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+e unreasonable actuation of electric vehicle’s motor drive system usually results in a lot of unwanted energy consumption on a
slope road.+is paper proposes an eco-cruise control (ECC) scheme based on the driving condition estimation to decrease electric
vehicle’s energy consumption in the constant-speed cruise control mode. +e eco-cruise control scheme is realized by reducing
the unreasonable actuation of the motor drive system. +e vehicle’s total mass and pitch angle are estimated in real time by using
an improved base-vector-based cross iteration estimator (BVCIE). Based on the estimated results, the required torque is predicted.
Combining the speed deviation between the desired speed and the real speed, and the torque deviation between the required
torque and the real torque, a three-power nonlinear controller of the ECC scheme is designed. +e ECC scheme is validated on a
slope road with different cruise speeds on a cosimulation platform, and the results indicate that the proposed strategy enjoys a
better speed maintenance ability and energy efficiency compared with the benchmarked cruise control.

1. Introduction

In the last decades, the lane changing/lane keeping system
[1, 2], antilock braking system [3], cruise control system
(CCS) [4], advanced vehicle motion control systems [5–7],
etc. have been widely implemented on the intelligent ve-
hicles. Cruise control system is one of the first intelligent
systems implemented on a vehicle, and it has been vastly
applied to different types of ground vehicles. In the constant-
speed cruise control mode, the driver can be disengaged
from the control tasks of accelerator pedal and brake pedal,
which helps to decrease driver’s driving load so as to reduce
traffic accidents. However, in the constant-speed cruise
control mode, when a vehicle is moving on a complex road,
such as on a slope road, the driving torque provided by the
motor does not often meet the required torque, which is the
unreasonable actuation phenomenon. +e unreasonable
actuation of the motor drive system usually causes the ve-
hicle to consume a lot of unwanted energy. +e unwanted

energy consumption will undeniably decrease the vehicle’s
driving range, and this is one of the main factors hindering
the spread and popularization of electric vehicles [8].
+erefore, improving energy efficiency is an urgent issue in
the field of electric vehicles.

+e past research on CCS mainly involves collision
avoidance, constant-speed control, improvement of cruise
system’s fault tolerance, and other intelligent functions.

To address the collision problem, an intelligent cruise
system is designed to force the vehicle acceleration to
converge to the desired acceleration by using the on-board
radar information [9]. In addition, [10, 11] propose ad-
vanced algorithms to address the problems of control
strategy, scheduling, and real-time constraints simulta-
neously. Literature [12] initiates the longitudinal stop-
and-go cruise control system of heavy-duty trucks, and the
test results show that the method not only meets the
desired dynamic response, but also enjoys good robust-
ness. In the parameters optimization aspect, [13, 14]
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propose different methods to select PID controller’s pa-
rameters to improve the controller’s performance with
constant-speed control. +e simulation results of the
methods in [13, 14] show a good performance in vehicle’s
stability. To maintain the constant time headway with
respect to the front vehicle, a neuro-fuzzy controller is
proposed for intelligent cruise control of semiautonomous
vehicles, and this method demonstrates better perfor-
mance compared with the conventional PID controller
[15]. In order to improve the fault tolerance of CCS, a
prototype tool is designed in [16], and a fault recovery
technique is proposed in [17] to improve the fault toler-
ance and robustness of CCS; these methods demonstrate a
good performance in guaranteeing the normal work of
CCS. In addition, to enable the driver to fully disengage
himself/herself from the driving task, the new research on
CCS is advancing in more intelligent directions, such as
adaptive cruise control [18, 19] and cooperative adaptive
cruise control [20–25].

Obviously, the aforementioned intelligent technologies
and methods contribute to the development of the auton-
omous vehicles. However, most of the research has not
considered the energy efficiency problem. In the last de-
cades, energy consumption in the transportation field has
sharply increased and has become one of the most serious
challenges. In reality, the driving conditions greatly affect the
vehicle’s energy consumption [26].

Usually, the vehicle moving under traffic signs condition
with cruise mode will increase energy consumption level due
to the unreasonable start, stop, acceleration, and decelera-
tion. To reduce the idle time at a red light and decrease
energy consumption, a predictive cruise control [27] that
uses the information of upcoming traffic lights is proposed
to judge a predictive manner. By this means, it contributes to
the improvement of the energy efficiency of the vehicle’s
powertrain. According to the traffic information, the energy-
efficient cruise control systems [28, 29] are designed to
optimize the acceleration profile so as to minimize energy
consumption. Similarly, [30] designs an adaptive cruise
control system based on the upcoming traffic signal infor-
mation to reduce the idle time at stop lights and fuel
consumption. To decrease the energy consumption due to
the queue effects at a signalized intersection, [31] proposes
an eco-cooperative adaptive cruise control to improve the
vehicle’s fuel efficiency, and the simulation result demon-
strates that the overall fuel consumption could be saved up to
40%.

+e latest research indicates that driving conditions such
as the road slope, the vehicle’s pitch angle, and the vehicle’s
mass are seriously affecting the energy consumption and
proposes many excellent strategies to improve the energy
efficiency [32–36]. However, these methods obtain the road
profile from digital maps or from global positioning system
(GPS) [32–34], and this will have poor performance in case
of shelter conditions. In addition, most of the research
mainly focuses on the fuel vehicles [34–36]. Compared with
the fuel vehicles, the electric vehicles call for more urgent
need to address the energy efficiency problem because of the
limits of the driving range.

+erefore, in this paper, we specifically concentrate on
the improvement of the electric vehicle’s energy efficiency in
constant-speed cruise control mode on slope road. Different
from the prevailing methods, in this paper, a novel ECC
scheme is proposed without using the digital map’s infor-
mation or the GPS information. To guarantee that the
electric vehicle has good speed maintenance ability and
energy efficiency performance in constant-speed cruise
control mode, the ECC scheme is realized by considering the
deviation in vehicle speed and the deviation in the required
torque. With the ECC scheme, the driving torque and the
braking torque are optimized so as to reduce the unrea-
sonable actuation of the motor drive system. In summary,
the major innovations and significance of this paper are as
follows:

(1) +ere is methodological innovation in decreasing
electric vehicle’s energy consumption in the con-
stant-speed cruise control mode on slope road. In
this paper, an ECC strategy is proposed to improve
the speed maintenance ability and energy efficiency
performance. With the ECC strategy, the average
driving efficiency and the average regenerative
braking efficiency of the motor drive system can be
improved.

(2) An improved BVCIE is proposed to estimate the
vehicle’s driving load factors (total mass and pitch
angle). In the framework of the improved BVCIE, a
new sliding-model-based strategy is designed to
improve the robustness of the estimator. With the
sliding-model-based strategy, the phenomenon of
signal distortion and data loss can be compensated
for.

(3) A new three-power nonlinear controller is designed
based on the estimated driving load factors to avoid
the unreasonable actuation of the motor’s torque
caused by the slope road condition. +e controller
enables themotor drive system to provide reasonable
driving torque and braking torque according to the
deviations in the vehicle speed and the desired
torque. +erefore, the unwanted actuation can be
avoided.

+e rest of this paper is organized as follows. In Section 2,
the vehicle dynamics is analyzed, and the required torque
is presented. In Section 3, the vehicle’s total mass and the
pitch angle are estimated by an improved BVCIE. In
Section 4, a novel ECC scheme is proposed. In the ECC
scheme, a new controller is designed, and its stability is
proved. In Section 5, the simulation platform is intro-
duced, and the estimation results of vehicle’s mass and
pinch angle are presented. In Section 6, the cruise control
performances by the proposed ECC scheme and by the
benchmarked cruise control are analyzed in detail. In
Section 7, the energy consumption and the energy saving
performance of the proposed ECC and the benchmarked
cruise control are analyzed at different cruise speeds. Fi-
nally, we conclude this paper with its main novelties and
contributions in Section 8.
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2. Vehicle Dynamics

When an electric vehicle is moving on a slope road in the
constant-speed cruise control mode, the required torque in
the longitudinal motion is a real-time variable due to the
variation of the driving conditions, such as the vehicle’s
pitch angle and the longitudinal speed. +erefore, to
maintain the vehicle at the desired cruise speed, the CCS
needs to control the driving torque and the braking torque
according to the driving conditions. In vehicle’s moving
process, the factors affecting the vehicle’s performance in-
clude the rolling resistance, the equivalent aerodynamic drag
resistance, the slope resistance, and the acceleration resis-
tance, as shown in Figure 1.

Assuming the vehicle’s total mass is m and the longi-
tudinal acceleration is _v, the longitudinal dynamics model
can be expressed as

F � Frol + Faero + Fslope + m _v, (1)

where F represents a resultant force of the driving force and
the braking force, Frol refers to the rolling resistance, Faero
refers to the equivalent aerodynamic drag resistance, and
Fslope refers to the slope resistance. In (1), the rolling re-
sistance depends on the road condition and the vehicle’s
total mass, which can be expressed as follows:

Frol � mgμ cos θ, (2)

where g is the acceleration due to gravity, µ refers to the
rolling resistance coefficient, and θ refers to the vehicle’s
pitch angle.

+e slope resistance in (1) is affected by the factors of the
vehicle’s total mass and the pitch angle, and this relationship
can be expressed as follows:

Fslope � mg sin θ. (3)

+e equivalent aerodynamic drag resistance in (1) can be
expressed as

Faero �
1
2

ACdρv
2
, (4)

where A is the frontal area of the vehicle, Cd is the aero-
dynamic drag coefficient, ρ is the density of air, and v is the
vehicle speed. Assuming the wheel’s radius is r, the resultant
torque T in the longitudinal motion can be expressed as

T � Fr. (5)

In (5), the resultant torque is from the electric motor
(EM). +e relation between the resultant torque and the
motor’s torque can be depicted as

Tm �
T

igηg

, (6)

where ig refers to the gear ratio, ηg refers to the efficiency of
the mechanical system, and Tm is the motor’s torque.

When a vehicle is moving in the constant-speed cruise
control mode, the ideal condition is the vehicle moving at
the desired cruise speed and the acceleration equal to zero. In

addition, in the real condition, the vehicle’s total mass is
affected by the passenger number and the payload state, and
the pitch angle is determined by the real-time road condi-
tion. +erefore, the vehicle’s total mass is an unknown
parameter in the moving process, and the pitch angle is a
variable in the moving process. Assuming the total mass can
be estimated with 􏽢m in real time and the vehicle’s pitch angle
can be estimated with 􏽢θ in real time, the required resultant
force at the sampling instance tk can be expressed as

Fr tk( 􏼁 � Frol tk( 􏼁 + Faero tk( 􏼁 + Fslope tk( 􏼁

� 􏽢m tk( 􏼁gμ cos 􏽢θ tk( 􏼁􏼐 􏼑 + 􏽢m tk( 􏼁g sin 􏽢θ tk( 􏼁􏼐 􏼑 + 0.5ACdρv
2
r

� 􏽢m tk( 􏼁g

�����

1 + μ2
􏽱

sin 􏽢θ tk( 􏼁 + θμ􏼐 􏼑 + 0.5ACdρv
2
r .

(7)

In (7), Fr represents the desired resultant force, vr

represents the desired cruise speed in the constant-speed
cruise control mode, and θμ can be calculated by
θμ � arctanμ.

According to (5) and (7), the required torque Tr under
the condition that the acceleration is equal to zero can be
expressed as

Tr tk( 􏼁 � Fr tk( 􏼁r. (8)

3. Estimation of the Total Mass and Pitch Angle

3.1. Estimator Design. +e real-time vehicle speed in con-
stant-speed cruise control mode is affected by the driving
condition, and consequently when calculating the real-time
required torque, it needs to obtain the real-time variables of
the vehicle’s total mass and the vehicle’s pitch angle. To
address this problem, in this paper, we adopt a BVCIE
because it does not need to reconstruct a state space
equation. More importantly, compared with Kalman filter
(KF), recursive least square (RLS) method, etc., the BVCIE
enjoys a higher estimation accuracy. In addition, compared
with the neural network method, the BVCIE does not need
to train the model through a large amount of data. To
construct the BVCIE, we define y� _v, φ1 �T/r− 0.5ρACdv2,
φ2 � − g(1 + μ2)1/2; the vehicle longitudinal dynamics (1) can
be rewritten with a linear formula:

y � ϕx. (9)

In (9), x is the vector which needs be estimated, x� [x1,
x2]T ∈R, which can be written as follows:

F

Fslope

Frol

Faero

Faero = (1/2)ACdρv2

Fslope = mg sin θ
Frol = mg μ cos θ

Figure 1: +e diagram of vehicle longitudinal dynamics.
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x1 �
1
m

,

x2 � sin θ + θμ􏼐 􏼑.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(10)

Assuming the vector of x can be estimated with 􏽢x(k/
k − 1), where k and k − 1 are the indexes of the discrete
sampling instants, we can easily obtain the system’s esti-
mated output according to (9), and it can be expressed as
follows:

􏽢y(k) � ϕ(k)􏽢x
k

k − 1
􏼠 􏼡, (11)

where 􏽢x(k/k − 1) represents the estimated vector by a cross
iteration strategy and 􏽢y is the estimated output. Based on (9)
and (11), we can design the estimator with the following
formulation:

􏽢x(k) � 􏽢x
k

k − 1
􏼠 􏼡 + ϕ− 1

(k)(y(k) − 􏽢y(k)). (12)

According to (9) and (10), the 􏽢x1(k/k − 1) can be for-
mulated by a cross iteration strategy:

􏽢x1
k

k − 1
􏼠 􏼡 � f1(k) + g1(k)􏽢x2

k

k − 1
􏼠 􏼡, (13)

where f1(k) � _v(k)/((T(k)/r) − ((1/2)ρACdv2(k))), g1(k)

� (g
�����
1 + μ2

􏽰
)/((T(k)/r) − ((1/2)ρACdv2(k))).

In vehicle’s moving process, the total mass of the vehicle
can be deemed as a constant; thus, we can formulate the
following equation:

􏽢x1
k

k − 1
􏼠 􏼡 � 􏽢x1

k − 1
k − 2

􏼠 􏼡 � 􏽢x1(k − 1). (14)

Assuming 􏽢x1(k − 1) can be known in advance, 􏽢x2(k/k − 1)
can be formulated using a cross iteration strategy:

􏽢x2
k

k − 1
􏼠 􏼡 � f2(k) + g2(k)􏽢x1

k

k − 1
􏼠 􏼡

� f2(k) + g2(k)􏽢x1
k − 1
k − 2

􏼠 􏼡

� f2(k) + g2(k)􏽢x1(k − 1),

(15)

where f2(k) � − ( _v(k)/(g
�����
1 + μ2

􏽰
)), g2(k) � ((T(k)/r) −

((1/2)ρACdv2(k)))/(g
�����
1 + μ2

􏽰
).

For the proof of its convergence, please refer to [37] for
the details. Now, the vehicle’s total mass and the vehicle’s
pitch angle can be estimated by the above estimator. In the
above estimator, the inputs of the estimator are the resultant
torque, the vehicle speed, and the acceleration. +e outputs
of the estimator are the estimated vehicle’s total mass and the
estimated vehicle’s pitch angle, as shown in Figure 2.

3.2. Sliding-Mode-Based Strategy. Actually, the input signals
of the estimator are bounded by a physical constraint, and
this constraint can be described as

T ∈ Tmin, Tmax􏼂 􏼃,

v ∈ vmin, vmax􏼂 􏼃,

_v ∈ amin, amax􏼂 􏼃,

⎧⎪⎪⎨

⎪⎪⎩
(16)

where min and max refer to the minimum value and
maximum value, respectively. In the vehicle system, the
disturbances due to the internal and external factors and the
vehicle vibration could result in the input signals’ distortion
and even the measurement data’s loss [38], shown as region
1 in Figures 3(a) and 3(b) and region 2 in Figure 3(c), re-
spectively. +ese cases will seriously affect the estimation
results and even result in the wind-up of the estimator. To fix
this problem, a sliding-mode-based strategy for processing
the input signals is proposed.

+e sliding-mode-based strategy includes a look-back-
ward method and a double-threshold method. When data
get lost in an input signal, the look-backward method is put
into action to fill in the lost data, as shown in the flow
diagrams in Figures 3(e) and 3(g). In the look-backward
method, a batch of the input data sequence can be defined as

ℓ � ℓ tk− 2( 􏼁 ℓ tk− 1( 􏼁 ℓ tk( 􏼁􏼂 􏼃. (17)

When the input data get lost at the sampling instance tk,
the filling value with the look-backward method can be
expressed as

ℓ tk( 􏼁 � ℓ tk− 1( 􏼁 + Δℓ tk− 1( 􏼁

� ℓ tk− 1( 􏼁 + ℓ tk− 1( 􏼁 − ℓ tk− 2( 􏼁( 􏼁

� 2ℓ tk− 1( 􏼁 − ℓ tk− 2( 􏼁.

(18)

Furthermore, when the input signals are greater than its
maximum thresholds or smaller than its minimum
thresholds, the double-threshold method is applied to
process the input signals, as in the flow diagrams shown in
Figures 3(d) and 3(f). +e double-threshold method can be
expressed as follows:

ℓ �
ℓmax, ℓ ≥ ℓmax,

ℓmin, ℓ ≤ ℓmin.
􏼨 (19)

With the above signal processing strategy, the robustness
of the estimator can be enhanced.

Estimator
v· (k)

v (k)

T (k)

θ̂  (k)

m̂ (k)

Figure 2: +e estimator’s diagram for estimating vehicle’s total
mass and pitch angle.
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4. Eco-Cruise Control

4.1. Control Scheme. +e required torque in (8) in Section 2
represents the torque in the condition that the vehicle
maintains the desired constant speed. However, when the
vehicle is moving on a slope road, the vehicle speed usually
shows fluctuations. In this condition, the CCS needs to
regulate the driving torque and the braking torque so as to
guarantee that the speed maintains the required value. On
the sloping road, the driving load is a variable because the
road slope is a variable. +us, in the vehicle speed regulation
process, unreasonable actuation conditions in the driving
torque and braking torque may occur due to the slope road
condition, which will result in a lot of unwanted energy
consumption. For this problem, this section proposes an
ECC scheme to reduce the unreasonable actuations of the
driving torque and braking torque. In order to clearly de-
scribe the ECC scheme, the traditional cruise control scheme
and the ECC scheme are shown in Figure 4.

Figure 4(a) shows the traditional cruise control scheme.
+is scheme only considers the deviation in the speed (e) and
does not consider the desired driving torque. For the cruise
control scheme in Figure 4(a), a state-of-the-art method is
model predictive control (MPC). For the MPC-based cruise
control, please refer to [23, 28, 39, 40] for details. Figure 4(b)
shows the ECC-based cruise control scheme. As shown in
Figure 4(b), the controller has two inputs: one is the devi-
ation in the speed (e), and the other is the deviation in the
required torque (ΔT). Hence, the ECC scheme can not only
guarantee that the speed maintains the desired value, but
also keep the driving torque and the braking torque away
from the unreasonable actuation.

4.2. Controller Design and Stability Analysis. In order to
design a controller for the ECC scheme, the control system
of the electric vehicle in Section 2 can be depicted as

_x � αx2 + u − b,

y � x,

⎧⎨

⎩ (20)

where x� v, u�T/(m·r), α� − 0.5ρACd/m,
b� g(sin θ+ μ cos θ). To depict the output deviation of the
control system (20), the tracking error in the output (eo) can
be defined as

eo � yr − y. (21)

In addition, for the control system (20), the tracking
error in the input (ei) can be depicted as

ei � ur − u. (22)

In (22), ur�Tr/(m·r), and Tr can be obtained by (8).
According to (21) and (22), when considering the errors in
the input and output, a three-power nonlinear controller can
be designed as in the following formulation:

u � Koe
3
o + Kiei, (23)

where Ko refers to the gain of the output y, and Ki refers to
the gain of the required input u.

Theorem 1. For the control system (20), if there existKo∈ [0, ξ1]
and Ki∈ [0, ξ2], and they satisfy the following condition:

3Koe
2
o _eo + Ki _ei − _b � €y − 2α _xyr, (24)

then the output ywill converge to yr by the control strategy (23).

Proof. If the output y converges to yr, (21) should satisfy
eo⟶ 0 by the control strategy (23). Equation (20) can be
differentiated as

€x � 2αx _x + _u − _b
� 2αx _x + 3Koe

2
o _eo + Ki _ei − _b.

(25)

Substituting (25) into (21) yields

eo � yr −
(€x + _b)

2α _x
−

3Koe
2
o _e + Ki _ei􏼐 􏼑

2α _x
. (26)

According to condition (24), €y can be expressed as

€y � 3Koe
2
o _eo + Ki _ei − _b + 2α _xyr. (27)

Following the output equation in (20), one can obtain

€y � €x . (28)

+us, (26) can be rewritten as

€x � 3Koe
2
o _e + Ki _ei − _b + 2α _xyr. (29)

Substituting (29) into (26) yields eo � 0. □

kk-1k-2 k-2

(e)

(d) (f)

(g)

(a)

(b)

(c)

k-1 k

k-2 k-1 k k-2 k-1 k kk-1k-2

kk-1k-2 kk-1k-2 kk-1k-2 kk-1k-2

kk-1k-2 kk-1k-2 kk-1k-2t t

ttt

t t

ttt

t t

v

v

v

v

T

T

T

T
T

v v· 

v· 

v· 

v· 

v· 

1

2

Figure 3: +e flow diagram of the sliding-mode-based strategy.
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5. Simulation Environment and
Estimation Results

+is section first presents the test vehicle and the driving
environment; then, the state estimation results and the
control performance are presented with detailed analysis.

5.1.EeTestVehicle and theTest Road. In this work, the ECC
is validated on a cosimulation platform with CarSim and
Matlab/Simulink. +e vehicle simulator combining CarSim
with Matlab is a high-fidelity platform for validating the
vehicle dynamics and control methods. +e vehicle’s model
in CarSim is close to the real-world vehicle. More impor-
tantly, the validation through CarSim and Matlab can ef-
fectively avoid the influence from the traffic condition and
driver’s behavior. For the cosimulation platform in this
paper, the version of theMatlab is R2007a, and the version of
the CarSim is 2016.0.+e parameters of the vehicle body and
road information are set in CarSim, and the electric pow-
ertrain, the proposed ECC, and the benchmarked method
are built in Matlab/Simulink. +e cosimulation platform is
validated on personal computer with Windows 10 64-bit
operating system, 16G memory, i7-10510U CPU, 2.30GHz.

+e simulated vehicle is a front wheel drive electric
vehicle, as shown in Figure 5(a). +e motor drive system of
this vehicle is shown in Figure 5(b). In driving mode, the
battery provides power for the EM, and the EM drives the
front wheels. +e EM is a direct-current motor, and the
gearbox has single variable speed ratio. In the driving mode,
the battery provides energy to the electric powertrain, and in
the braking mode, the regenerative braking energy is fed
back to the battery. An asphalt road is selected as the test
road, which is shown in Figure 5(c).+e profile of the road is
from the real world. +e length of the test road is about 275
meters, the maximum height of the test road is about 4.173
meters, and the test road includes uphill parts and downhill
parts.+e profile of the test road is shown in Figure 5(d).+e
driving environment, the designed parameters, and the
specification of the test vehicle are shown in Table 1.

In order to analyze the efficiency of the motor, the ef-
ficiency map of the motor should be built. +e accurate
motor’s efficiency map is related to motor’s torque and
speed. However, as the efficiencies are similar within a
relative large range of motor rotational speeds, a simplified

efficiency map can be fitted by only considering the motor’s
torque, and this simplified efficiency map has been suc-
cessfully used in [41]. For this reason, in this paper, we
regard the motor efficiency as a function of torque. +e
driving efficiency and regenerative braking efficiency of the
EM can be fitted by the least square method. Assume that the
curve function of the driving efficiency and regenerative
braking efficiency can be expressed as

y � a4x
4

+ a3x
3

+ a2x
2

+ a1x
1

+ a0. (30)

To identify the parameters a0, a1, a2, a3, a4 based on the
least square method, we need to measure several groups’
data of the motor’s torque and motor efficiency. Since the
motor’s torque, the motor’s rotational speed, and the input/
output power of the battery in driving mode and braking
mode can be easily collected, the motor efficiency (in-
cluding the driving efficiency and the regenerative braking
efficiency) can be calculated with the following equation:
where ηo refers to the driving efficiency, ηi refers to the
regenerative braking efficiency, ω is the motor’s rotational
speed, and Pi/Po refers to the input/output power of battery.

In order to derive the motor efficiency map, we calcu-
lated 11 groups of the driving efficiencies and 11 groups of
the regenerative braking efficiencies based on (31). +us, the
curves of the driving efficiency and the regenerative braking
efficiency can be fitted. For the fitted driving efficiency curve,
a0 � 0.1311, a1 � 0.0224, a2 � –2.3647×10–4, a3 � 9.8593×

10–7, a4 � –1.4736×10–9. For the fitted braking efficiency
curve, a0 � –8.697×10–4, a1 � 0.0125, a2 � –8.685×10–5,
a3 � 2.5372×10–7, a4 � –2.6187×10–10. +e calculated driv-
ing efficiency, the regenerative braking efficiency, and the
fitted curves are shown in Figure 6. +e discrete red points
are the calculated driving efficiency, and the dashed green
curve refers to the fitted driving efficiency. +e discrete blue
points refer to the calculated regenerative braking efficiency,
and the solid magenta curve refers to the fitted braking
regenerative efficiency. In the braking mode, part of the
mechanical energy will be converted to the thermal energy
and get lost. In addition, the efficiency of the power con-
version circuit is unlikely to reach 100%. Moreover, during
the braking process, part of the regenerative electric energy
will get lost. For these reasons, in Figure 6, the regenerative
braking efficiency is lower than the driving efficiency under
the same torque condition.
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Table 1: Parameters and specification of the test vehicle.

Name Symbol Values Unit
Vehicle mass m 1450 kg
Air density ρ 1.206 N·s2/m4

Maximum road elevation h 4.173 m
Vehicle front area A 2.2 m2

Wheel radius r 0.353 m
Roll inertia Ixx 536.6 kg·m2

Pitch inertia Iyy 1536.7 kg·m2

Yaw inertia Izz 1536.7 kg·m2

Road distance l 275 m
Battery voltage Vbat 335 V
Battery capacity Ebat 61 kwh
EM’s maximum torque Tm-max 320 Nm
EM’s maximum power Pm-max 160 kw
Gear ratio ig 7.6 —
Drag coefficient Cd 0.28 —
Rolling friction coefficient μ 0.012 —
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ηo �
Tmω
Po

,

ηi �
Pi

Tmω
,

(31)

To analyze the proposed ECC scheme, the state-of-the-
art method of MPC-based cruise control is selected as a
benchmark. +e scheme of the benchmarked method is
introduced in Figure 4(a) in Section 4.1. For the MPC in
Figure 4(a), assuming P is the predictive horizon, M is the
control horizon, and M≤P, the predictive output sequence
is 􏽢Y(k+ 1/k) and the future control sequence ΔU(k) at
sample time k can be formulated as follows:

􏽢Y
k + 1

k
􏼠 􏼡 � 􏽢y(k + 1) 􏽢y(k + 2) · · · 􏽢y(k + P)􏼂 􏼃

T
1×P,

ΔU(k) � Δu(k) Δu(k + 1) · · · Δu(k + m − 1)􏼂 􏼃
T
1×M.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(32)

In addition, the cost function J can be constructed as

J � 􏽘
P

j�1
[􏽢y(k + j) − y(k + j)]

2
+ 􏽘

M

j�1
λ(j)[Δu(k + j − 1)]

2
,

(33)

where λ is the weighting coefficient.+e controller of MPC is
used to make the cost function minimal. To obtain the
optimum control sequence, we can make the derivative of
the cost function equal to zero:

zJ

zΔU
� 0. (34)

+en, the solution of ΔU(k) can be obtained. Moreover,
by referring to the method in [23] and using the trial-and-
error method, the prediction horizon length M and the
control horizon length P are specified to be 10. +e
benchmarked cruise control and the proposed ECC are
validated on the cosimulation platform of CarSim and
Matlab/Simulink. With the cosimulation environment, the
ECC and the benchmarked method are tested with different
cruise speeds.

5.2. Results of Vehicle State Estimation. To analyze the
performance of the improved BVCIE in Section 3, the test on
the vehicle moving at 40 km/h is presented. In addition, the
recursive least square method with multiple forgetting
factors (RLS-MFF), the extended Kalman filter (EKF), and
the original method, i.e., BVCIE, are adopted for
comparison.

For the original BVCIE, RLS-MFF, and EKF and the
improved BVCIE, the initial values of the estimated vehicle
total mass and pinch angle are set to 0. +e estimated total
mass and the estimated pitch angle by the RLS-MFF, the
EKF, the original BVCIE, and the improved BVCIE are

shown in Figures 7 and 8, respectively. In Figure 7, the blue
curves represent the real value, the dotted black curves
represent the estimated value by RLS-MFF, the dash-dotted
green curves represent the estimated value by EKF, and the
dashed orange curves represent the estimated value by the
original BVCIE. From the results in Figure 7, especially the
zoom-in curves in Figure 7, it can be found that the original
BVCIE outperforms RLS-MFF and EKF in estimation ac-
curacy. However, in case of the input data loss, the esti-
mation results by RLS-MFF, EKF, and original BVCIE have a
sharp wind-up. Figure 8 depicts the estimated results by the
improved BVCIE. +e blue curves represent the real value,
and the dashed magenta curves represent the estimated
value. From the results in Figure 8, we can find that the
estimated values have good performances and can accurately
reflect the real values. In addition, the wind-up phenomenon
can be eliminated when the input data are lost. From the
local zoom-in curves in Figures 8(a) and 8(b), we know that
there exists a little error between the estimated value and the
real value. To analyze the deviation, the estimation errors in
total mass and in pitch angle by the improved BVCIE are
shown in Figures 9(a) and 9(b). Compared with the esti-
mated values in Figures 8(a) and 8(b), the estimation errors
are very small. In this condition, the vehicle’s state estimated
by the method in Section 3 can be applied to the proposed
ECC scheme in Section 4.

6. Control Performances of ECC Scheme

6.1. Control Performance at 40 km/h. To analyze the control
performances of the proposed ECC and the benchmarked
cruise control, the vehicle speed, the motor’s torque (in-
cluding the driving torque and the braking torque), and the
motor’s efficiency are analyzed in detail at 40 km/h when
moving on the test road.+e results are shown in Figure 10.
+e blue curve and the red curve in Figure 10(a), re-
spectively, reflect the vehicle speed by the benchmarked
cruise control and ECC. +e vehicle speed has a little
perturbation when moving on the test road. On uphill part,
the vehicle speed decreases less by ECC than by the
benchmarked cruise control, and on downhill part, the
vehicle speed increases less by ECC than by the bench-
marked cruise control. +erefore, it can be obviously ob-
served that ECC is better than the benchmarked cruise
control in speed maintenance ability. From Figure 10(b),
one can know that the motor’s torques vary by different
methods. Combining the speed profiles in Figure 10(a), we
can find that the cruise speed by ECC has less fluctuation
compared with that by the benchmarked cruise control,
and most of the working points of the motor’s torque by
ECC are in the small value interval. +erefore, the motor’s
torque by ECC has less unreasonable actuation condition
compared with that by the benchmarked cruise control.
Figure 10(c) demonstrates the driving efficiency and the
regenerative braking efficiency. According to the results in
Figure 10(c), we can observe that at some sampling in-
stances the motor’s efficiency by ECC is greater than that by
the benchmarked cruise control, but at other sampling
instances, the motor’s efficiency by ECC is lower than that
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by the benchmarked cruise control. +e reason for this
phenomenon is that the motor drive system works in
unreasonable actuation conditions at some sampling in-
stances by the benchmarked cruise control. When the
driving torque provided by the motor is smaller than the
torque demands, the energy consumption by the bench-
marked cruise control is less than that by ECC, but when
the driving torque provided by the motor is greater than the
torque demands, the energy consumption by the bench-
marked cruise control is greater than that by ECC. In this
condition, it is difficult to judge which method is better
according to Figure 10(c). By referring to the analysis
method in [41], the average driving efficiency and the
average regenerative braking efficiency are introduced to
compare the ECC and the benchmarked cruise control.

In addition, by referring to the analysis method in [42],
the ride comfort can be assessed by vehicle’s jerk (J), which is
the second derivative of the vehicle’s longitudinal velocity. In
the moving process, the jerk values include positive values
and negative values. For this reason, we adopt the average
absolute jerk to compare the ride comfort of ECC and the
benchmarked cruise control. +e smaller the average ab-
solute jerk, the better the ride comfort. +e average absolute
jerk is defined as

|J| �
1
N

􏽘

N

k�1
|€v(k)| . (35)

+e average driving efficiency, the average regenerative
braking efficiency, and the average absolute jerk are shown
in Table 2.

According to the results in Table 2, in the driving mode,
the average driving efficiency by the benchmarked cruise
control is significantly lower than that by ECC. In the
braking mode, the average driving efficiency by ECC is
similar to that by the benchmarked cruise control. +us,
ECC reasonably adjusts the motor’s toque so that the motor
works in the high efficiency range. In addition, the average
absolute jerk by ECC is smaller than that by the bench-
marked cruise control. From the results in Table 2, we can
conclude that the motor’s efficiency and the ride comfort by
ECC outperform those by the benchmarked cruise control in
the driving mode and braking mode.

6.2. Control Performance at 80 km/h. To demonstrate the
performance of the proposed ECC at high cruise speed, the
cruise speed of 80 km/h is investigated in this part. +e
vehicle speed, the motor’s torque, and the motor’s efficiency
are presented in Figure 11. In Figure 11(a), it is obvious that
the speed maintenance ability by ECC is still more excellent
than that by the benchmarked cruise control. Figures 11(b)
and 11(c), respectively, demonstrate the motor’s torque and
the motor’s efficiency. Similar to the results in Figures 11(b)
and 11(c), it is still difficult to distinguish which method is
better.+at is because sometimes the motor’s torque and the
motor’s efficiency by ECC are greater than those by the
benchmarked cruise control, but sometimes the motor’s
torque and the motor’s efficiency by ECC are lower than

those by the benchmarked cruise control. +erefore, we also
calculate the average driving efficiency, the average regen-
erative braking efficiency, and the average absolute jerk, and
they are shown in Table 3.

From Table 3, it can be found that in the driving mode,
the driving efficiency by ECC is higher than that by the
benchmarked cruise control. More importantly, the re-
generative braking efficiency by ECC is also higher than that
by the benchmarked cruise control. In addition, the average
absolute jerk by ECC is still smaller than that by the
benchmarked cruise control. +erefore, it can be concluded
that ECC is better than the benchmarked cruise control at
high cruise speed.

7. Energy Saving Performance Analysis

To demonstrate vehicle’s energy saving performance of the
proposed ECC, the energy consumption of the two scenarios
in Sections 6.1 and 6.2 is analyzed in detail. +e energy
consumption in the driving mode and the energy feedback
in the braking mode are calculated as follows:

Eo � 􏽚
tf

0
Po(t)dt,

Ei � 􏽚
tf

0
P(t)dti,

(36)

where Eo refers to the energy consumption in the driving
mode, Ei refers to the energy feedback in the braking mode,
and tf refers to the termination time.

+e energy consumption and energy feedback of the two
scenarios in Sections 6.1 and 6.2 are shown in Figures 12(a)
and 12(b), respectively. When the test vehicle is moving at
40 km/h, the energy consumption by the ECC and that by
the benchmarked cruise control are 0.2033 kwh and
0.1956 kwh, respectively. +e energy feedback by ECC and
the benchmarked cruise control is 0.0424 kwh and
0.0496 kwh, respectively. Obviously, it can be found that the
vehicle consumes less energy by ECC when moving at
40 km/h compared with that by the benchmarked cruise
control. For the high cruise speed of 80 km/h, the energy
consumption by the ECC and by the benchmarked cruise
control is 0.1709 kwh and 0.1583 kwh, respectively. In ad-
dition, the energy feedback by the ECC and by the
benchmarked cruise control is 0.0472 kwh and 0.0483 kwh.
+e results in Figure 12(b) show the advantage of ECC
because the vehicle not only consumes less energy in the
driving mode, but also regenerates more energy in the
braking mode.

For the two scenarios, the real energy consumption (E)
in the whole process can be calculated as

Table 2: Motor’s average efficiency and ride comfort by the
benchmarked cruise control and the proposed ECC (40 km/h).

Control performances Benchmark ECC
Driving efficiency 0.5827 0.6468 × 100%
Regenerative braking efficiency 0.2790 0.2900 × 100%
Average absolute jerk 1.3964 1.1930 km/s2
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E � Eo − Ei. (37)

To analyze the real energy consumption on the test road in
detail, the cruise speeds of 40km/h, 50km/h, 60 km/h, 70km/h,
80km/h, 90km/h, 100km/h, and 110km/h are selected to

investigate ECC performance, and the proposed ECC is de-
tailedly compared with the benchmarked cruise control. +e
total energy consumption on the test road at 40km/h, 50km/h,
60km/h, 70km/h, 80km/h, 90km/h, 100km/h, and 110km/h
is shown in Figure 13. It is obvious that the test vehicle
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Table 3: Motor’s average efficiency and ride comfort by the benchmarked cruise control and the proposed ECC (80 km/h).

Control performances Benchmark ECC
Driving efficiency 0.6103 0.6775 × 100%
Regenerative braking efficiency 0.2973 0.3057 × 100%
Average absolute jerk 1.4265 1.2646 km/s2
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Figure 12: Results of energy consumption and feedback (kwh). (a) At 40 km/h. (b) At 80 km/h.
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consumes less energy in all cruise speeds by ECC compared
with that by the benchmarked cruise control. +e results in
Figure 13 effectively prove that the proposed ECC has better
performances in decreasing the energy consumption.

Furthermore, to compare the energy saving performance
of the proposed ECC and the benchmarked cruise control, the
state of charge (SOC) of the battery is adopted. Before
implementing the simulation, the battery SOC is 100%. After
the simulation, the battery SOC at 40 km/h, 50 km/h, 60 km/h,
70 km/h, 80 km/h, 90 km/h, 100 km/h, and 110 km/h is shown
in Figure 14. +e dotted blue line refers to the battery SOC by
the benchmarked cruise control, and the solid red line refers
to the battery SOC by the proposed ECC. It can be easily
found that the battery SOC by the proposed method is higher
than that by the benchmarked cruise control. +erefore, the
proposed ECC outperforms the benchmarked cruise control
in energy saving performance.

8. Conclusion

Motivated by the driving range limits of electric vehicles, this
paper proposes an ECC to improve the energy utilization
efficiency of electric vehicles. Different from the prevailing
research, this paper focuses on the condition that the electric
vehicle is moving on the slope road without using the digital
map’s information and the GPS information. Additionally,
energy saving is realized by reducing the unreasonable actu-
ation of the motor’s torque. Compared with the benchmarked
cruise control, the proposed ECCnot only improves the electric
vehicle’s speed maintenance ability and ride comfort, but also
improves the energy efficiency. Moreover, different cruise
speed tests indicate that the proposed ECC can obviously
decrease the energy consumption, and the statistical results of
the battery SOC show that the proposed ECC can improve the
energy saving performance.+e research in this paper provides
a novel method to improve electric vehicles’ energy efficiency.
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