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ARTICLE INFO ABSTRACT
Keywords: Emergency start-stop in front of signal lights is one of the main reasons for additional energy
Energy consumption consumption and ride discomfort of Electric Vehicle (EV). Existing research on this issue rarely
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Sinusoidal variable speed curve
Vehicle speed planning and control

takes into account both energy consumption and ride comfort. Therefore, the layered energy-
saving speed planning and control method is proposed. The upper is the layer of energy-saving
speed planning. This layer reduces energy consumption of EV by reducing the number of stops
on continuous signal lights road and minimizing the range of speed change. On this basis, the
sinusoidal variable speed curve is used to smooth the acceleration process to improve ride
comfort. Finally, the energy-saving speed considering ride comfort is obtained. This layer makes
up for the issue that existing research rarely takes into account both energy consumption and ride
comfort of EV, and is an extension and innovation of existing research. The lower is the layer of
Model Predictive Controller (MPC)-based speed control. Based on the longitudinal dynamics
model of EV, the MPC-based speed controller is established to control EV to track the energy-
saving speed. The controller is easy to understand and implement, and it is also suitable for
other research on EV, which has certain application value. The simulation results show that under
various working conditions, the maximum energy consumption of EV passing through continuous
signal lights road without stopping is 604.29 kJ/km, and the minimum is 244.76 kJ/km. The
energy consumption is lower than that of actual road test, and it can be saved by 23.18 %
compared with the method in the same field. The maximum Root Mean Square of accelerations
(RMS,) is 0.25 m/s%, and the minimum is 0.10 m/s%. The values of RMS, above are lower than
0.315 m/s2, which indicates that the ride comfort is good. The utilized method can reduce energy
consumption of EV, improve its range and ride comfort, which has important reference signifi-
cance for promoting the development of EV.

1. Introduction

The development of Electric Vehicle (EV) reduces the dependence of vehicles on fossil fuels. However, due to the limitation of
battery capacity and energy density, the mileage of EV is relatively short. Therefore, reducing energy consumption and increasing
mileage are the problems that must be solved for the further development of EV [1,2]. Continuous signal lights road is important
driving scene in urban traffic. Emergency start-stop in front of signal lights will not only increase the energy consumption, but also
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reduce the ride comfort. The method of speed planning and control is an important solution to reduce the emergency start-stop of EV,
thereby reducing energy consumption and improving ride comfort [3-5].

In recent years, scholars at home and abroad have conducted in-depth research on energy-saving speed planning and control. Han
etal. [6] utilized the Dijkstra algorithm to search for the optimal time and speed for vehicles entering signal light sections. The method
establishes an energy-optimal speed trajectory for vehicles, enabling them to pass signal light intersections in an energy-saving
manner. Chen et al. [7] established an optimal speed planning model, considering constraints such as traffic lights and speed. The
energy-saving problem at signal light road is transformed into the segmented optimal speed planning problem. Similarly, Zhuang et al.
[8] also adopted this method to solve the energy-saving problem of EV in front of signal lights. Wu et al. [9] proposed a method that
jointly plans speed and signal light timing. While planning speed based on signal light information, the method dynamically adjusts the
starting time and duration of green light phases using a sliding time window approach. Compared to pure speed planning approaches,
this method reduces both energy consumption and travel delay.

The aforementioned speed planning methods assume that vehicles are operating in a free-flowing traffic environment, which do not
consider the influence of preceding vehicles on their own speed. Furthermore, Nie et al. [10] proposed a real-time dynamic predictive
cruising control system that integrates the constraints of preceding vehicles and signal lights. At each sampling step, this system
computes an expected acceleration command as the optimal control signal. This allows vehicles to pass through the nearest signal light
intersection during the green light duration. For vehicles operating in a free-flowing traffic environment, Meng et al. [11] proposed a
real-time online analytical speed planning method. This method was further extended to non-free-flowing traffic environments where
other interfering vehicles exist, by incorporating optimal control strategies. Extensive simulations have demonstrated that this speed
planning method meets requirements such as safety and energy-saving.

The aforementioned methods mainly focus on the energy-saving speed planning problem, while neglecting the longitudinal dy-
namic characteristics of vehicles and speed control issues, and mostly only consider speed planning for individual signal light section.
Moreover, scholars have proposed a layered energy-saving speed planning and control method suitable for continuous signal lights
road.

Considering the issues of energy-saving and collision avoidance, Liao et al. [12] proposed a layered speed planning and control
system suitable for continuous signal lights road. In the upper layer, the system calculates the optimal reference speed to reduce energy
consumption of EV. In the lower layer, the system combines the optimal reference speed and the collision avoidance objective function
to compute the optimal acceleration of the system. Guo et al. [13] conducted research on Fuel Cell Hybrid Electric Vehicle (FCHEV). A
dynamic programming algorithm is employed for speed planning. Model Predictive Controller (MPC) is used to solve the control input
of the vehicle dynamics model. The proposed method can reduce hydrogen consumption while ensuring vehicle safety. Similarly, Yuan
et al. [14] also adopted this method to reduce the energy consumption of FCHEV. Liu et al. [15] used a two-layer speed optimization
and control method to solve the speed planning and energy management problems of FCHEV. The upper layer transforms the speed
planning problem into a quadratic convex function, and uses the MOSEK solver to solve the function. The lower layer uses the
alternating direction multiplier algorithm to obtain the input of the dynamics model. This method uses a lower computational cost to
achieve the effect of reducing energy consumption.

Focusing on energy-saving, safety, and stable driving of vehicles, the aforementioned studies have carried out speed planning and
control. However, the studies have neglected the impact of speed changes on ride comfort. Taking it a step further, Dong et al. [16]
proposed an optimal speed control formula for EV on continuous signal lights road, considering energy consumption, traffic flow,
battery life, and ride comfort. A* algorithm, iterative dynamic programming algorithm, and rearview speed optimization algorithm are
utilized to solve the formula, thereby determining the optimal speed of EV. Similarly, Jin et al. [17] also adopted A* algorithm to solve
the energy-saving problem of EV. Tang et al. [18] introduced a multi-objective layered optimization strategy, where the MPC-based
speed planning strategy is utilized by upper level to achieve a balance between ride comfort and speed, while an energy management
strategy based on adaptive equivalent consumption minimization is employed by the lower level to achieve the optimal power
allocation.

After considering the existing research and theories on speed planning and control for continuous signal lights road, it is found that
most of them are applicable to conventional fuel vehicles or hybrid vehicles. These studies primarily focus on the issues of longitudinal
motion characteristics and energy-saving speed planning, while neglecting the issues of longitudinal dynamics characteristics and
speed control. Moreover, the previous studies either focus on individual signal light intersection or have large acceleration magnitudes
between multiple signal light sections, leading to ride discomfort.

Considering the energy consumption and ride comfort of EV on continuous signal lights road, the layered energy-saving speed
planning and control method is proposed in this paper. The method includes the layer of energy-saving speed planning and the layer of
MPC-based speed control. According to the states of the signal lights and the positions of EV, the energy-saving speed planning layer
generates the energy-saving speed considering ride comfort. According to the longitudinal dynamics model of EV, the MPC-based
speed control layer utilizes an MPC-based speed controller to generate torque commands, which allow EV to track the energy-
saving speed. The novelties and contributions of this method are as follows.

(1) Most of the existing research primarily focuses on energy consumption of EV. This method extends and innovates on existing
research by various methods, including reducing the number of stops of EV on continuous signal lights road, minimizing the
range of speed change and adopting the sinusoidal variable speed curve to smooth acceleration process. It achieves the energy-
saving speed considering ride comfort.

(2) Different from the existing research focusing on longitudinal motion characteristics and energy-saving speed planning, this
method designs the MPC-based speed controller based on the longitudinal dynamics model and energy consumption model of
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EV. The controller is simple in principle and easy to understand. It is also suitable for other research on EV and has certain
application value.

(3) This method can reduce the energy consumption of EV, improve its range and ride comfort. This has important reference
significance for promoting the development of EV and reducing the dependence of vehicles on fossil fuels.

The structure of the remaining parts of the paper is as follows: Section 2 introduces the principle of the utilized method. In section 3,
the model of continuous signal lights road is established, and the method of energy-saving speed planning is described. In section 4, the
longitudinal dynamics model of EV is established, and the MPC-based speed controller is designed. Section 5 illustrates the perfor-
mance of the utilized method through simulation experiments. Section 6 emphasizes conclusions. The framework of this paper is
shown in Fig. 1.

2. The principle of layered energy-saving speed planning and control method

The layered energy-saving speed planning and control method is aimed at reducing the energy consumption of EV and improving
its ride comfort on continuous signal lights road. This method mainly includes an energy-saving speed planning layer and an MPC-
based speed control layer. The principle is shown in Fig. 2.

As shown in Fig. 2: Based on information such as road traffic, signal lights, and EV position, the energy-saving speed planning layer
calculates the feasible speed range for EV to pass through each signal light section without stopping. Furthermore, based on the
principle of minimizing the range of speed change, the value in the speed range with the smallest difference from the initial speed of EV
entering the section is selected as the energy-saving speed of this section. Taking it a step further, considering the impact of accel-
eration on ride comfort, a sinusoidal variable speed curve is employed to optimize the energy-saving speed for each section, ensuring a
smooth acceleration process. The layer of energy-saving speed planning outputs energy-saving speeds considering ride comfort.

The MPC-based speed control layer utilizes the longitudinal dynamics model of EV to establish the MPC-based speed controller.
Taking into account both speed tracking performance and energy consumption, the MPC-based speed controller outputs torque to
control the speed of EV in accordance with the energy-saving speed. The layered planning and control method enables EV to pass
through the continuous signal lights road without stopping, thereby reducing energy consumption and improving ride comfort.

3. Method of energy-saving speed planning
3.1. Continuous signal lights road scene model
This paper focuses on the research of energy-saving speed planning and control method for EV on continuous signal lights road. The

structure and type of continuous signal lights road are not the main factors affecting the research. The following assumptions are made
about the continuous signal lights road scene [19]:

Section 2: The principle of layered energy-saving speed planning and control method

'___-_____! _______ g I___-__.__! _______ 1
| Section 3: | Section 4: |
| Establish a model of continuous (. Establish the longitudinal dynamic |
| signal lights road (I model of EV system |
| I |
| |

| Plan energy-saving speed | : :
| I |
| I - |
| qc - | Design MPC-based

I Optimize energy-saving speed | : speed controller :
e -

Section 5: Simulation experiments and results analysis

v

Section 6: Conclusion

Fig. 1. The structure of the paper.
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Traffic information

The energy-saving speed planning layer:

_ | * Reduce the number of EV stops on continuous signal lights road;
" | » Minimize the range of speed change;

« Sinusoidal variable speed curve is used to smooth acceleration.

Continuous signal
lights road

| |
| |
| |
| |
| |
| |
| |
| The EV  passes through the |
| road without stopping, reduc- Energy-saving speed | |
| ing energy consumption and |
| improving ride comfort. v |
: The MPC-based speed control layer: :
| * Establish the longitudinal dynamic model of EV system; |
| * Design MPC-based speed controller; |
| Motor torque * Output motor torque control EV tracking energy-saving speed. |
| |

Fig. 2. The principle of layered energy-saving speed planning and control.

(1) The structure and type of signal light intersections are not considered, and the signal light intersections are simplified to stop
lines;

(2) It is assumed that the continuous signal lights road is a one-way single-lane urban road, and the turning and lane changing
situations of EV are not considered;

(3) It is assumed that all signal lights have only two phases, red and green. The duration of the yellow light is included in the
duration of the red light, and all signal lights start from the red light phase. The initial phase offsets for all signal lights are set to
zero;

(4) The speed limitations imposed on EV by factors such as traffic flow, weather conditions, etc., are uniformly considered as the
road speed limits.

The completed continuous signal lights road model is shown in Fig. 3. In the model, T;; represents the red light duration for the i-th
signal light, Ty represents the green light duration for the i-th signal light, and T,; = Ty + Ty; represents the cycle duration for the i-th
signal light, which includes both red and green light phases. [Viin i, Vimax i] represents the speed limit range for the i-th signal light
section, which is determined by the traffic flow before and after EV and the speed limit of the road. S; represents the distance from the
EV to the i-th signal light, and Dist; = S; — S;_; represents the length of the i-th signal light section.

3.2. Energy-saving speed planning

The development of communication technologies such as Vehicle-to-Infrastructure (V2I), Vehicle-to-Vehicle (V2X), Sensors, and
GPS have provided convenient conditions for EV to obtain signal light information and position. Assuming that the EV has obtained the
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Fig. 3. Continuous signal lights road model.
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following parameters of the i-th signal light section: Dist;, S;, Tci, Tri, Tgi, and [Vimin i, Vimax i) The energy-saving speed planning for EV on
continuous signal lights road is as follows:
Firstly, the time phase and signal phase of the i-th signal light at time t are calculated:

state; =rem(t | T,;) @

0 0<state; < T,

[(state;) = 2)
1 T, <state; < T

In Eq. (1), tis the current time, that is, the total running time of EV; rem is the residual function; state; can represent the elapsed running
time of the i-th signal light in a new cycle period at time ¢, that is, the time phase of the i-th signal light. In Eq. (2), f(state;) denotes the
signal phase of the i-th signal light at time t. When 0 < state; < T, f(state;)= 0 indicates that the i-th signal light is in the red light
phase; when Tj; < state; < Ty, f(state;)= 1 indicates that the i-th signal light is in the green phase.

Secondly, according to f(state;), S; and [Viin i, Vmax i, the feasible speed range which makes EV pass through the i-th signal light
section without stopping is calculated.

If the i-th signal light is in the red light phase at time t, the feasible speed range would be:

Vigi = Si/ [state; + Ty(n—1) + T;i(n—1)] 3)
Viwi = Si/ state; + Tgn + Tri(n_l)}

n=n+1 [Vmin iy Vmax i] n [Vlowh Vlupi} =0

Vi € [Vlvwh Vmax i] (Vmini < Vl{)wi)and(vmaxi < Vmpi) (4)

Vl S [‘/[()Wh Vmpi} (Vmini < Vl(m'r)and(vmaxi Z V/()pi)

Vi € [Vmin iy Vtopi] (Vmini > Vlowi)and(vmaxi > Vfopi)

In Eq. (3), n is an increasing positive integer with an initial value of 1. For each n, there is a corresponding [Viowi, Viopi]- [Viowi, Viopi)
represents the speed range at which the EV can pass through the i-th signal light intersection within its green light duration. In Eq. (4),
V; represents the feasible speed at which the EV can pass through the i-th signal light intersection without stopping. When n= 1, the
corresponding [Viowi, Viopi] is intersected with the [Vinin i, Vinax i]- If the intersection exists, this intersection becomes the feasible speed
range for EV to pass through the i-th signal light section without stopping. If the intersection does not exist, n is incremented by 1, and
the process is repeated until an intersection exists.

If the i-th signal light is in the green light phase at time t, the feasible speed range would be:

Vtempi = Si / (TLi - Statei) (5)

In Eq. (5), Viempi represents the minimum speed at which EV can pass through the i-th signal light during the remaining green light time
in the current cycle. If Vieny; satisfies (Viempi < Vimax i)and(Viempi > Vimin i), the feasible speed range for EV to pass through the intersection
without stopping is [Viempi, Vinax i]- If Viempi does not satisfies (Viempi < Vimax i)and(Viempi > Vmin i), the feasible speed range can be
researched in subsequent signal light cycles using Egs. (6) and (4).

O]

Viopi = Si/ T — state; + To(n—1) + Tri(")]
Viewi = S,-/ T.; — state; + Tyn + T,,-(n)]

The meaning of the variable in Eq. (6) is the same as that in Eq. (3). Taking n= 1,2, 3---- in Eq. (6), there are corresponding [Vigw:,
Viopi), and bring the [Vigy:, Viopi] into the Eq. (4) to obtain the feasible speed range. By sequentially iteratingi=1,2,3, ... ... , the feasible
speed ranges for EV to pass through all sections of continuous signal lights road without stopping can be obtained.

Finally, based on the principle of minimizing the range of speed change, an energy-saving speed can be selected in the feasible
speed range of each signal light section, so as to minimize the magnitude of speed changes on the continuous signal lights road.
Suppose that the feasible speed range of the i-th signal light section is [Viowi, Vimax i|, the principle for selecting the energy-saving speed
for this road section is shown in Eq. (7):

Vi = Vinax i abs"/lawi - Vr‘ > ab5|vmax i Vx| (7)
Vi=Viwi  abs|Vipwi — Vi| < abs|Vipax i — V|
In Eq. (7), Vi is the initial speed of EV entering the signal light section; V; is the energy-saving speed of the i-th signal light section to be

determined, and its value is the one in the range of [Vioyi, Vinax i] with the smallest absolute difference from V. Furthermore, the method
can be expressed as Fig. 4.
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3.3. Energy-saving speed optimization

The signal lights divide the continuous road into different sections. Energy-saving speed planning can determine the energy-saving
speed for EV to pass through each section without stopping. However, it may cause a step change in the speed at the junction of two
sections, leading to unstable acceleration. This is detrimental to improving ride comfort and reducing energy consumption. Here, a
sinusoidal variable speed curve is utilized to optimize the acceleration processes [20]. The function of sinusoidal variable speed curve
is as follows:

V; — V,; cos(mt) te [0,11)
T T
Vi = V,-—V,-cos[h(t—ﬁ-%ﬁﬂ te [tl,tz) 8)
Vi+V; t€ [0, T

In Eq. (8), V,; represents the sinusoidal variable speed curve. V; is the energy-saving speed for EV to pass through the i-th signal light
section without stopping. V4 represents the magnitude of speed change in the current signal light section, calculated as V; = V; — V,,
where V, is the initial speed of EV entering this section. m, h, and V; are parameters to be determined, which need to be adjusted based
on Vy. t =x/2m and t, = (7/2m)+ (x/2h), where t; and t; —t; represent quarter cycle of cos(mt) and cos|h(t — z/2m+x/2h)]
respectively. T; represents the travel time for EV to pass through the current signal light section without stopping, and T; = Dist;/ V;.
Taking positive acceleration as an example, the values of m, h, and V; should make the optimized speed curve as shown in Fig. 5.

state;=rem (t/ T;)

f(state;) =0 or 1

f(state)) =0 f(state;) =1

Viempi = Si ! (T,; - state;)

} }
The i-th traffic The i-th traffic
light is red light is green
¥ '
Calculate

No
Yes

Vininis Vinaxt/\[Viowss Viopi]=2 Viempi € [Vininis Vinaoi]

The feasible speed range The feasible speed range
for the i-th road segment for the i-th road segment
[Vmim's Vmaxi]n[VImvi’ Vto i [Vtwl Vmaxz]

V€ [feasible speed range]

I
I
I
I
I
I
|
I
I
|
I
I
|
| |n=n+1
I
I
I
I
I
I
I
I
I
I
I
I
I
|

Fig. 4. Energy-saving speed planning.
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According to Fig. 5, at the end of the first segment of the sinusoidal variable speed curve, the EV accelerates to V;. At the end of the
second segment of the sinusoidal variable speed curve, the EV accelerates to V; 4+ V; and maintains the speed for the remaining time. To
ensure that EV can pass through the signal light intersection within green light time, the average speed of the signal light section should
still be V;, which requires that the integral of V,; on [0, T;] is equal to the integral of V;on [0, T3, that is, S; = S». Based on this, the rules
for determining m, h, and V; can be provided:

Vo Infabs(Vy) +1] V;i=V,>0 (C)]
77 ) —Infabs(Vy) + 1] Vi =V, <0
0 1) +1p Ti
/ V, — [V, — Vg cos(mi)]dr = / Vi = V; coslh(t — x/2m + x/2h))dt + / Vidi (10)
0 1 i+
(z/2m) + (n/2h) < T
h>0 (n

m>0

Eq. (9) provides the rule for determining V;, where the trend of V; is consistent with V. Egs. (10) and (11) represent the equality and
inequality constraints that m, h, and V; need to satisfy. Based on these constraints, Eq. (12) can be obtained:

[(2Vi+2V}) )2V, T}] < m < [(aVa +2V;)) /2V,T}] 12)

{ h=[mVvy(2 - )] /Szvd—zmva,- +Vm)

Eq. (12) provides the relationship between h and m, and the range of m. As m increases, h also increases, resulting in smaller periods

of the trigonometric functions and faster acceleration processes. Conversely, as m decreases, h decreases, resulting in larger periods of

the trigonometric functions and smoother acceleration processes. Based on this observation, the trend of m should be opposite to the
trend of Vy. The specific rule for determining m can be expressed as Eq. (13):

m={[2+ (z=2)(In(abs(Vy)+1)+1)"" |V, +aV;} /2V,T 13)

Eq. (13) ensures that the range of m satisfies Eq. (12), and as the magnitude of V; increases, the acceleration processes become
slower, conversely, as the magnitude of V; decreases, the acceleration processes become faster. The optimized speed curve can adjust
the acceleration time based on the magnitude of Vg, resulting in smooth acceleration processes, thereby improving ride comfort.

Additionally, the optimized speed curve satisfies the following conditions: when te [0,t;), the slope of the curve gradually in-
creases, indicating an increasing acceleration; when t € [t;, t), the slope of the curve gradually decreases, indicating a decreasing
acceleration; when t € [t;, Tj], the acceleration is zero. The process of gradually increasing acceleration and then decreasing it to zero is
beneficial for improving ride comfort and reducing energy consumption.

3.4. The effect of energy-saving speed planning method

In this section, the speed obtained by the energy-saving speed planning method is compared with the normal speed. Consider the
road scene with two continuous signal sections. The length of the first section is 600 m, the red light duration of the signal light is 20's,

Vai

Speed(m/s)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
L

.—-N

f,

Time(s)

Fig. 5. The optimized speed curve.
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and the green light duration is 10 s. The length of the second section is 500 m, the red light duration of the signal light is 15 s, and the
green light duration is 15 s. The road speed limit is 15 m/s. The normal speed curve, the energy-saving speed curve and the optimized
energy-saving speed curve for the road scene are shown in Fig. 6.

The orange curve in Fig. 6 represents the optimized energy-saving speed; the blue curve represents the energy-saving speed; the
green curve represents the normal speed. It can be seen from the figure that when passing the road at normal speed, the passage time is
83 s, but there are speed leaps and emergency start-stop, which will cause additional energy consumption and ride discomfort. When
passing the road at energy-saving speed, there is no problem of emergency start-stop, but there is still a problem of speed leaps and the
passage time increases to 105 s. This is beneficial to reduce energy consumption, but it will cause ride discomfort. In contrast, the
optimized energy-saving speed curve changes slowly and steadily. There is no speed leap and emergency start-stop, which is beneficial
to reduce energy consumption and improve ride comfort. However, the travel time at this speed is increased to 105 s.

Therefore, compared with normal speed, the speed obtained by energy-saving speed planning method sacrifices less travel time,
reduces energy consumption and improves ride comfort. In particular, this section clarifies qualitatively that the energy-saving speed
planning method is beneficial to reducing energy consumption and improving ride comfort. Section 5 will analyze quantitatively the
effect of the method on the reduction of energy consumption and the improvement of ride comfort.

4. Design of MPC-based speed controller
4.1. Longitudinal dynamic model of EV system

Since there is no lane changing or turning involved in the energy-saving speed planning, it is sufficient to establish the longitudinal
dynamics model of EV system when controlling the speed of EV. Referring to Refs. [21,22], the model can be established by the control law
or the input-output data sequence of the system. The longitudinal dynamics model of the EV system without braking force is as follows:

{ i i 1(}FT /MSR) — (CppAv* [2M8) — [Mgfcos(6) + Mgsin(0)] /M5 14

In Eq. (14), 5 and v are the differentials of the longitudinal position and velocity of the EV, and also the state variables of the EV system.
Fr is the motor torque, and also the input of the EV system. M and R are the mass and wheel radius of the EV; § is the concentrated
rotational inertia coefficient; Cp is the air resistance coefficient; p is the nominal air density; A is the area of the front of the EV; g is the
gravitational constant; 6 is the inclination angle of the road, which can be set to 0 since the signal lights exist in the urban roads with
less fluctuation; f is the rolling resistance coefficient, f = 0.0122 x (1 4 v?/19440). Consistent with reference [21], the values of other
physical parameters are shown in Table 1.

Further, according to Eq. (14), the power equation at the wheels of EV and the output power of EV motor can be derived:

Pm = @Fr
Pe = pmrlk (15)
if Fr<0, k=1 else k= —1
In Eq. (15), pi, represents the power at the wheels of EV; p, represents the output power of EV motor; @ represents the rotational speed

of wheels, and @ = v/R; 5 represents the motor efficiency, whose value consistent with the value in Ref. [21]. The energy consumption
model of EV system with regenerative braking is as follows:

Optimized energy-saving speed
X = Energy-saving speed
'l_ea_p in speed === Normal speed
15 4
1 :
! '
—_ ) | r-- |
1] 1 T 1
E10q! o ! i
= I C - — 1
8 ) : Proceed to the 1 !
& [} next section ! :
1
il h 1
54 : | \ 1
1R , 1
) : Emergency start-stop | :
I rk-1- !
{ 1 |
(F N L. 83 105
0 20 40 60 80 100

Time(s)

Fig. 6. Comparison of different speed curves.
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Table 1

Parameters of longitudinal dynamic model of the EV system.
Symbol Description Value (Unit)
M Vehicle mass 1874 (kg)
R Wheel radius 0.33 (m)
S lumped rotational inertial coefficient 1
Cp Drag coefficient 0.23
p Air density 1.206 (kg/m®)
A Face area 2.6(m?)
g Gravitational constant 9.8(m/s?)

1y
E= / pedt (16)
To

In Eq. (16), E represents the energy consumption during EV driving process, with t; being the initial time and t, being the final time.
For the convenience of calculation, the longitudinal dynamics model of the EV system presented at Eq. (14) can be transformed into
a state-space form, as shown in Eq. (17):

)‘c:Ax—&-Bu-&-g 17
y=x
In Eq. (17), x represents the derivative of the EV system state vector, and x=13 ; A and B are coefficient matrices, with A = 8 (1)}
v
0 s
and B = | 1 |; x is the state vector of the EV system, and x = {v} ; u is the input of the EV system, and u = Fr; g is the system
MR
0
disturbance, and g = | CppAY?

&)

4.2. MPC-based speed controller

By predicting the future behavior of the system, MPC optimizes the input of the system to achieve the best control effect. The basic
principle of MPC is as follows [23]: Firstly, the system model is established: A mathematical model is established to describe the
behavior of the system, which is completed in the first section of this chapter. Secondly, predict system behavior: The established
model is used to predict the state and input of the system, so as to obtain the behavior of the system for a period of time in the future.
Then optimize the input of the system: According to the predicted system behavior, the optimization algorithm is used to select the best
input sequence of the system under a certain cost function. Finally, the system input is applied: the selected system input sequence is
applied to change the system state. MPC can handle complex multivariable systems, and can cope with uncertainties and disturbances.
Next, the MPC-based speed controller is designed by using the longitudinal dynamics model of the EV.

References [24,25] show that the method of discretizing differential equations and linearizing nonlinear equations is easy to
understand and implement, and is widely accepted in the field of mathematics and physics. In order to facilitate the solution and
control, Eq. (17) is discretized as sampling step /\t, and the discrete result is shown in Eq. (18):

y(k+1) = x(k+1) 18)

{ x(k+1) = Acx(k) + Bouy + g
In Eq. (18), A, =L+ /\tA, B.= /\tB, and g = /\tg., where I, represents an identity matrix of order 2. Specifically, the variable v in
matrix g is substituted with vyef, where vy represents the reference speed, which is obtained from the output of the energy-saving
speed planning layer. Replacing v with v can linearize the system disturbance.
If the predicted time domain and the control time domain are both N, and the state of the EV system at time k is xo, then the
predicted input of the EV system at the k + i moment is u; 1, and the predicted state of the EV system at the k + i moment is x;,where
ui_1 = u(k+i—1lk) and x; = x(k + ilk). Combining with Eq. (18), the prediction equation is established as follows:

Y =Xy = Mxy + CU; + Gy, (19)
N

In Eq. (19), Y, represents the predicted output vector of the system for future N steps, and Yy = y 2 ; X, represents the predicted state
YN
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X1
vector of the system for future N steps, and X; = x2 , and according to Eq. (18), Yy = Xi; U represents the predicted input vector of
XN
Up
the system for future N steps, and Uy = u1 ; M, C, and Gy, are coefficient matrices expanded from A, B, and g respectively, and
Un-1
B 0 0
& AB B 0 &
e B e N N
AY : : - AT g + AN gy
ANl AN?B .. B

Considering the speed tracking error and energy consumption, the cost function is established as follows:
J=(Xi — Xor) O(Xk — X,y) + U'RU (20)

In Eq. (20), J is the cost function; X, is the reference state vector within the prediction time domain, including the driving speed
output from the energy-saving speed planning layer and the corresponding driving distance based on the speed; Q is the state weight

matrix, with Q =I® g, where I is the unit matrix of Nx2 order, q = {q‘ q } , and gs, q, are the weights of driving distance and driving
v

speed respectively; R is the input weight matrix, and R = I ® gr,, where g, is the weight of input torque. The values of g;, g, and g,
affect the tracking effect of the speed controller on the energy-saving speed and can be obtained by adjusting the MPC toolbox in
MATLAB. The motor torque and speed constraints are as follows:

min(Fr) < u < max(Fr)
Vinin <V < Vinax 21
So<s<8,

Eq. (21) specifies the upper and lower limits of motor torque Fr, system state v and s.

The MPC-based controller transforms the speed control problem into a cost function solution problem with constraints. Reference
[26] shows that by transforming the problem to be solved into function analysis, a more accurate calculation result can be obtained
with a smaller amount of calculation. Furthermore, by taking Eq. (19) into Eq. (20), the problem can be transformed into a constrained
quadratic programming problem, which can be solved by using the quadprog function in MATLAB. The result is as follows:

J=0.5UT(CTQC+R)U + ((Mxo + G)" QC — X,,7QC)U (22)
The input vector U of the EV system is obtained by solving Egs. (21) and (22) with the quadprog function, and the first element of U
is applied to the system.
5. Simulation verification

5.1. Description of the simulation scene

Based on the Matlab/Simulink platform, a model of energy-saving speed planning and control is built and simulated. The simu-
lation scenario is a road with four continuous signal lights. The minimum speed on the road is set to 0 m/s, and the maximum speeds
are set to 10 m/s, 15 m/s and 20 m/s respectively. The initial speed of the EV is 0 m/s, and the phase and position information of the
signal lights are shown in Table 2.

Table 2
The phase and position information of the signal lights.
The position of the traffic light S; (m) The time of red traffic light Ty (s) The time of green traffic light Ty (s)
600 20 10
1100 15 15
1700 10 20
2100 15 10

10
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5.2. Simulation verification

Signal lights are commonly found on urban roads. According to the data from Ref. [27], the speed limit on urban expressways is
60~80 km/h, the speed limit on main roads and secondary roads is 50 km/h, and the speed limit on residential area roads is 20~30 km/
h. Therefore, in this part, the maximum speeds on the road are set to 10 m/s, 15 m/s and 20 m/s respectively. The simulation is
performed with Vi, = 20m/s, and the simulation results are shown in Fig. 7.

The Fig. 7(a) represents the time of EV passing through each signal light intersection, where the green lines indicate the duration of
the green light phase of the corresponding signal light; the red lines indicate the duration of the red light phase of the corresponding
signal light, the blue dotted line indicates the driving distance of the EV when running in accordance with the reference speed strictly,
where the reference speed is the speed produced by the energy-saving speed planning layer; and the brown dotted line indicates the
actual driving distance of EV under control of the speed controller, also indicating the tracking effect of EV on the reference driving
distance.

The Fig. 7(b) represents the torque and speed of EV, where the blue line indicates the speed produced by the energy-saving speed
planning layer; the orange line indicates the actual speed of EV under the control of the speed controller, indicating the tracking effect
of EV on the reference speed; and the dark green dotted line indicates the output torque of the speed controller, which controls EV to
track the speed produced by the energy-saving speed planning layer.

Based on Fig. 7, it can be concluded that when Vy,,x = 20m/s: (1) The EV can pass through continuous signal lights road without
stopping, and the passing time is mostly at the beginning or end of the green light phase. It is important to note that in the simplified
model of the continuous signal light intersections, the intersection is represented by a stop line, and the duration of the yellow light is
included within the duration of red light. Therefore, it is reasonable for EV to pass through the intersection when the green light phase
is about to end. (2) The torque output from the speed controller effectively controls EV to track the speed and travel distance given by
the energy-saving speed planning layer. (3) The maximum variation in speed occurs during the initial acceleration of EV. Afterward,
the speed variation remains within 5 m/s, and the acceleration processes are smooth. (4) Based on the above three points, the method
can enable EV to pass through continuous signal lights road without stopping, reducing energy consumption and maintaining ride
comfort.

The simulation results of Vyy,x= 15m/s and V.= 10m/s are shown in Fig. 8.

The meaning of the lines in Fig. 8(a) and (c) is consistent with Fig. 7(a), and the meaning of the lines in Fig. 8(b) and (d) is consistent
with Fig. 7(b). Furthermore, the conclusions drawn from Fig. 8 are consistent with those from Fig. 7. The proposed layered energy-
saving speed planning and control method allows the EV to pass through continuous signal lights road without stopping, reducing
energy consumption and improving ride comfort.

5.3. Analysis of simulation results

This section discusses and analyzes the performance of the utilized method based on simulation data. The performance of this
method is mainly reflected in the following three aspects: the appropriateness of MPC-based speed controller, the energy consumption
level and ride comfort of EV.

The method of goodness-of-fit test can verify the fitting degree between the actual speed curves of EV and the reference speed
curves under different V¢ values, so as to illustrate the appropriateness of MPC-based speed controller. The value of R-squared is
calculated by the method to compare the fitting degree of two curves. The value of R-squared is between 0 and 1, and the closer to 1, the
better the fitting degree. The value of R-squared is calculated by Eq. (23):

20 3 1000
2 17
._|00 P _ -~ : o /
~ 15 .

LK o | N 500

5 1100

Driving distance(m)
AN
Ny
\
N
Driving speed(m/s)
P
f
- ~ .
7
P
J
Motor torque(N*m

‘< - - s = - 0
] 2 . \ N g s
s ' 3
600 =
P e Reed light 0y —
s Green light Reference driving speed -500
P s = =Reference driving distance Driving speed controlled by MPC
- [— - Driving distance controlled by MPC — — Motor torque
0 M e 10 150 0 40 80 120 160
Time(s)

(a) The time of EV passing
) o ) (b) The torque and travel speed of the EV.
through each signal light intersections.

Fig. 7. Simulation results of Vij.x = 20 m/s.
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Fig. 8. Simulation results of Viax = 15 m/s and Vipax = 10 m/s.

SSE = sum((vaa ~ Vref )2)

SST = sum((vm - mean(vm))z)
R — squared= 1—SSE/SST

(23)

In Eq. (23), vq represents the actual speed curve; v, represents the reference speed curve; sum represents the function of summation;
mean represents the function of mean; SSE represents the sum of squared residuals; SST represents the total sum of squares. Under
different Vi« values, the R-squared values of the actual speed curves and the reference speed curves are shown in Table 3.

It can be seen from Table 3 that the values of R-squared are very close to 1, that is, the fitting degree between the actual speed curves
of EV and the reference speed curves is very high, which means the MPC-based speed controller can control EV to run strictly in
accordance with the reference speed, and the controller is very appropriate.

In order to better illustrate the utilized method can reduce the energy consumption of the EV driving on the continuous signal lights
road, the energy consumption of EV (E) is calculated by Egs. (15) and (16) when Vi = 20m/s, Via= 15m/s and Vi = 10m/ s.

The standards [28,29] stipulate that the Root Mean Square (RMS) of weighted accelerations is used to evaluate ride comfort. The
calculation method of the RMS of weighted accelerations is as follows: According to the different vibration frequencies felt by the

Table 3

The calculation results of R-squared under different V. values.
Vinax Vinax = 10m/s Vinax = 15m/s Vinax = 20m/s
R-squared
R-squared 0.9996 0.9988 0.9991

12



J. Jiao et al. Heliyon 9 (2023) 22352

Table 4
The calculation results of E and RMS, under different V,,,x values.
E/RMS, Vinax = 20m/s Vinax = 15m/s Vinax = 10m/s
E (k) 1269 785 514
E/km (kJ/ 604.29 373.81 244.76
km)
RMS, (m/ s%) 0.25 0.13 0.10

human body in the acceleration time history, the accelerations at different times are assigned weights respectively, and the RMS of the
accelerations is calculated on this basis. However, due to the assumption that the slope of the road surface is 0 and does not change, the
acceleration weights can be kept constant and both are 1, and the RMS of weighted accelerations is equivalent to the RMS of accel-
erations. The acceleration value of EV at each sampling point and the RMS of the values can be calculated by Egs. (14) and (24)
respectively.

RMS, = 29

In Eq. (24), RMS, represents the RMS of acceleration values, dot represents the total number of sampling points, and a; represents the
acceleration value at each sampling point.

When Vi = 20m/s, Vinax = 15m/s, and Vi = 10m/s, the calculation results of E and RMS, are shown in Table 4.

Based on Tables 4 and it can be observed that when V,,,x = 20m/s, the energy consumption of the EV is 604.29 kJ/ km; when Vi, =
15m/s, the energy consumption is 373.81 kJ/km, and when V,,,x = 10m/s, it is 244.76 kJ/km. Since the parameters of EV model and
simulation scene in this paper are similar to those in literature [12], the energy consumption of EV obtained in the two papers is
comparable. When V,,,,x = 20m/s, the energy consumption obtained in Reference [12] is 786.60 kJ/km, and the energy consumption
obtained in this paper is 604.29 kJ/km. In contrast, the method proposed in this paper can save 23.18 % of energy consumption. More
general, under various driving conditions, including stop-and-go, free-flowing, and high-speed driving, the United States Environ-
mental Protection Agency conducted energy consumption tests on multiple models of family EVs with an average speed range of
9.46-21.62 m/s. The test results showed that the energy consumption of the top 10 EVs ranged from 537.00 to 827.46 kJ/ km [30].
Considering the simulation conditions are simplified and idealized of real-world conditions, it can be concluded that when V;,x = 20m/
s, the energy consumption of EV is within the average range and at a relatively low level; when V,,,x= 15m/s and V,,,x = 10m/ s, the
energy consumption of EV is lower than the lowest level observed in actual road tests. Therefore, it can be inferred that the layered
energy-saving speed planning and control method can make the energy consumption of EV at a low level.

Based on Table 4, when Vi, = 20m/s, RMS, = 0.25 m/sz; when Vi = 15m/s, RMS, = 0.13 m/sz; and when Vi, = 10m/ s, RMS,
=0.10 m/s% According to the standards [28,29], when RMS, is 0.1 m/s? or below, the ride comfort of EV is better; When RMS, is
within the range of 0.1-0.315 m/s?, the ride comfort of EV is general, and there is no uncomfortable phenomenon; and when RMS,
exceeds 0.315 m/s?, the ride comfort of EV noticeably decreases. Therefore, when Vi, = 20m/s, the ride comfort of EV is general, and
there is no uncomfortable situation for passengers; when V,,,x= 10m/s and V,,,x = 15m/s, the EV provides better ride comfort. The
layered energy-saving speed planning and control method can make EV maintain better ride comfort.

Further, according to the above discussions and analyses, the following conclusions can be drawn.

(1) Under different Vy,,« values, the R-squared values of the actual speed curves and the reference speed curves are all above 0.99,
which indicates that the fitting degree of the two speed curves is high, further indicating the appropriateness of MPC-based
speed controller.

(2) When the values of V. are 20 m/s, 15 m/s and 10 m/s, the values of EV energy consumption are 604.29 kJ/ km, 373.81 kJ/ km
and 244.76 kJ/km, respectively. The energy consumption is lower than that of actual road test, and can be saved by 23.18 %
compared with the method proposed in the literature review, which means that the utilized method can reduce energy con-
sumption of EV.

(3) When the values of Vi are 20 m/s, 15 m/s and 10 m/s, the values of RMS, are 0.25 m/s%, 0.13 m/s? and 0.10 m/s?,
respectively. When the value of RMS, is less than 0.315 m/s?, the ride comfort is better. The utilized method can make EV
maintain good ride comfort.

6. Conclusion

To address the issues of increased energy consumption and decreased ride comfort caused by frequent start-stop during EV driving
on continuous signal lights road, the layered energy-saving speed planning and control method is proposed.

(1) Energy-saving speed planning layer: By reducing the number of stops of EV on continuous signal lights road, minimizing the

range of speed change and optimizing the acceleration process with sinusoidal variable speed curve, the energy-saving speed
considering ride comfort is obtained.
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(2) MPC-based speed control layer: The MPC-based speed controller is designed based on the longitudinal dynamics model and
energy consumption model of EV. The controller transforms the speed control problem into a constrained quadratic pro-
gramming problem to control EV driving. It is also suitable for other research on EV and has certain application value.

(3) A layered energy-saving speed planning and control model is built and simulated on the MATLAB/Simulink platform. The
simulation results show that the utilized method can reduce energy consumption of EV and improve its ride comfort. This has
important reference significance for promoting the development of EV.

The disadvantage of the utilized method is to consider the speed limitations imposed by the preceding and following traffic flow as
road speed limits, and does not study the longitudinal collision avoidance method, which is the direction of further research.
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