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In order to improve the transmission efficiency and carrying capacity of conventional single-belt continuously variable
transmission (CVT), one new type of dual-belt CVT is proposed in this paper. Under the situation that this new dual-belt CVT
should be switched between single- and dual-belt modes frequently according to driver’s intention and road conditions, so five
objective evaluation indexes of mode switching quality for the dual-belt CVT are proposed, considering the aspects of vehicle
power, comfort, and transmission durability comprehensively. -en, the objective evaluation model of mode switching quality is
established by the BP neural network optimized by the genetic algorithm. It is found that the prediction results are consistent with
the subjective evaluation. After analyzing the influence of the selected five evaluation indexes on the prediction results, it is
obvious that these five evaluation indexes of mode switching quality for dual-belt CVT are reasonable.

1. Introduction

CVT (continuously variable transmission) provides a con-
tinuously variable speed ratio between the engine and the
wheels. -ere is no need of changing gears. It gives full play
to the dynamic characteristics of the engine and makes
engine work in the area of high efficiency.-us, it is regarded
as the most ideal transmission device of the automobile.

At present, the successful CVTproduct on the market is
the traditional metal single-belt CVT which has been
mounted in millions of cars worldwide. However, there exist
some weak points such as low transmission efficiency and
weak carrying capacity [1] for single-belt CVT. So, its ap-
plication is mostly limited to small or medium displacement
cars.

In order to improve the carrying capacity of belt-type
CVT, Chan et al [2] proposed a dual-rubber belt CVT.
Efficient Drivetrains Inc. [3] proposed a similar dual-belt
CVT which is called inline chain CVT. Two single chains
were connected in series. Compared to a regular CVT, this
inline CVT can operate closer around i� 1, which can in-
crease the efficiency. However, this inline CVTalso has some

disadvantages, such as being slightly larger in the vertical
direction, needing two separated speed-ratio control sys-
tems, and the limitation of torque capacity of traditional
single-belt/chain CVT. Based on Van Doorne’s single-belt
CVT, Wong et al [4] also proposed a dual-belt CVT.
However, this novel dual-belt CVT must always work in
two-belt mode, resulting in lower transmission efficiency
when transmission torque is small. Besides, it has two servo
actuation systems, leading to a more complex structure.

In order to improve the transmission efficiency and car-
rying capacity, one new type of dual-belt CVT is proposed by
our project team [5]. It can work on single-belt drive mode or
dual-belt drive mode according to driver’s intention and road
conditions. -e transmission efficiency can be kept in higher
value by changing between single- and dual-belt modes. Only
one single-motor actuation system is used for our dual-belt
CVTs to adjust the speed ratio. -e mechanism and working
principle of this new dual-belt CVTwill be clarified in the first
part of this paper.

Although this new dual-belt CVTcan improve transmission
efficiency and carrying capacity effectively, a certain impact will
occur when switched between single- and dual-belt modes
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frequently, exerting a great influence on the vehicle’s power,
comfort, and driveline durability [6]. -erefore, an effective
control strategy of mode switching for dual-belt CVT is crucial.
It is obvious that the control strategy relies on the evaluation
method of the mode switching quality; thus, a comprehensive
and effective evaluation method of mode switching quality is
essential.

Due to the structural particularity of this dual-belt CVT,
research about the mode switching evaluation method for
this dual-belt CVT has not been found at present. In fact, the
mode switching evaluation method of dual-belt CVT is
somewhat similar to the gear shifting evaluation methods of
other automatic transmissions with several gear locations,
such as automatic transmission (AT) and dual-clutch
transmission (DCT). Gear shifting time, variation of vehicle
body acceleration, and impact degree are often taken as
indexes of the objective evaluation method for AT or DCT.
On the other hand, the subjective evaluation method, which
is based on the subjective feelings of testers, is another
common-used evaluation method. -ere are usually some
uncertainties for the subjective method [7]. However, there
is generally a correlation between the results of subjective
and objective evaluation ways.

-e professional evaluation software DART (Drive-
ability Analysis and Rating Tool) was designed by British
Ricardo Ltd. to calculate the vehicle body acceleration,
impact degree, and other data by collecting the vehicle’s real-
time data [8]. -e evaluation system of gearing shift comfort
performance was proposed by AVL based on the neural
network method to evaluate the vehicle shift smoothness,
fuel economy, exhaust emissions, etc. [9]. Volvo also built an
evaluation system on the basis of the neural network
method, to judge the comfort performance of vehicle when
shifting [10]. 5 static evaluation indexes and 3 dynamic
evaluation indexes were selected by Liu et al [11, 12] to build
a DCT shift quality evaluation system.

Due to the current research gaps, this article concen-
trates on amode switching quality evaluation method for the
new dual-belt CVT. An optimized BP neural network is
introduced to establish an objective evaluation model for
mode switching quality after the vehicle power, comfort, and
driveline durability are considered, and the feasibility and
accuracy are proved based on the subjective prediction
results.

2. Working Principle of New Dual-Belt CVT

As shown in Figure 1, the new dual-belt CVT mainly in-
cludes 4 major components: two single-belt CVTs, speed-
ratio/clamping force adjustment device, magnetic powder
clutch, and planetary gear device which integrates power
when the two belts are working simultaneously. Compared
with the single-belt CVT, the dual-belt CVT has an addi-
tional set of belt and pulley.

When the transmission torque is small, it works in
single-belt working mode. -e first output shaft clutch is
engaged, and the second output shaft clutch is disconnected.
-e right movable disc of driving pulley and the movable
disc of the first driven pulley are forced tomove left (or right)

by the right and left gears of the first speed-ratio controlling
shaft, respectively, which are driven by the speed-ratio
controlling motor. So, the distance between fixed and right
movable disc of the first driving pulley and the distance
between fixed and movable disc of the first driven pulley are
changed. -en, the working radius of the first belt is
changed, and the transmission ratio is changed finally.
Under this situation, the driving force of engine is trans-
ferred to planet carrier through the first output shaft clutch
and the first sun gear; meanwhile, the ring gear brake is
working now. Finally, the driving force is output by the final
drive.

When the transmission torque is large, it works in dual-
belt working mode. -e first and second output shaft
clutches are simultaneously engaged. And the engine power
is transferred by the first and second driven pulleys si-
multaneously. -e working principle of the first pulley is the
same as that under single-belt mode. As for the second
pulley, the left movable disc of driving pulley and the
movable disc of the second driven pulley are forced to move
left (or right) by the right and left gears of the second speed-
ratio controlling shaft, respectively, which are also driven by
the speed-ratio controlling motor. So, the working radius of
the second belt is changed. On the other hand, the working
radius of the first belt is also changed under dual-belt mode.
Under this situation, the driving force of engine is trans-
ferred to planet carrier through the first and second output
shaft clutches and the first and second sun gears. -e ring
gear brake is not working now.

As the structure mentioned above, this new type of dual-
belt CVT offers many advantages including larger trans-
mission torque and higher transmission efficiency. -e
variable speed-ratio range of the transmission system can be
enlarged greatly. So, the efficiency of the whole power system
will be improved. However, this new dual-belt CVT should
be switched between single- and dual-belt modes frequently
according to driver’s intention and road conditions, which
exerts a great influence on the vehicle’s power, comfort, and
driveline durability. -erefore, to design a reasonable mode
switching quality evaluation method for this new type, CVT
is of great significance.

3. Modeling of Objective Evaluation
Mechanism for Mode Switching Quality

3.1. Selection of Evaluation Index. -e vehicle power per-
formance, comfort, and driveline durability should be
considered simultaneously when choosing certain mode
switching quality evaluation indexes [6, 11, 12], based on the
working principle above.

Firstly, the mode switching time of dual-belt CVTshould
be considered. It refers to the time it takes to change from
single-belt mode to dual-belt mode, or vice versa. It mainly
reflects the power performance of vehicle with dual-belt
CVT. It also exerts a certain impact on vehicle driving
comfort. -e power transmission process is smoother, the
feedback of driver’s operation is faster, and so the passen-
ger’s comfort is better as the mode switching time is shorter.

-e definition of mode switching time is
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Δt � te − ts, (1)

where te represents the starting time of mode switching and
ts stands for the ending time of mode switching.

Secondly, the longitudinal acceleration fluctuation of
vehicle body is used in this paper to evaluate the driving
comfort. -is is because that the change of first or second
output shaft clutch engagement state (as shown in Figure 1)
will cause instantaneous power fluctuation with large lon-
gitudinal acceleration and will affect the comfort of pas-
sengers. It is defined as

Δa � |max(a(t)) − min(a(t))|. (2)

Impact degree of vehicle body can also be used to
evaluate driving comfort. -e larger absolute value of the
positive impact degree (jmax) will cause more obvious the
backward feeling of passengers, while the larger absolute
value of the negative impact degree (jmin) will lead to more
obvious forward feeling [11, 12]. Both situations indicate
that comfort is bad. -e definition of impact degree is

j �
da

dt
�
d2v(t)

dt
2 . (3)

-e impact peak is

jmax � max jmax


, jmin


 , (4)

where a is the longitudinal acceleration of vehicle body, v

indicates the speed of vehicle, jmax means the positive impact
degree peak, and jmindenotes the negative impact degree
peak.

Besides, the engine speed fluctuation is introduced as
another index related to the comfort performance of the
dual-belt CVT. -e engine speed fluctuation caused by the
switching action of dual-belt CVTwould produce noise, and
then the comfortability would be worse. -e engine speed
fluctuation is defined as

Δωe � max ωe(t)(  − min ωe(t)( 


, (5)

where ωe(t) indicates the engine speed, max(ωe(t)) rep-
resents the maximum engine speed during the entire data
collection process, andmin(ωe(t)) represents the minimum
engine speed.

Finally, in the aspect of driveline durability, the root
mean square (RMS) value of the impact degree is used to
represent the cumulative damage on the vehicle driveline
components during the mode switching process. It is defined
as

jrms �

���������


Δt
0 j

2
(t)dt

Δt



. (6)

In summary, five indexes including mode switching
time, longitudinal acceleration fluctuation, impact peak
value, engine speed fluctuation, and root mean square value
of impact are selected for dual-belt CVT to evaluate mode
switching quality objectively.

3.2. Evaluation Mechanism Modeling. In order to evaluate
the mode switching quality comprehensively, the aspects of
vehicle power, comfort, and driveline durability should be
considered together. So, the evaluation indexes mentioned
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Figure 1: Schematic diagram of the structure of dual-belt CVT.
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above should be taken into overall consideration. However,
these indexes are coupled with each other, revealing strong
nonlinear relationship, which makes it difficult to establish
an accurate mathematical model. At present, the BP neural
network has testified its success in the modeling of tradi-
tional AT and DCT shift quality objective evaluation
methods, but it has weak points such as slow convergence
speed and local minimization [13]. It is possible to improve
the efficiency of the BP neural network and keeps it from the
minimum point if the initial weight threshold of the BP
neural network is assigned with the help of the genetic al-
gorithm [14–16]. -e BP neural network optimized by the
genetic algorithm is updated in efficiency and accuracy, so an
objective evaluation model of the mode switching quality for
the dual-belt CVT is established based on the BP neural
network algorithm optimized by the genetic algorithm (GA-
BP).

-e process of modeling is divided into the part of
genetic algorithm optimization and the part of BP neural
network, which is shown in Figure 2.

3.2.1. Data Preprocess. 500 sets of sample data are selected.
Among them, 50 sets of data are taken as testing samples,
and the others as training samples. Each set of data includes
5 objective evaluation values and corresponding subjective
evaluation value. -e objective evaluation value is collected
from the experimental vehicle equipped with this type of
dual-belt CVT, and the corresponding subjective evaluation
value is derived from the average value of data from several
experienced drivers.

As there will be significant differences in levels between
different values, for example, the engine speed fluctuation is
nearly three orders of magnitude more than other evaluation
values, which will cause a large error in final prediction
result, the sample data need to be normalized as follows:

xk �
xk − xmin

xmax − xmin
, (7)

where xmin and xmax represent the minimum and maximum
value in the data group, respectively.

3.2.2. BP Neural Network Structure. -ere are 5 objective
evaluation indexes, so the number of nodes in the input layer
of the BP neural network is 5. -e output is one compre-
hensive result, so the number in the output layer is 1.
Considering that single hidden layer network could ap-
proach nonlinear functions, so the single hidden layer
structure is selected in this paper to shorten the training
time. To guarantee the accuracy, the number of hidden layer
nodes is set as 12. So, the structure of the BP neural network
is determined to be 5∗12∗1, which is shown in Figure 3.

3.2.3. Genetic Algorithm (GA). -e genetic algorithm is used
in this paper to get the initial weight and threshold of the BP
neural network. It includes population initialization, fitness
function, selection operation, cross operation, mutation
operation, etc.

-e population initialization method adopted in this
paper is real number coding, and each individual contains
four parts, including input layer/hidden layer weights,
hidden layer threshold, hidden layer/output layer weights,
and output layer threshold. -rough the calculation
5×12 + 12×1 + 12 + 1� 85, the code length is determined as
85. -e fitness of each individual is calculated by fitness
function. And subsequent selection, crossover, andmutation
operations are performed according to the fitness. In this
paper, the real number coding is selected for population
initialization; thus, the real number cross method is selected.
-e mutation operation is mainly divided into two steps:
firstly, judging whether each individual is mutated; secondly,
selecting random positions to mutate the mutated
individuals.

3.2.4. BP Neural Network Training. Finally, the main pro-
gram of the BP neural network and program of selection,
crossover, mutation, and fitness calculation in genetic al-
gorithm are realized. -e relevant parameters of the genetic
algorithm are set as follows: the initial population is 50, the
number of evolutions is 200, the crossover probability is 0.6,
and the mutation probability is 0.08.

4. Analysis of Prediction Results

-e GA-BP neural network was trained 10 times according
to data given in the previous section. -e training time is
1.809 s, 1.592 s, 1.534 s, 1.576 s, 1.518 s, 1.486 s, 1.557 s,
1.595 s, 1.612 s, and 1.594 s, respectively. -e average value is
1.587 s. It can be found that the execution time of the
program is definitely within 2 s, which shows that the BP
neural network training optimized by the genetic algorithm
has good operating efficiency.

-e fitness during the entire iteration process is shown in
Figure 4. It can be seen that as the number of evolution
increases, the fitness reaches a stable value quickly. It proves
that the initial weights and thresholds obtained by the ge-
netic algorithm can provide ideal results.

Moreover, the relative errors of 450 training samples
between driver’s subjective evaluation value and prediction
results from objective evaluation model are shown in Fig-
ure 5. It reveals that the relative errors are all below 5%,
which demonstrates the effectiveness of the GA-BP neural
network and objective evaluation model.

In order to prove the correctness of proposed objective
evaluationmodel based on 5 evaluation indexes further, each
index is removed in turn.-e relative errors of models based
on only 4 evaluation indexes are obtained, as shown in
Figure 6. 50 testing samples are considered here. It can be
easily found that the relative error of the model with all 5
indexes is smaller; that is, the prediction accuracy is higher.
It proves that 5 evaluation indexes selected in this paper are
reasonable and accurate in the reflection of the mode
switching quality for the dual-belt CVT.

In addition, the mean absolute value of relative error for
each case is shown in Figure 7. It can be seen that removal of
impact peak in the evaluation model will lead to the greatest
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prediction error, from an average value 1.6% to 3.92%. So,
the impact peak has the greatest effect on the accuracy of
evaluation model. According to the order of influence on
prediction accuracy, the order is impact peak, engine speed
fluctuation, impact RMS, longitudinal acceleration fluctu-
ation, and mode switching time.

5. Conclusions

-e mode switching quality evaluation method for a new
dual-belt CVTwas proposed in this paper. And the objective
evaluation model for mode switching quality was estab-
lished, considering the aspects of vehicle power, comfort,
and transmission durability comprehensively. -e main
conclusions are as follows:
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(1) -e mode switching quality evaluation method with
5 evaluation indexes, includingmode switching time,
longitudinal acceleration fluctuation, impact peak
value, engine speed fluctuation, and root mean
square value of impact, can evaluate the mode
switching quality of new dual-belt CVT
comprehensively.

(2) -e BP neural network optimized by the genetic
algorithm is effective to establish the objective
evaluation model of mode switching quality. -e
objective prediction results of the model are con-
sistent with the subjective evaluation results.

(3) -e lack of any index in the evaluation model will
lead to the increase of prediction error. According to
the influence on prediction accuracy, the order is
impact peak, engine speed fluctuation, impact RMS,
longitudinal acceleration fluctuation, and mode
switching time.
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