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Abstract: For a vehicle equipped with DCT, the vehicle model is established according to the
existing experimental data. The traditional method is used to solve the law of economic and
dynamic shift, respectively. Then, the dynamic objective function and economic objective function
are designed. After normalization of the two functions, the weighted combination is carried out to
get the comprehensive objective function. The traditional shift law obtained in the previous paper is
regarded as the limit value of variable optimization by particle swarm optimization algorithm, and
the comprehensive objective function designed in this paper is solved. The shift law obtained by the
three methods is integrated into Simulink model, and the dynamic and economic verification are
carried out, respectively. By comparing the acceleration time of 0–100, 0–70, and 70–120 km/h, the
dynamic performance of the shift point is obtained by three methods. The final test results show that
the economy of the optimized shift point is improved by 1.37% and 3.17%, respectively. The power
performance increased by 4.087%, 15.28%, and −10.70%, hence, achieving the desired results.

Keywords: PSO; DCT; shift schedule; economy; dynamism; Simulink

1. Introduction

Dual clutch transmission is becoming a hot research product in the category of auto-
matic transmission [1–4]. In the optimization research of double clutch transmission [5,6],
besides the coordination control of clutch [7–9], the formulation of shift law also deserves
adequate attention [10–16]. Due to the different vehicle types [17,18], the transmission
ratio and the matching power source are different [19]. In order to match the relationship
between the transmission system and power system [20], this paper provides a method to
optimize the shift point of transmission [21]. The transmission needs to be matched to the
engine according to the characteristics of the engine, in order to improve its economy and
power utilization. The specific fuel consumption is obtained by converting the original
data when making the economic shift point and the fuel consumption rate is used as
the reference of economical shift point. This method can ensure low fuel consumption
under different driving cycles. A reasonable shift law can improve the vehicle’s power
and economy, thus improving the vehicle’s comfort and driving experience. At present,
domestic and international research scholars often use intelligent algorithm to study the
shift law of multi-gear double clutch transmission and usually determine the shift point
only according to a single performance index, which has low practical value and large
promotion space. Wang Xu [1] put forward the concept of hybrid gear and designed the
shift law by taking the optimum equivalent fuel consumption as the criterion. Although
the result meets the economic requirements, the dynamic characteristics are not fully con-
sidered. Du Changqing et al. [6] put forward the optimization design method for DCT
parameters of hybrid electric vehicle, considering the economy but not fully considering
power. Liu Yonggang [4] separately formulated the traditional methods for the economic
and dynamic shift rules of DCT, but did not optimize the combination. Luna et al. [11]
made shift rules based on the combination of vehicle dynamics and economy. However,
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the validation model and performance evaluation index used by Luna are unreasonable,
and the reliability is low. Guo et al. [21] proposed the shift control strategy of MPC. After
verification, it was found that the economy of MPC increased by 4% on average under
different operating conditions, without dynamic design and verification. Ruan et al. [18]
have tested and verified the capability of DCT to reduce the cost and improve the efficiency
of electric vehicles.

Considering that most of the working places for passenger cars are city roads and
highways with relatively good road conditions, the actual speed has relatively large fluc-
tuations, so on the basis of sufficient power, good economy should be pursued. In this
paper, firstly, the power shift rule is made according to the power evaluation index, and
then the economic shift rule is made according to the economy evaluation index. In order
to obtain good economy, considering sufficient power, this paper establishes the target
function of power evaluation index with the accelerated average change rate, and the
target function of economy evaluation index with the average change rate of actual energy
consumption. The total optimization objective function is obtained by weighting it. After
obtaining the shift law by particle swarm optimization (PSO) based on the original tradi-
tional method [6,10], the modified shift law is obtained as the restriction of the optimization
variable [22–25]. The simulation results show that the modified shift law can improve both
economy and dynamics.

2. Topic
2.1. The Vehicle Layout

This paper studies the structure of the vehicle transmission equipped with a 6-gear
DCT, as shown in Figure 1. The power of the engine is transferred to the final drive and
finally to the driving wheel through the coordination between two clutches. As typical of
double-clutch transmissions, there is no power interruption during shifting, and the driver
will not feel a significant decrease in speed, which in turn can improve driving comfort
by reducing longitudinal acceleration disturbances. On the basis of compact structure,
improving the range of transmission speed ratio and smooth shifting can improve the
overall transmission efficiency.

Figure 1. Transmission diagram of dual clutch transmission.
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2.2. The Basic Parameters

Taking a test car as the research object, the shift rule of its Dual Clutch Transmission is
formulated with comprehensive consideration of power and economy. The main vehicle
parameters are shown in Table 1.

Table 1. Main parameters and indicators.

Type Name Index Units

The vehicle
parameters

Weight 1325 kg
Wheel rolling radius 0.315 m

Windward area of vehicles 1.885 m2

Rolling resistance coefficient 0.015 1
Coefficient of air resistance 0.36 1

Transmission efficiency 0.973 1
Ratio of final drive 3.525 1

Transmission
parameter

First gear ratio 4.83 1
Second gear ratio 3.25 1
Third gear ratio 1.51 1

Fourth gear ratio 1.22 1
Fifth gear ratio 0.885 1
Sixth gear ratio 0.792 1

Reverse gear ratio 4.325 1

2.3. Operating Characteristics of Power System

The efficiency and performance of different engines are different. Through the test
and calibration of the vehicle’s engine, the performance of the engine is obtained as shown
in Figures 2 and 3 [26].

Figure 2. Engine torque map.
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Figure 3. Engine fuel consumption map.

3. Formulation of Shift Law

In the normal driving process of a car, the change of target gear igtarget caused by the
change of shifting control parameters is called shifting law. According to the number of
different control parameters, the shift law can be divided into single parameter shift law,
double parameter shift law, and triple parameter shift law. The single-parameter shift law
takes the speed as the reference quantity to implement the shift. Since the single-parameter
shift law cannot reliably match the driver’s intention, the quality of the shift is poor. The
triple-parameter shifting law takes the throttle opening throttle, vehicle speed v, and vehicle
acceleration a as the input variables for shifting. Since the vehicle acceleration a is added
into it, the up-slope and down-slope working conditions of the vehicle can be expressed.
However, the formulation of its dynamic shifting law is complicated and difficult to
implement. Throttle opening throttle and vehicle speed u are used as input variables for
shifting of the two-parameter shifting law. Throttle opening throttle expresses the driver’s
intention to a large extent, while vehicle speed u represents the current driving state of
the vehicle. Compared with the three-parameter shift, the formulation and realization of
the two-parameter shift rule is simple and easy to operate. Meanwhile, compared with
the single-parameter shift, the driver’s intention is added, which is more in line with the
concept of human-vehicle interaction. The equal delay shift strategy can ensure the stability
of the shift process and reduce the shift cycle. The equal delay shift law can enter the high
gear in advance when the throttle opening is low, so as to reduce the engine noise. The shift
back to low gear can be delayed to improve fuel economy. When the throttle opening is
large, the power can be maintained in a good state. Since the working condition considered
in this paper is mainly flat road surface, and the working condition of up and down hill is
not considered, the double parameter input is used in this paper to formulate the shifting
law of vehicles.

3.1. Formulation of Power Shift Point Strategy

To ensure that the car has good power performance, enough reserve power for accel-
eration is the basic requirement of the power shift law. This situation can maximize the
engine power utilization and vehicle traction characteristics [6]. In this paper, the basis
for making the shift point is the acceleration (a) of the vehicle, and the vehicle speed (u) at
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the intersection of u − a curves between adjacent gears is taken as the corresponding shift
point at the same accelerator opening:

du
dt (n)

=
du
dt (n+1)

(1)

According to the above formula, the best dynamic shift point speed can be obtained in
turn. After the vehicle speed at each shift point is obtained by fixing the throttle opening,
the shift law of each gear can be formulated by delaying downshifting at the same speed.
Finally, the mathematical model of shift law can be obtained by fitting.

The force analysis of a moving vehicle by means of vehicle system dynamics shows
that the vehicle is driven by a certain driving force Ft while in motion and is subject to
certain acceleration resistance Fj, air resistance Fw, slope resistance Fi, and rolling resistance
Ff [27].

This source data are a map of engine speed and torque, so by the following formula:

Ft =
Teigi0ηt

rw
(2)

the relationship between the driving force and torque can be obtained. In the formula:

ig is the transmission ratio;
i0 is the transmission ratio of final drive;
ηt is the mechanical transmission efficiency;
rw is the wheel rolling radius (m).

The converted differential equation of vehicle motion is:

Teigi0ηt

rw
= G f cos θ +

CD A
21.15

u2 + G sin θ + δm
du
dt

In the above formula:

CD is the drag coefficient;
A is the windward area of vehicles (m2);
u is the vehicle speed (km/h);
θ is the slope angle (◦);
δ is the rotating mass conversion factor;
f is the coefficient of rolling resistance.

According to the formula:

δ = 1 +
1
m

ΣIw

rw2 +
1
m

I f ig
2i02ηt

rw2

The mathematical model of conversion coefficient of the rotating mass can be obtained:

Iw is the wheel moment of inertia (kg m2);
I f is the moment of inertia of flywheel (kg m2).

After calculation, the conversion coefficient of rotation mass in the corresponding gear
is obtained as follows:

δ1 = 1.36 , δ2 = 1.11 , δ3 = 1.06 , δ4 = 1.04 , δ5 = 1.035 , δ6 = 1.033 .

Since the study does not consider the uphill and downhill conditions, the slope value
θ = 0◦ is taken here.

Therefore, the above formula can be simplified as follows:

Teigi0ηt

rw
= G f +

CD A
21.15

u2 + δm
du
dt

(3)
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Additionally, we can get:

du
dt

=
1

δm

(
Teigi0ηt

rw
− G f − CD A

21.15
u2
)

. (4)

According to the engine calibration map, the calibration data between the torque Te
and speed n is obtained by fixing the throttle opening α. In order to express the model
accurately, the map data is accurately expressed with the mathematical formula by binary
multiple polynomial fitting. The formula is as follows:

Te = p00 + p10·α + p01·n + p20·α2 + p11·α·n + p02·n2 + · · ·+p13·α·n3 + p50·α5 + p41·α4·n1 + p32·α3·n2 + p14·α·n4 (5)

Here, p00, p10, · · · p32, p14, and etc. in the formula are constant coefficients obtained
after fitting.

Where α is the throttle opening and n is the engine speed. The rest are constant
parameters. Te = f (α, n) relation can be obtained from the above formula. According to
the above fitting formula, the torque fitting effect is shown in Figure 4:

Figure 4. Fitting torque diagram of engine.

Since ua = 0.377 nr
igi0ηt

has been obtained, the Te = f (α, ua) relation can be obtained.

The following equation can be obtained from relationship du
dt (ig

n) = du
dt
(
ign+1):

ign is the nth gear (n = 1, 2, . . . , 5);
ign+1 is the (n + 1)th gear (n = 1, 2, . . . , 5).

1
δnm

(
Teig

ni0ηt

rw
− G f − CD A

21.15
u2
)
=

1
δn+1m

(
Teig

n+1i0ηt

rw
− G f − CD A

21.15
u2

)

Bringing Te = f (α, ua) into the solution can get the best dynamic shift point corre-
sponding to the vehicle speed in different gears with the corresponding throttle opening.
The results of shift point are shown in Figure 5, and the specific data are shown in Table 2.
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Figure 5. Dynamic upshift point.

Table 2. Data sheet of power upshift.

Gear
Throttle Opening (%) 1–2 2–3 3–4 4–5 5–6

10 17.4568 31.9274 46.15 60.3929 68.5103
15 21.101 38.721 55.95 73.378 83.28
20 23.391 42.89 61.9 81.28 92.2858
30 26.16 47.825 68.881 90.579 102.8619
40 27.931 50.95 73.284 96.451 109.547
50 29.207 53.234 76.506 100.760 114.4549
60 30.08 54.844 78.787 103.822 117.947
70 30.581 55.792 80.139 105.649 120.0344
80 30.78 56.213 80.742 106.478 120.9838
90 30.978 56.569 81.243 107.158 121.7612

100 31.66 57.752 82.903 109.352 124.2542

3.2. Establishment of Economical Shift Point

Based on the specific fuel consumption be, the mathematical relationship between the
engine output torque Te and ne is found by fixing the throttle opening in the relationship
between the specific fuel consumption and vehicle speed.

More accurate and detailed data can be obtained by bilinear interpolation of the
original fuel consumption data from the engine bench test. In order to further optimize
and obtain the accurate fuel consumption model, the processed data are fitted by binary
multiple polynomial, and the expression is as follows:

Qe = q00 + q10·α + q01·n + q20·α2 + q11·α·n + q02·n2 + · · ·+q13·α·n3 + q50·α5 + q41·α4·n1 + q32·α3·n2 + q14·α·n4 (6)

In this formula, q00, q10, · · · q32, q14, etc. are constant coefficients obtained after fitting.
According to the above fitting formula, the fitting effect of engine fuel consumption is
shown in Figure 6:
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Figure 6. Fitting fuel consumption diagram of engine.

b =
Qe

Pe
× 367.1ρg (7)

b is the specific fuel consumption (g/(kW·h));
Qe is the fuel consumption (mL/s);
Pe is the engine power (kW·h);
ρ is the fuel density (kg/L);
g is the gravity acceleration (m/s2).

In this formula:
Pe =

Tene

9550
(8)

ρg = 7.05N/L (9)

After conversion, the simplified fuel consumption rate formula can be obtained as follows:

b =
Qe

Pe
× 9250.92 (10)

In this formula:
Qe is the fuel consumption (L/h).
According to the engine fuel consumption curve, the experimental data between the

engine fuel consumption and torque speed can be obtained. Bilinear interpolation can be
used to expand the data. In order to get an accurate mathematical model, the modified data
are used to fit the three-dimensional surface. The final formula is the bivariate multiple
polynomial function:

Qe = Qe(α, ne) (11)

The specific expression is as follows:
The function relationship between the fuel consumption ratio, speed and throttle

opening can be obtained by combining the engine torque characteristic curve:

b = b(α, ne) (12)
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Since the function between the engine output speed and vehicle speed is as follows:

ne =
in
g i0ua

0.377r
(13)

A functional relationship between the fuel consumption ratio, vehicle speed and
throttle opening can therefore be obtained:

b = b
(

α,
in
g i0ua

0.377r

)
(14)

Through the above conversion, we can get the formulation formula of the economic
shift point based on the fuel consumption ratio as the evaluation index:

bn

(
α,

in
g i0ua

0.377r

)
= bn+1

(
α,

in+1
g i0ua

0.377r

)
. (15)

The above formula and data are programmed by MATLAB. As the throttle opening
in the formula is also a parameter in the formula, the shift point results under different
throttle opening can be obtained by the programming assignment and then running. Due
to the accurate fitting results, it is convenient to calculate the shift point and simplify the
operation. Since the original data fluctuates greatly when the throttle opening is less than
20%, thus 20% of the throttle opening is taken as the initial shift throttle opening. The
upshift strategy of Figure 7 is obtained by interpolation, and the specific data are shown in
Table 3.

Figure 7. Economic upshift point.
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Table 3. Data sheet of economic upshift.

Gear
Throttle Opening (%) 1–2 2–3 3–4 4–5 5–6

15 4.92 8.06 11.43 14.62 16.49
20 6.95 11.34 16.07 20.52 23.14
30 7.17 11.75 16.65 21.30 24.03
40 7.86 12.87 18.24 23.31 26.29
50 8.47 13.86 19.63 25.01 28.29
60 9.01 14.64 20.74 26.46 29.82
70 9.13 14.87 21.08 26.91 30.34
80 9.82 15.95 22.59 28.82 32.48
90 11.10 18.16 25.73 32.80 37.10

100 12.18 19.72 27.93 35.60 40.12

3.3. Shift Point Establishment Based on Particle Swarm Optimization

Particle swarm optimization (PSO) was first proposed by American scholars Kennedy
and Eberhart in 1995. Its basic idea is inspired by the research results of modeling and
Simulation of bird group behavior.

The core of particle swarm optimization algorithm is to simulate the behavior of
birds. The individuals in the birds share the information, which promotes the evolution of
subsequent solutions using the intermediate information. It makes the movement behavior
of the whole group have an evolution process from disorder to order in the problem solving
space, which greatly improves the search efficiency and makes it easier to find an accurate
feasible solution. The above logic is shown in Figure 8.

Figure 8. Iterative flow chart of particle swarm optimization.

In this paper, when the optimization algorithm is preliminarily selected, other intelli-
gent algorithms such as particle swarm optimization algorithm, dynamic programming
method, and extreme value principle were preselected. Compared with other intelligent
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algorithms, the PSO algorithm has no crossover and mutation operation, and relies on
the speed between adjacent particles to complete its search. In the process of iterative
evolution, only the optimal particle can transfer information to other particles, and at fast
search speed. The PSO algorithm has memory, and the optimal position in each iteration
process can remember and transfer the position information to other particles. The PSO
algorithm needs less parameters. The utility model has the advantages of simple structure
and easy engineering realization. The algorithm has fast convergence speed and low
hardware requirements. Among them, the particle swarm optimization algorithm has
some disadvantages, such as lack of dynamic adjustment of speed and ease to fall into
local optimization. The solution of this problem is to solve it many times and take the
optimal solution. Other disadvantages include the need to limit the range of parameters
and the need to consider practical problems for parameter control. This problem can
be solved by taking the power and economic shift law solved above as the limit of its
optimization range. Based on the above advantages and disadvantages, this paper selects
PSO as the optimization algorithm. Since the main innovation of this paper lies in the
formulation of the optimization objective function integrating economy and power, there is
no optimization innovation at the algorithm level. This paper focuses on the practicability
and operability of the algorithm. As a classical algorithm, PSO has been widely used and
verified by a large number of scholars [9,25]. Therefore, owing to space limitation, this
paper does not compare this algorithm with other algorithms. However, the introduction
of this algorithm greatly improves the solution speed of the objective function. The flow
chart of PSO specific optimization algorithm in this paper is shown in Figure 9 [28].

Figure 9. Iterative diagram of particle swarm optimization algorithm for optimal value of shifting law.

In this paper, the total objective function is composed of dynamic objective function
and economic objective function. The particle is the candidate solution of the optimization
problem; position is the position of the candidate solution; speed is the speed of the
candidate solution; fitness is the value of evaluating the solution, which is generally set as
the objective function value; the best position of individual is the best position found by a
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single particle so far; and the best position of group is the best position found by all the
particles so far.

3.3.1. The Establishment of Objective Function

The dynamic evaluation index is the average change rate of acceleration:

f1 =

∣∣∣∣ an+1 − an

an

∣∣∣∣(n = 1, 2, 3, 4, 5, 6) (16)

The two objective functions need to be de dimensionalized. Here, the objective
function after adopting the normalized de dimensioning method is as follows:

f1 =
1
n

n

∑
n=1

∣∣∣∣ an+1 − an

an

∣∣∣∣(n = 1, 2, 3, 4, 5, 6) (17)

In this formula,

n is the n gear;
an is the n gear acceleration (m/s2);
an+1 is the n + 1 gear acceleration (m/s2).

The acceleration formula is a = 1
δnm

(
Teigi0ηt

rw
− G f − CD A

21.15 u2
a

)
, and the significance of

each parameter has been given.
Generally, the specific fuel consumption is used as the economic evaluation index,

or the actual energy consumption of the whole vehicle, that is, the integral of output
power to time, is used as the evaluation index. In this paper, the average change rate
of the energy consumption of the whole vehicle power system is taken as the economic
evaluation index. The total energy consumption includes the sum of the accumulated fuel
consumption of the vehicle working in gears 1 to 6. The calculation method is to obtain
the equivalent energy consumption by integrating the specific fuel consumption with time.
After de dimensioning and normalization, the economic evaluation index can be expressed
as follows:

f2 =
1
2

(∣∣∣∣∣
∫ t

0 bdt −
∫ t

0 bmaxdt∫ t
0 bdt

∣∣∣∣∣+
∣∣∣∣∣
∫ t

0 bdt −
∫ t

0 bmindt∫ t
0 bdt

∣∣∣∣∣
)

(18)

In the above formula b = b(α, ne).
The dynamic and economic objective functions are combined and weights q1 and q2

are added. The total objective function is:

f = q1· f1 + q2· f2 (19)

where:

q1 is the weighting coefficient of dynamic index;
q2 is the weighting coefficient of economic indicators.

3.3.2. Determination of Optimization Variables

Since all the relevant parameters of the DCT system have been determined, the main
parameters affecting its dynamics and economy are accelerator pedal opening α and vehicle
speed v at shift point. Since the design weight in this paper is a dynamic parameter, q1 and
q2 are variables and q1 + q2 = 1. Therefore, it is sufficient to determine the weight variable
in this paper only to optimize q1. The total optimization variables are:

X = [vi1, vi2, · · · , vi10, q1] (20)

Among them, vi1, vi2, · · · , vi10 indicate the speed at shift point of i gear at throttle
openings of 15%, 20%, and 100%, respectively.
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Variable Constraints

In order to reduce the particle swarm optimization time, improve the optimization
efficiency, and optimize the results, the large speed difference of the shift points in different
gears is considered. At the same time, as the economic shift point tends to shift earlier, the
dynamic shift point tends to shift later. Therefore, economic shift points at different throttle
openings are considered as vimin and dynamic shift points as vimax. Therefore, the particle
optimization range is shortened and the vi -optimization interval is limited.{

0 ≤ q1 ≤ 1
vimin ≤ vi ≤ vimax

(21)

3.3.3. Particle Swarm Optimization Solution Application

In combination with the number of optimization variables in the objective function,
the number of particles in the particle swarm is set to 100. Since the inertia weight of
MATLAB can be adapted, the inertia weight can adopt the adaptive neighborhood mode
at the beginning of searching for the optimal solution, which is convenient to divide the
particles into groups and groups of different groups at the beginning, search for multiple
groups of local optimum in different regions, and find the local optimum solution as soon
as possible to reduce the iteration time. When fitness begins to stagnate, its particle swarm
search mode begins to shift to the global mode and fitness begins to decline, then it returns
to the neighborhood mode to avoid falling into local optimum. The fitness stagnates
several times until the number of stagnation times is greater than the judgement value, and
the inertia coefficient decreases gradually, which is conducive to the centralized particles
seeking the fitness in the optimal domain. Therefore, only the given inertia weight range is
required for this method as [0.1, 1.1].

The method of reference compression factor for individual learning factors and social
learning factors is set as 1.49.

The proportion of particles in the neighborhood is 0.25.
The above comprehensive objective function and setting parameters are programmed

with MATLAB, and the final upshift and shift points of each gear are obtained as shown in
Figure 10.

Figure 10. Optimized upshift point.
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4. Simulation Results and Analysis
4.1. Establishment of Simulation Verification Model

A complete vehicle model with dual clutch transmission is built through Simulink.
The model power system data use the engine data mentioned above. The model is divided
into the driver model, power system, drive system and other modules. The new European
driving cycle (NEDC) and worldwide light-duty test procedure (WTLC) operating con-
ditions are taken as model inputs and the corresponding accelerator pedal opening and
brake pedal opening are output through the driver model. The driver model is shown in
Figure 11. Acceleration and braking of the entire vehicle is thus achieved. Economic shift
strategy, dynamic shift strategy, and integrated optimization shift strategy are put into the
simulation model to run, and are compared. By observing the dynamic and economic eval-
uation indexes after the simulation operation, the comparison of dynamic and economic
before and after optimization is achieved. The vehicle control strategy model is shown in
Figure 12.

4.2. Analysis of Economic Validation Results

When verifying the energy consumption on the built simulation platform, the adapt-
ability and stability of the optimization results can be investigated using different driving
cycles. In this paper, the more traditional and classic NEDC and WLTC working conditions
are selected for verification. Figure 13 shows the NEDC and WLTC working conditions.
The NEDC working condition on the left in Figure 13 has a total duration of 1180 s and a
maximum speed of 120 km/h. It has frequent start and stop common in urban cycle, which
can represent the classic urban working condition. In Figure 13, the total duration of WLTC
working condition on the right side is 1800 s and the maximum speed is 131.3 km/h. It also
has the frequent start and stop working condition of urban cycle. Moreover, compared with
NEDC, the acceleration in WLTC working condition is usually nonlinear. Therefore, WLTC
is closer to the actual situation. Unifying the two driving cycles for analysis is conducive to
verify the reliability of shift law and the robustness of optimization algorithm.

Figure 11. Driver model.
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Figure 12. DCT control strategy.

Figure 13. NEDC and WLTC cycle test conditions.

The economic shift point, dynamic shift point, and synthetically optimized shift point
are input into the vehicle simulation platform for the NEDC and WTLC operating condition
test. The simulation results are shown in Figure 14.
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Figure 14. Actual speed map before and after optimization (NEDC).

Figure 14 shows that the speed following condition yields a good result, the difference
between the simulated actual speeds corresponding to the three different shift points
is small, there is no obvious fluctuation, and the overall speed following condition is
good, which can ideally achieve the acceleration and deceleration within the specified
time. However, there will be a slight jitter in the dynamic shift strategy when the speed
is lowered. This also indicates that the economic shift strategy has better shift quality
than the dynamic shift strategy for the same vehicle with different shift strategies. This
slight jitter in speed during shifting is due to the power interruption of the vehicle during
shifting. This situation can be optimized by taking into account the motion control of the
two clutches in a dual clutch transmission in order to reduce speed fluctuations. The speed
shown in Figure 15 is in good condition, and the actual vehicle speed corresponding to
the three different shift rules is basically the same. Therefore, the fuel consumption results
before and after optimization are of comparative significance, and the fuel consumption
error caused by the driver model can be ignored.

Figure 16 shows the change of three gears under different shift strategies under NEDC
and WLTC operating conditions. It can be seen from the NEDC operating condition that
the most frequent shift is the optimized shift strategy, while the lower shift number is the
dynamic shift strategy since it spends more time driving in low gear. The reason is that
the first 800 s are complicated and the congestion conditions and the vehicle speed are low.
The optimized shift point speed is higher than the economic shift point speed and lower
than the power shift point speed. Therefore, the simulation results of the optimized shift
strategy show that it shifts frequently. However, due to the low speed in the first 800 s, only
four gears appear in the simulation results of dynamic shift strategy. However, there are no
frequent shifting, random shifting, and other conditions in this paper, which show that the
delay shift strategy used in this paper is reasonable. Comparing the energy consumption
diagram of the model operation under this condition, we can get a NEDC condition, under
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which the energy consumption of the optimized shift strategy is reduced by 1.37% and
23.00%, respectively compared with the economical and dynamic shift strategy. It can be
seen from Figure 17 that the energy consumption is reduced and the emission is improved
after the model shift law is optimized. This is mainly due to the reduced low gear operating
conditions and the increased running time of the vehicle in the engine efficiency range.
Similarly, the gears change frequently in the WLTC working condition, since the target
vehicle speed changes frequently with time. Compared with the energy consumption in
Figure 17 of model operation under the WLTC condition, it can be obtained that under the
WLTC condition, the energy consumption of the optimized shift strategy is reduced by
3.18% and 13.18%, respectively compared with the economic and dynamic shift strategy.
The data analysis results are shown in Table 4.

Figure 15. Actual speed map before and after optimization (WLTC).

Figure 16. Gear selection of different shift strategies under NEDC and WLTC conditions.
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Figure 17. Fuel consumption of different shift strategies under NEDC and WLTC conditions.

Table 4. Comparison table of dynamic performance verification.

Working Condition NEDC Reduced Proportion
after Optimization WLTC Reduced Proportion

after Optimization

Total fuel consumption of dynamic
shift strategy (L) 0.8001 18.70% 1.8447 13.38%

Total fuel consumption of
economical shift strategy (L) 0.6594 1.37% 1.6502 3.18%

Total fuel consumption of
optimized shift strategy (L) 0.6505 0.00% 1.5978 0.00%

By analyzing the two driving cycles, it can be obtained that the optimized shift law
has obvious advantages. From the above simulation results, the shift law obtained from
the optimization results can obtain better fuel economy under the condition of ensuring
power following.

4.3. Analysis of Dynamic Verification Results

The input working condition is changed to verify the vehicle dynamic performance, in
order to improve the reliability of the dynamic verification results in this paper. Here, two
driving cycles are used to verify the dynamic performance, and three evaluation indexes
are used to comprehensively evaluate the dynamic performance.

The first dynamic performance verification condition is the initial throttle opening is
0%, which rises to 100% at a constant speed within 1 s and remains unchanged. The specific
working conditions are shown in Figure 18. The dynamic evaluation index here adopts the
acceleration time of 100 km. Through the simulation results, it can be concluded that the
comprehensive shift law accelerates to 100 km/h after 14.08 s, the vehicle with economic
shift law needs 24.4 s to accelerate to 100 km/h under the same driving cycles, and the
vehicle with dynamic shift law needs 14.68 s to accelerate to 100 km/h. The schematic
diagram of simulation shift results under this working condition is shown in Figure 19.
Compared with the simulation results, it can be obtained that the power performance index
of the vehicle with optimized shift law is increased by 4.087% compared with the vehicle
with dynamic shift law. The power performance of the vehicle with optimized shift law
is 42.30% higher than that with economic shift law. The simulation results are shown in
Figure 20. The data analysis results are shown in Table 5.
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Figure 18. Dynamic performance verification condition (0–100 km/h).

Figure 19. Gear change of different shift strategies (0–100 km/h).
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Figure 20. Acceleration capability of 0–100 km/h.

Table 5. Comparison table of economic verification of 0–100 km/h.

Working Condition 0–100 km/h Reduced Proportion after
Optimization

Total time for dynamic shift strategy (s) 14.68 4.087%
Total time for economic shift strategy (s) 24.40 42.30%

Total optimized shift strategy time (s) 14.08 0.00%

The second dynamic performance verification condition is consistent with the first
dynamic performance verification condition. The evaluation index adopts the acceleration
time of 0–70 km/h. The simulation results show that the acceleration time of vehicles
with comprehensive shift law is 7.21 s, the acceleration time of vehicles with economic
shift law is 12.89 s, and the acceleration time of vehicles with dynamic shift law is 8.51 s.
The comparative simulation results show that the power performance of the vehicle with
optimized shift law is 15.28% higher than that with dynamic shift law. Compared with the
vehicle with economic shift law, the power performance of the vehicle with optimized shift
law is improved by 44.07%. It shows that in the front acceleration process of the vehicle,
the vehicle acceleration power using the optimized shift law is very strong. The simulation
results are shown in Figure 21. The data analysis results are shown in Table 6.

The third dynamic performance verification condition is: Use the driver model to
control the initial speed of the vehicle at 70 km/h, and then adjust the accelerator pedal
opening to 100% within 0.5 s. The dynamic evaluation index here adopts the acceleration
time of 70–120 km/h. The simulation results show that the acceleration time of vehicles
with comprehensive shift law is 15.33 s, the acceleration time of vehicles with economic
shift law is 20.58 s, and the acceleration time of vehicles with dynamic shift law is 13.69 s.
Compared with the simulation results, it is found that the dynamic index of the vehicle
with optimized shift law is reduced by 10.70%. Compared with the vehicle with economic
shift law, the power performance of the vehicle with optimized shift law is improved by
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25.51%. It shows that there are some deficiencies in the vehicle acceleration power using
the optimized shift law in the process of vehicle rear section acceleration. The simulation
results are shown in Figure 22. The data analysis results are shown in Table 7.

Figure 21. Acceleration capability of 0–70 km/h.

Table 6. Comparison table of economic verification of 0–70 km/h.

Working Condition 0–70 km/h Reduced Proportion after
Optimization

Total time for dynamic shift strategy (s) 8.51 15.28%
Total time for economic shift strategy (s) 12.89 44.07%

Total optimized shift strategy time (s) 7.21 0.00%

Table 7. Comparison table of economic verification of 70–120 km/h.

Working Condition 70–120
km/h

Reduced Proportion after
Optimization

Total time for dynamic shift strategy (s) 13.69 −10.70%
Total time for economic shift strategy (s) 20.58 25.51%

Total optimized shift strategy time (s) 15.33 0.00%

Based on the above three comparison results, it can be obtained that the power
performance of the optimized shift point is significantly improved. Especially in the
acceleration process of the first half of the vehicle starting, the power is sufficient. At
70–120 km/h, although the power decreases, the overall power is strong. Therefore, the
optimization results are good.
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Figure 22. Acceleration capability of 70–120 km/h.

5. Conclusions

In this paper, a vehicle with six speed dual clutch transmission is introduced. Firstly,
the engine bench test is carried out to get the map of engine fuel consumption and engine
torque. Based on the inherent parameters of the vehicle and the engine performance data
obtained from the bench test, the two-parameter shift law is formulated using traditional
methods based on fuel economy and dynamics, respectively. According to the simplified
parameters of the vehicle, the shift law model is established, and the dynamic objective
function and economic objective function are normalized and weighted to get the compre-
hensive optimization objective function. The comprehensive shift law is formulated by
particle swarm optimization. According to the shift law obtained by traditional methods, it
is taken as the reference limit of the range of variables to be optimized to reduce the particle
swarm optimization time and enhance the particle swarm optimization effect. Finally, the
dynamic diagram of adaptability varying with optimization times is obtained by program-
ming in MATLAB, and the optimized shift law is obtained. By substituting the optimized
shift law and the shift law before optimization into the power and economy evaluation
indexes, the simulation results show that when the acceleration time of 0–100 km/h is used
as the evaluation index, the improvement rate of dynamic performance can reach 4.087%.
Taking the acceleration time of 0–70 km/h as the evaluation index, the improvement rate
of dynamic performance can reach 15.28%. Taking the acceleration time of 70–120 km/h
as the evaluation index, the improvement rate of power performance is −10.70%, that
is, the power decreases. This also shows that the overall dynamic performance of the
optimization results is good, the first half of the power is sufficient, but the second half of
the power is poor. This is also the inevitable loss caused by the improving economy. The
simulation results show that the improvement rate of fuel economy can reach 1.37% under
the NEDC condition. The simulation results show that the economic improvement rate can
reach 3.18% under the WLTC condition. By synthesizing the simulation results of the two
driving cycles, it is found that the optimized shift law has good adaptability and stability.
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The comprehensive optimization objective function developed in this paper combines
the dynamic target with the economic target after normalizing, and determines the dynamic
relationship between acceleration and specific fuel consumption. After checking the
mathematical model, it is found that the final shift law can comprehensively improve the
power and economy of the entire vehicle, taking both into account. The shift law obtained
by this research method will be finally applied to the actual vehicle to verify, and the result
is of great significance to the matching of power system and transmission system and the
improvement of vehicle performance. This method provides an important reference value
for optimization calculation of shift points of other transmission systems.
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