wy i V...
k Rthij wWitij X
The slip angle can be given as:
v, +a
afpr = 6 — arctan (yv—y>,
X 8)
—vy + by (
@y e = arctan [ ——|.
X

Under a combination of braking and cornering conditions, the longitudinal and lateral forces
of the tires are expressed as:

Oxij

Frij = ——==Fiijo, ©)
0%+l
0' ..
_ yij
i = T —= i (10)
Oyij T 0y
where:
o=
o1+ ay) "
tanai]- ( )

The longitudinal and lateral tire forces are related to the vertical tire forces, which consist of
the static load caused by the gravity of the vehicle and the dynamic load caused by accelerations:
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_ mgbcost 3 mhy(a, + gsind) _ mayhgybcosé

Bon = 2@+ n 2(a+b) (a+b)TW ’
o mgbcosf mhgy(a, + gsind) ma,hybcosd

“IT 7 2(a + b) 2(a+b) (a+b)TW ’

6 mh,(a, + gsind) h 0 (12)

F_ = mgacos mhy(ay + gsing)  mayhgacos

1™ 2(a+b) 2(a+b) (a+b)TW ’
o mgacosd mhy(a, + gsind) ma,hgacosé

T 2(a+ b) 2(a +b) (a+b)TW °

2.3. Observer of road grade

In this paper, a hierarchical estimation approach called the tire force observation-based
estimator (TFOBE) is proposed. A basic overview of this estimation is shown in Fig. 2. This
approach used two UKFs. A lower-layer UKF was adopted to estimate the longitudinal and lateral
tire forces based on the 7-DOF model, in which the road grade was assumed to be zero. Here, the
driving torque or braking torque of the wheels and steering angle are the inputs, and the vehicle
speed, lateral acceleration, yaw rate, and wheel speed are the measurements. The upper-layer UKF
is used to estimate the road grade based on a 3-DOF model as presented in Egs. (1) to (3), by
taking the estimated tire forces and steering angle as inputs and the vehicle speed, lateral
acceleration, and yaw rate as measurements.

Tyn 3

| Low-layer estimator Fyy

. !

Ve Vi for tire forces Fy

/! ‘4)” o
Y
5 .
Upper-layer estimator

Viy Vi~ )

for road grade

Fig. 2. Overview of the hierarchical estimation approach
2.4. UKF

The vehicle model exhibited strong nonlinear characteristics, and the UKF algorithm is
particularly suitable for solving nonlinear problems. The UKF algorithm was designed based on
the Kalman linear framework. For the one-step prediction equation, an Unscented Transform was
used to process the nonlinear propagation of the mean and covariance. The UKF algorithm is
described as follows [8],[20]-[21]:

1. Initialization.

The state X, and the covariance P, of the state error are initialized here.

2. Time update.

Four steps were included: creating sigma points, predicting the state and its covariance,
updating the sigma points, and predicting the measurements:

T
G,((ll)k = [ﬁklk ﬁklk + ’(Tl + /’{)Pk|k ﬁk|k — ’(n + A)Pklkjl ) (13)

ol = f (o u), i=01,..2n, (14)
2n

R = ) 0Vl (15)
i=0
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2n
Prie = Z 0@ [Rq1p — 0'k+1|k][xk+1|k 0k+1|k] +Qy, (16)
0'531“4 [xk+1|k Rps1x T ’(n + DPriae Ris1jx — /(" + A)Pk+1|k] (17)
Z ) = h[c,i‘luk.u(k)], (18)
Zypak = Z wr(rlz) Zl(cl-i)—llk (19)

3. Measurement update

Two steps were included: calculating the KF gain, and updating the state and covariance:

- T
Pz Z 08 [2i31pe = B (2 = Zesand + R (20)

. T
Z O [xi 11 = Reewrie] [Kicdape = Rern] @)
Gk+1 PXkaPZklzk’ (22)
Ri+1ik+1 = Rese + Gk+1(zk+1|k - 2k+1|k)' (23)
Pivijk+1 = Pryae — Gk+1szsz£+1- (24)

3.1. Tire force observer

Tire forces play a critical role in influencing vehicle dynamics. The tire forces are typically
divided into longitudinal, lateral, and vertical. Vertical tire forces are commonly calculated
according to the vehicle mass and longitudinal and lateral accelerations [22],[23]. Thus, tire force
acquisition mainly focuses on the longitudinal and lateral tire forces [23]. However, the tire forces
are difficult to measure directly. Hence, estimation methods based on tire models are effective for
obtaining the tire force [24]-[27].

The 7-DOF vehicle model was used to estimate the longitudinal and lateral tire forces.
According to Eq. (12), when the road grade was 5 %, the vertical tire load changed by less than
2 % compared with a flat road. When the road grade was 10 %, the vertical tire load changed by
approximately 4 %, and the longitudinal and lateral tire forces changed by approximately 4 %.
Therefore, the road grade was not considered; that is, the road grade is equal to zero in Eq. (1) and
Eq. (12) for the tire force observation. Similar simplification was practicable in [28]. The state and
measurement equations for the lower-layer UKF observer are expressed as:

{XF = fr(Xp, up) + Wp, 25)
Zr = hp(Xp, up) + vp.
In this section, the state vector X is defined as:
Xp = [Vx Vy ¥ Wept Wepr Wert Werr Fxpy Fxpr Fert Ear Fypt Fypr Fyrg B |7 (26)
The measurement vector Zp is:
Zp = [Ax Gy ¥V Wep Wi Wiy Wep]T, 27

The input u is:
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uF=[5 TBfl TBfr TBrl TBrr Tpfl Tpfr Tprl Tprr]T- (28)
The state function is shown as:

Xp = fp(Xp,up) + wp

= [fri&pup)  froXpup) 0 fraXpup)  fris(Xpup)]” + Wp, 29)

where:

] CyAv?
fri(Xp,up) = [(Fxﬂ + Fxfr)cos6 - (Fyﬂ + Fyfr)sm6 + Fepy + By — Tlg]/m + vyw,,

fr2(Xp,up) = [(Fesr + Fupr)sing + (Fysy + Fyfr)c0s8 + Fypy + Fyppl /m — vewy,

_ T™W T™W
fF3 (XF’ uF) = [a(Fxfl + Fxfr)51n6 - T (Fxfl - Fxfr)COS(S - T (Fx‘rl - Fxr‘r)

W .
+a(Fy s + Fysr)coss + T(Fyﬂ — Fys,)siné — b(Fy,y + Fyrr)]/lz,

frsXp,up) = (Tyij — Toij — RwFuij)/lu, s =45,6,7,

fer(Xp,up) =0, r=89,10,11,

fre(Xp,up) =0, t=12,13,14,15.

The state transition equations can be derived by discretizing the aforementioned system of
equations, as shown in Eq. (30):

Xpjkr1 = Xppi + Akfr(Xppe, W) + Wi (30)

Here, Ak is the sampling interval.
The measurement equation is:

Zr = [hp1(Xp, Up) hpy(Xp, Up) hps(Xp, Ug) hpy(Xp, up)
hes(Xp,up)  hpe(Xp,up)  hp;(Xp,up)]”.

€2

Moreover:

CdAv,? /
2115
hp(Xp,up) = a, = [(Fxﬂ + Fxfr)siné‘ + (Fyﬂ + Fyfr)cosd + Fy + Fyrr]/m,

hps(Xp,up) =,
th(X, u) = Wtij, q =45,6,7.

hpy(Xp,up) = a, = [(Fxﬂ + Fypr)cosS — (Fypy + Fypp)SinG + Frpy + Fepp —

The process noise covariance matrix Qr = diag([le-4; le-4; 8e-5; le-4; le-4; le-4; le-4;
le-6; 1e-6; le-6; le-6; le-5; le-5; le-5; le-5]), and the measurement noise covariance matrix
Ry =diag([le-4; le-4; le-4; le-4; 1e-4; 1e-4; 1e-4]).

3.2. Road grade observer

The longitudinal and lateral tire forces estimated by the lower-layer observer were used as
inputs to the upper-layer observer, which was adopted to estimate the road grade. The rotational
motion of the wheels was neglected in the estimation. Therefore, according to the 3-DOF model
including the vehicle’s longitudinal, lateral, and yaw motions, as shown in Egs. (1) to (3), the state
vector Xy of the upper-layer UKF observer is constructed as:
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xg=[w v v 0] (32)
The measurement vector Zg is:

zg = [Ax ay Y] (33)
The input ug is:

ug =106 Fxri Fepr Feri Far Fyp Fypr Fyr Ep]T. (34)
The state function is expressed as:

Xg = fg(Xg, up) + Wy = [fo1 (X, up)  foo(Xpup)  fos(Xp up)  foa(Xp,up)]” +wo.  (35)

Moreover:
fo1(Xg, ug)
. CqAvi .
= (Fxﬂ + Fxfr)cos6 - (Fyﬂ + Fyfr)smtﬁ + Fyy + Er — 2115 mgsinf |/m + vy Wy,

fgz(XQ,uB) = [(Fxfl + Fxfr)sin6 + (Fyfl + Fyfr)COSé‘ + Fyrl + Fyrr]/m — Uy Wy,
W W
f63 (Xg, llg) = [a(Fxfl + Fxfr)51n5 - T (Fxfl - Fxfr)C056 - T (Fxrl - Fxrr)
™w _
+a(Fyp + Fypr)coss + T(Fyﬂ — Fysr)siné — b(Fypy + Fyrr)]/lz,
foa(Xg,ug) = 0.

The measurement function is:

zg = [ho1(Xg, Ug) hg2(Xg,Up) hg3(Xg,up)]", (36)
where:
hg,(Xg,ug)
. CqAvs .
= [(Fef1 + Fepr)cos8 — (Fypy + Fypp)Sing + Fypp + Eopyp — STIE mgsind|/m,

hg,(Xg,up) = [(Fxﬂ + Fxfr)sinS + (Fyﬂ + Fyfr)COSS + Fyp + Fyrr]/m,
hgs(Xp,up) =y.

The process noise covariance matrix Qg = diag([1e-4; le-4; le-4; 1e-4]), and the measurement
noise covariance matrix Rg = diag([le-2; le-2; le-2]).

4. Simulation validation

The proposed road grade estimation method based on tire force observations was validated by
CarSim-Simulink co-simulation and compared with the typically adopted estimators [1], [5], [7],
[81, [13], [15], namely KMBE and DEBE. KMBE and DEBE were realized using a KF and UKF,
respectively.

The driving equation can be written as:

P TeigionT
T TR,
w

— mgfcosé, (37)
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where, T, represents the torque from the engine or electric motor; i, and i, are the gear ratio of

the transmission and the main reducer, respectively; 7 is the mechanical efficiency of the
powertrain; and f is the friction coefficient.
The kinematics model can be expressed as:

Amx = Uy + gsing, (38)

where a,,,, is the measured longitudinal acceleration.

The simulation data were output from the CarSim software, and the estimators were developed
using MATLAB/Simulink. The road grade derived from CarSim was used as the actual value. The
mean absolute error (MAE) and root mean square error (RMSE) were chosen as indicators to
objectively evaluate estimation effectiveness. MAE and RMSE are defined as follows [8], [29]:

MAE = AP
=72 l0-al.
t=1

(39)
RMSE =

where 0, and 6, refer to the estimated road grade and actual grade at the t-th moment,
respectively.

4.1. Straight line and constant speed

A straight and sloping road model was developed based on the elevation data of an interchange
ramp in [30]. This road included four constant-grade sections and five transitional sections. The
vehicle negotiated its drive on the road at a constant speed of 9.7 m/s. The estimation results for
the longitudinal and lateral tire forces are shown in Fig. 3. The longitudinal forces were the driving
forces for the upslope, and the maximum reached approximately 240 N. The longitudinal forces
were the braking forces when moving on a downward slope, and the maximum was approximately
200 N. Because of the camber and toe angles, lateral tire forces exist for the left and right tires,
even though the vehicle is driven straight. However, the sum of the lateral forces on the left and
right tires was nearly 0 N. As shown in Fig. 3, the estimated tire forces are consistent with the
actual values. This indicates that the longitudinal and lateral tire forces estimated using the UKF
algorithm can effectively track the actual forces.

)

w s
g &
g 8

- - Actual
Front-left tire

Estimated - - Actual

Estimated — - Actual

Estimated - - Actual Estimated

)

Front-right tire

Rear-left tire Rear-right tire

8
H

2
g
2 8
88

2
8

ongitudinal force (N

3
38

=200

Longitudinal force (N
Longitudinal force (N)

G ob oo
g

20 40 60 80 100 120 o 20 40 60 80 100 120
Time (s) Time (5)

o

20 40 60 80 100 120 o200 40 60 80 100 120

Time (5) Time (5)

o

- - Actual
Estimated
Front-left tire

- - Actual
Estimated

Rear-left tire

Lateral force (N)
Lateral force (N)
=

s

Lateral force (N)
=

Front-right tire

Rear-right tire
~ = Actual

= = Actual
Estimated
60 80 100 120 Y0 20 a0 60 80 100 120
Time (s)

Fig. 3. Tire forces estimation during straight-line and constant speed drive
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The estimated tire forces were used as the input for the road grade estimator. The estimated
road grade and errors are shown in Fig. 4 and Table 1. In the first 27 s, the vehicle negotiated a
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constant downgrade section of —1.8°; then it was driven on a transitionally sloping section for
about 8.7 s where the road grade ranged from —1.8° to 3.5°; from 35.7 s to 57 s, it was driven on
a constant upslope section of 3.4°, followed by a drive on a transitionally sloping section ranging
from 3.4° to —3.9°; in the time range of 69-88 s, it negotiated a constant downgrade section of
—3.9°, and this was followed by the drives on sloping sections and constant sections.

As shown in Fig. 4, the estimators show mismatches in the first several seconds, but the
estimated road grades converge quickly and approach the actual grades. The proposed TFOBE
and DEBE provide reliable conformity to the actual road grades, while the estimated values from
KMBE appear to be lower than the actual values and exhibit large errors. When the road grade
was constant, TFOBE exhibited a better estimation effect than DEBE. The estimation errors of
TFOBE were slightly greater for transitional sections, but still exhibited high estimation accuracy.
The MAE and RMSE of TFOBE were 0.133 % and 0.232 %, respectively, which were much lower
than those of DEBE and KMBE. The estimated road grades in the first several seconds were not
adopted in the calculation of the MAE and RMSE, as large jitters existed there. Similar processing
methods were used in the following paragraph.

6 1.2
— — KMBE —-—DEBE - TFOBE

Actual — —KMBE —--DEBE ——TFOBE

Road grade (%)
Absolute error (%)

dieshash Yilladbduathdn phosiel] Sndgudd AU I Y]
~o 20 40 60 80 100 120
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Fig. 4. Road grade estimation results during straight-line and constant speed drive

Table 1. MAE and RMSE of road grade estimations during straight-line and constant speed drive
Project | KMBE DEBE TFOBE
MAE | 0.437 % | 0.240 % | 0.133 %
RMSE | 0.496 % | 0.291 % | 0.232 %

4.2. Straight line and variable speed

The vehicle was driven on straight and sloping roads at variable speeds. It underwent
deceleration, acceleration, and variable-speed stages while negotiating on the road. The
longitudinal tire forces were rather complex and changeable and showed a peak at approximately
90 s due of the variable-speed drive on the upslope and downgrade sections compared with the
simulation at a constant speed, as shown in Fig. 5. However, the lateral forces exhibited
similarities. The estimated tire forces were in good agreement with the actual forces.
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Fig. 5. Tire forces estimation during straight-line and variable-speed drive
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The road grade estimation results and absolute errors, along with the driving speed, are shown
in Fig. 6. The estimation results from TFOBE and DEBE showed good agreement with the actual
road grades. The absolute errors of the former estimator were smaller than those of the latter in
the first 58 s, last 10 s, and between 68 and 70 s and 80 and 107 s. The maximum error of TFOBE
was approximately 0.97 % at 109 s. DEBE showed a lower error in the simulation time range of
58-68 s, 70-80 s, and 107-110 s, but it did not match the actual grade from 81 s to 89 s. The
maximum absolute error was 1.88 % at about 85.6 s when the driving speed and road grade both
changed severely. KMBE exhibited larger estimation errors than the other estimators. In
particular, abnormal peaks occurred when the driving acceleration changed, as observed at
approximately 12.3 s, 21 s, and 46 s. The maximum absolute error was over 2 %.

The MAE and RMSE were calculated, as shown in Table 2. TFOBE provided the best
estimation effect, followed by DEBE.
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Fig. 6. Road grade estimation results during straight-line and variable-speed drive

Table 2. MAE and RMSE of road grade estimations during straight-line and variable-speed drive
Project | KMBE DEBE | TFOBE
MAE | 0.450 % | 0.352% | 0.183 %
RMSE | 0.612% | 0.462 % | 0.250 %

4.3. Cornering and variable speed

A combined curved and sloping road model was built based on the X-Y coordinates and
elevation data of the ramp. The vehicle was driven on the road at the aforementioned variable
speeds. The estimated tire forces are shown in Fig. 7. The lateral forces of the front and rear tires
were both larger than those when driving on a straight road. This is because relatively large lateral
tire forces are required to act against the centrifugal force of the vehicle while driving along a
curve. In this case, the tire force observer also provided good conformity with the actual observers.

The estimated road grades, absolute errors, and driving speeds are shown in Fig. 8. The
estimation results of TFOBE and DEBE are similar to those of the drive on a straight line. TFOBE
exhibited a higher accuracy in the time range of 0-58 s, 69-89 s, 98-107 s, and the last 10 s, while
the absolute errors of DEBE were lower within the other time sections. DEBE had large errors in
the time range of 81-89 s, and the errors are also relatively noticeable from 5 to 12 s and from 21
to 29 s. The maximum estimated road grade of KMBE was over 6 %, and the error was
approximately 3 % in the time range of 36-68 s, which was much larger than the actual value. This
indicates that KMBE did not work well in this situation.

Table 3. MAE and RMSE of road grade estimations during cornering and variable-speed drive
Project | KMBE | DEBE | TFOBE
MAE | 1.09% | 0.374 % | 0.271 %
RMSE | 1.62% | 0.488 % | 0.428 %

The MAE and RMSE of TFOBE were 0.271 % and 0.428 %, respectively, which were much
lower than those of the other estimators. This indicates that TFOBE exhibited the best performance
for grade estimation. KMBE provided the worst estimation accuracy, with MAE and RMSE values
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of 1.09 % and 1.62 %, respectively.
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Fig. 7. Tire forces estimation during cornering and variable-speed drive
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5. Experimental validation

To further validate the effectiveness of the proposed road grade estimator, a road test was
conducted on a rural road based on a real vehicle equipped with a multichannel data acquisition
system (MCDAS), an inertial measurement unit (IMU), and a tachograph, as shown in Fig. 9.

|\\\\H‘
Ty
B

\\\\\\\

ST

Test vehicle § Leveling instrument | 3 | 1%
a) Apparatus b) Test road
Fig. 9. Apparatus and test road

The MCDAS was used to collect real-time data from the Controller Area Network (CAN) Bus,
including the engine speed, torque ratio percentage of the engine, vehicle speed, wheel speed, and
braking pressure. The real-time engine torque can be calculated based on the maximum torque
and torque ratio percentages. The IMU was used to measure the vehicle’s longitudinal velocity,
longitudinal and lateral accelerations, and yaw rate. A tachograph was used to record the traffic
environment and aid in data extraction from the demanded road section. In addition, a leveling
instrument was used to measure the road grade.

The vehicle was driven on a rural road, on which two road sections were chosen to validate
the proposed estimator. Road 1 was a straight upslope section with a length of about 140 m. Road
2 was a circular and upslope section and was about 100 m in extent.
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The driving mission was accomplished continuously along the test route, and the vehicle
driving data during the road test were collected by the MCDAS and IMU. The data obtained while
negotiating Roads 1 and 2 were extracted based on the video image derived from the tachograph.
Road grades were manually measured every several meters. Subsequently, the cubic spine
interpolation fitting method was used to determine the actual grades of the road sections.

The estimation results for Road 1 are shown in Fig. 10. There is a slight jitter in the estimated
curve derived from TFOBE within the first 2 s. However, the result quickly converges and presents
a perfect estimation performance for the road grade, and the absolute error remained low after
convergence. The estimation effects of DEBE and KMBE were worse than those of TFOBE
overall; in particular, KMBE exhibited large errors in the time range of 7-10 s. The experimental
validation for Road 2 is shown in Fig. 11. The results are similar to those for Road 1. Furthermore,
the MAE and RMSE of TFOBE are much smaller than those of DEBE and KMBE for Roads 1
and 2, as shown in Table 4. This indicates that TFOBE is the most accurate and robust method.
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Fig. 10. Experimental validations of Road 1
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Fig. 11. Experimental validations of Road 2

Table 4. Experimental MAE and RMSE of road grade estimations
Road section | Project | KMBE | DEBE | TFOBE

Road 1 MAE | 1.14% | 0.51 % | 0.09 %
RMSE | 1.63% | 0.53% | 0.11 %
MAE | 0.88% | 0.54% | 0.10 %
RMSE | 1.20% | 0.58% | 0.12 %

Road 2

6. Conclusions

In this study, a 7-DOF vehicle model was developed considering the road grade. Subsequently,
a hierarchical estimator was designed to estimate road grade using a dual-layer UKF. The
lower-layer UKF was used to observe the longitudinal and lateral tire forces. The upper-layer UKF
was used to estimate the road grade. The performance of the proposed TFOBE was compared with
that of commonly used methods, namely KMBE and DEBE. Simulation and experimental
validation show that TFOBE performs well in estimating the road grade under different speeds
and road conditions, and exhibits better accuracy and robustness than KMBE and DEBE. This
indicates the validity and superiority of the hierarchical estimation approach based on the
observation of tire forces.
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An additional force G, exists along the lateral direction of the vehicle while cornering on a
sloping road, which is equal to the vehicle weight multiplied by the product of the sine of the road
grade and the sine of the vehicle heading angle [31]. The heading angle is the angle between the
vehicle’s longitudinal direction and the road centerline, as presented in the literature [31], in which
the normal tire forces were estimated based on the 3-DOF vehicle model (longitudinal, lateral, and
yaw), considering the road grade angle. In this study, we hypothesized that the vehicle is driven
along or parallel to the road centerline. Thus, the angle between the vehicle’s longitudinal direction
and road centerline is rather small and can be ignored. In addition, the road grade is defined as the
gradient of the road centerline and is less than 10 % [11], [17]. Therefore, the additional force G,
is not presented in Eq. (2).

The proposed hierarchical estimator uses the UKF to estimate the road grade. Thus, the UKF
was employed while conducting the estimation based on the driving equation, as presented in [8],
[13], [15]. The 7-DOF model and driving equation were nonlinear, which was appropriate for the
UKEF. Nevertheless, the kinematics model is linear; thus, a KF is used to estimate the road grade
based on this model [1], [5], [7]. Because the actual road grade at the beginning of the drive was
not known, the initial road grade in the estimator was set to zero, which may have led to a large
difference between the initial and actual values. Thus, the estimated road grade could not track the
actual value in the first several seconds during simulation and experimental validations [14], [29].
Therefore, only the data estimated after convergence were used to calculate the MAE and RMSE
[29].

The limitation of this work is that the estimation results of the longitudinal and lateral tire
forces were not presented in the experimental validation because tire force transducers, such as
Kistler RoaDyn [24], [25], are too expensive, and we could not afford to equip these sensors on a
real test car. However, the tracking performance of the lower-layer observer on the tire forces was
validated using CarSim and MATLAB joint simulations. Several studies have demonstrated the
reliability and effectiveness of this approach, in which an EKF observer was constructed to
estimate the lateral tire forces considering the lateral load transfer of the vehicle [26], and a UKF
observer was proposed to estimate the longitudinal and lateral tire forces using a 3-DOF vehicle
model with a random-walk tire force model [27]. Furthermore, this study aimed to estimate the
road grade using a hierarchical estimation approach, and the estimation results were validated
experimentally.

The way forward in this study includes the improvement of the real-time performance,
accuracy, robustness of the road grade estimator, and the joint estimation of the road grade and
road bank. In the future, we will conduct further research in these areas.
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