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-e unreasonable shift point will cause a large shift impact, which will affect the engine fuel economy and the service life of the wet
clutch. To decrease shift impact on agricultural tractors with HMCVT (Hydromechanical Continuously Variable Transmission)
and find the best working point, the following methods are proposed in this paper: firstly, conducting all-factor method and
response surface method (RSM) to design and carry out bench test of shift impact; secondly, using the basic linear fitting, RSM,
and stepwise regression analysis to establish comprehensive mathematical models and selecting models with high prediction
accuracy; thirdly, putting forward the method of determining the weight of variance to match parameters of three quality
evaluation indexes with inconsistent correlation; finally, establishing the total shift quality evaluation index and obtaining the
optimal shift working point. It is found that oil filling pressure has a significant effect on speed drop, while the engine speed has a
significance on the dynamic load and sliding friction. To make the transmission section of the best quality, the oil pressure at this
time is 1MPa and the engine speed is 1040 r/min. -e results show that the proposed method can determine the optimal shift
point and provide a reference for developing the control strategy.

1. Introduction

Hydromechanical Continuously Variable Transmission
(HMCVT) consists of a hydraulic system (pump-motor) and
mechanical system (gears). HMCVTcan achieve a wide range
of speed and the power will not be interrupted while shifting
[1–4]. Tractors working in the field need to change stages
frequently to meet different workloads. At the same time, it
will be a great shift impact for tractors that change sections
frequently. Shift impact will decrease the fuel economy of
tractors and accelerate abrasion of friction plates in wet
clutch, so as to reduce the driving comfort [5–7]. In recent
years, there is a certain degree of research on shift quality.

At present, HMCVTshift quality is mainly studied from
two aspects: shift control and factors affecting shift quality.
Literature [8, 9] discussed the influence of volumetric effi-
ciency of the hydraulic system on shift quality from the
perspective of segment change control and proposed to
control HMCVT by using the electronic controller of the
fuzzy control algorithm to reduce shift impact.

For the study of factors affecting the shift quality, Manish
et al. [10] built the vehicle dynamics model and control logic
to study the influence of clutch pressure on output torque.
Zhang et al. [11, 12] analyzed the influence of clutch oil
pressure and resistance on the shift quality by simulation
model; however, the reliability of the rule was low because of
less test times. Ni et al. [13] selected five factors, such as
clutch shift time, oil pressure, and speed regulating valve
flow, and conducted an orthogonal test on the test bench to
study the influence of relevant factors on the shift quality.
However, due to the single analysis method of test data, it
was impossible to determine the reasonable value of clutch
shift time which has a contradictory relationship with the
speed drop and shift impact. Peng et al. [14–16] carried out
multifactor combined clutch loading tests and timing op-
timization tests to study shift quality. However, the con-
tradictory relationship between different evaluation indexes
was not considered.

By summarizing the current research status of shift
quality, it is found that the traditional shift test analysis uses
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range and method analysis to obtain the ranking of the
influence significance of the selected factors and selects a
group of working points which make the quality optimal
from the factor level of the test. -e value of this method is a
discrete point, and the true optimal solution within the
whole value range cannot be found.

-erefore, this paper proposes to establish a mathe-
matical model between the evaluation index of shift quality
and the influencing factors. -e value range of this modeling
method is continuous and not limited to the specified
working conditions, so that the optimal shift point within
the value range can be found and the shift quality can be
predicted under different working conditions.

Specifically, this paper adopts two classical linear
modeling methods; response surface method (RSM) and
stepwise regression analysis are used to establish mathematic
models of speed drop, dynamic load, and sliding friction
about engine speed and oil pressure of wet clutch.

-emodel with the highest precision is selected to establish
the comprehensive evaluation index of shift quality. On the one
hand, this paper aims to reduce the number of tests and
improve the utilization rate of test results. On the other hand, it
provides a theoretical basis for determining the optimal
switching point and switching control strategy of HMCVT.

-e rest of the paper is organized as follows. Section 2
contains the transmission principle of HMCVTand shift test
bench. Section 3 contains two methods for the experimental
design of shift and result analysis. Section 4 contains the
comparison of prediction accuracy between two modeling
methods. Section 5 contains the solutions of optimal shift
point. Section 6 contains the conclusions. -e specific
technical flowchart is shown in Figure 1.

2. HMCVTTest Bench and TwoMethods for the
Experimental Design of Shift

2.1. Introduction to the Principle of HMCVT. HMCVT is
composed of two parts in parallel, one part is the hydraulic
system and the other is the mechanical system.-e hydraulic
system includes pump-motor and oil passage for lubrication
and coolant. -e mechanical system includes gearbox and
planetary. -e power transmission route of HMCVT is as
follows: starting from the engine, the power is divided into
two parts when entering the HMCVT. One part goes into the
planetary row through the hydraulic system, and the other
part goes into the planetary row through the mechanical
system. -e power of two parts merged into one under the
action of the planetary row, and the power goes into the
power-output shaft finally. -e transmission ratio of the
mechanical system is determined by the gears and it cannot
be changed, while the transmission ratio of hydraulic
transmission can be changed by changing the displacement
of the variable pump. -e output speed of HMCVT can
achieve continuous change in the segment. At the same time,
the transmission ratio of synchronous switching is deter-
mined to realize continuously speed regulation [17–19].

HMCVT designed by our research group is shown in
Figure 2. -e transmission has three power transmission
routes. -e first route (HM0) is controlled by variable pump,

constant motor, and wet clutch C0. -e second route (HM1)
is controlled by gear pairs, planetary row P1, and wet clutch
C1. -e third route (HM2) is controlled by gear pairs,
planetary row P2, and wet clutch C2. HM2 section is taken as
an example to describe transmission route of power briefly.

When working in HM2 section, some of the engine
power goes through i1-i2 gear pairs and hydraulic system and
finally reaches sun gear of planetary row P1. -e other part
power goes through i3-i5 gear pairs and finally reaches planet
carrier of planetary row P1. -rough the confluence of
planetary row P1, the power is delivered to the output shaft
through gear ring of planetary row P1. -is paper studies
HM1 segment for HM2.

2.2. Test Bench of HMCVT. Our research group built a test
bench according to HMCVT transmission principle in
Figure 3. -e test bench mainly consists of driving system,
controlling and test system, transmission system, and
simulate loading system.

-e driving system includes the Deutz TCD2013L062V
diesel engine. -e power rating of the engine is 197.7 kw and
the rated speed is 2300 r/min. -e simulated system mainly
consists of DW250 eddy current dynamometer. -e maxi-
mum power of the dynamometer is 250 kw and the rated
speed is 2000 r/min. -e test control system consists of In-
dustrial Personal Computer, slave computer, torque-speed
sensors, and data acquisition module.-emodel of Industrial
Personal Computer is ICP-610H.-e slave computer is based
on Labview programming software to develop measurement
and control system. Torque-speed sensors come from Jiangsu
Lanmec Electromechanical Equipment Company. -e model
of data acquisition module is ADAM4117.

When the host computer issues control instructions,
firstly, the data acquisition module collects the control
signal. -en the signals are processed by low-pass filtering.
In the end, the processed signals will be collected by the salve
computer and recorded to a table file for subsequent data
processing.

2.3. Evaluation Index of Shift Quality. HMCVT depends on
the opening and closing of wet cutch to realize segment
change. -e shift quality refers to the ability to realize shift
smoothly on the premise of ensuring the power of the
tractor. -is paper evaluates the shift quality of HMCVT
from three aspects: the fluctuation of rotating speed and
torque and the friction heat generated by wet clutch during
changing section. Speed drop, dynamic load, and sliding
friction are selected as evaluation indexes in this paper
[20–22].

(1) Speed drop
Speed drop refers to the fluctuation range of output
speed of the transmission when host computer gives
the instruction to change the segment.

η1 � ωmin − ω0


. (1)
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In the above formula, ωmin refers to the minimum
speed of output shaft during the shifting process; ω0
refers to the stable speed of output shaft during the
shifting process.

(2) Dynamic load
Dynamic load refers to the ratio of the maximum
torque of output shaft to the stable torque of output
shaft during the shifting process.

η2 �
Tmax

T0




. (2)

In the above formula, Tmax refers to the maximum
torque of output shaft during the shifting process,
and T0 refers to the stable torque of output shaft
during the shifting process.

(3) Sliding friction

During the shifting process, the clutch goes through a
sliding and friction stage. Firstly, in the working clutch, the
rotational speed of driving plates is different from that of the
following plates. When the driving plates and the following
plates are compressed by oil pressure, the driving plates and the
following plates reach the same rotational speed eventually.

In this stage, the work produced by the working clutch is
sliding friction work, which will be converted into heat. -e
friction pieces will overheat easily when shifting frequently.
Sliding friction work will cause friction pieces to warp, crack,
or even fail.

-e sliding friction work is mainly related to the rota-
tional speed difference of the driving plates and following
plates, the duration of sliding friction, and the pressure on
the friction plates.

η3 � 
t2

t1

T ωd − ωf dt. (3)
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Figure 1: Technical flowchart.
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In the above formula, T refers to friction torque of wet
clutch, ωd refers to the rotational speed of driving plates, ωf
refers to the rotational speed of following plates, t1 refers to
the start time of sliding, and t2 refers to the end time of
sliding. -e research flowchart of comprehensive shift
quality evaluation index is shown in Figure 4.

2.4. Full-Factorial Experimental Design of Shift.
Full-factorial design means that all factors at all levels are
tested at least once in the design.-is method can accurately
estimate the size of the main effect of each experimental
factor and the size of the interaction effect of each level of
factors. And the operation of this method is simple and the
result is accurate.

According to the preliminary test results, this paper
selects the oil pressure of the hydraulic system and engine
speed as two variables of the shift bench test and evenly
selects five levels of each variable within the value range. -e
reasonable value range of two variables is obtained from the
preliminary test.-e reasonable value range of oil pressure is
1–5MPa; the reasonable value range of engine speed is
1040–1440 r/min. -e two-factor and five-level full-factorial
tests were conducted for a total of 25 times. -e design table
is shown in Table 1.

2.5. Response Surface Methodology Experimental Design of
Shift. Response surface methodology is an experimental
design method [23, 24], which is a synthesis of experimental
design and mathematical modeling. -e functional rela-
tionship between factors and results is fitted through the
limited experimental design of representative local points.
-ere are a variety of response surface test design methods.
-is paper adopted Central Composition Design (CCD) since
the level of the shift test is 5. -e CCD method is also called
star design, and its design table includes axial point and center
point.-e CCDmethod takes 5 levels for each factor.-e five
levels are coded as (0, ±1, ±α) and 0 is the center point.

According to the determined value of oil pressure and
engine speed, the CCD combination design method in the
auxiliary software Design-Export was adopted to determine
the experimental scheme of the influence law of two variables
on the shift quality. -e design table is shown in Table 2.
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3. Result Analysis of Shift Tests

3.1. Result Analysis of Full-Factorial Tests. Minitab [25] is
used to conduct analysis of variance (ANOVA) of test data to
find out the key factors that affect three evaluation indexes of
shift quality. -e results of the analysis are shown in
Tables 3–5.

It can be concluded from Table 3 that the influence of oil
pressure on speed drop is significant at the level of 0.005, and
the influence of engine speed on speed drop is significant at
the level of 0.05. It can be found that oil pressure is the main
factor that affects the speed drop. From Tables 4 and 5, it can
be concluded that the influence of engine speed on dynamic
load and sliding friction is significant, while the influence of
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Table 1: Table of factors and levels.

Numbers Oil pressure (MPa) Engine speed (r/min) Speed drop (r/min) Dynamic load Sliding friction (KJ)
Test 1 1 1040 83.00 2.13 3776
Test 2 2 1040 67.50 2.22 3290
Test 3 3 1040 56.50 2.36 2568
Test 4 4 1040 55.00 2.45 2313
Test 5 5 1040 51.00 2.67 2283
Test 6 1 1140 139.75 2.35 7873
Test 7 2 1140 75.25 2.38 4659
Test 8 3 1140 68.25 2.56 3768
Test 9 4 1140 56.75 2.74 3302
Test 10 5 1140 60.25 2.66 3079
Test 11 1 1240 108.00 3.16 5578
Test 12 2 1240 74.25 3.54 3719
Test 13 3 1240 67.50 3.68 3866
Test 14 4 1240 70.50 3.66 3554
Test 15 5 1240 64.00 3.98 3266
Test 16 1 1340 122.25 3.20 7269
Test 17 2 1340 97.50 3.52 5857
Test 18 3 1340 77.25 3.97 4543
Test 19 4 1340 75.75 4.08 4012
Test 20 5 1340 68.75 4.13 4246
Test 21 1 1440 157.75 3.12 9184
Test 22 2 1440 112.50 3.56 7201
Test 23 3 1440 95.50 3.82 6379
Test 24 4 1440 92.50 4.04 5207
Test 25 5 1440 76.25 4.12 4859

Table 2: Table of switching quality test based on RSM.

Numbers Oil pressure (MPa) Engine speed (r/min) Speed drop (r/min) Dynamic load Sliding friction (KJ)
Test 1 3 1240 67.50 3.68 3866
Test 2 3 1240 67.50 3.68 3866
Test 3 4 1140 56.75 2.74 3302
Test 4 2 1140 75.25 2.38 4659
Test 5 3 1240 67.50 3.68 3866
Test 6 3 1440 95.50 3.82 6379
Test 7 3 1040 56.50 2.36 2568
Test 8 5 1240 64.00 3.98 3266
Test 9 3 1240 67.50 3.68 3866
Test 10 1 1240 108.00 3.16 5578
Test 11 4 1340 75.75 4.08 4012
Test 12 3 1240 67.50 3.68 3866
Test 13 2 1340 97.50 3.52 5857

Table 3: ANOVA with all-factors test for speed drop.

Source of error Degree of freedom Sum of squares Mean square value Value of F Significance
Oil pressure A 4 10820 2704.97 27.50 ※※
Engine speed B 4 5310 1327.46 13.49 ※
Note.-e symbol ※ represents significance at the level of 0.05; the symbol ※※ represents significance at the level of 0.005.

Table 4: ANOVA with all-factors test for dynamic load.

Source of error Degree of freedom Sum of squares Mean square value Value of F Significance
Oil pressure A 4 1.6589 0.41473 22.46 ※
Engine speed B 4 9.5818 2.39545 129.71 ※※
Note. -e symbol ※ represents significance at the level of 0.05; the symbol ※※ represents significance at the level of 0.005.
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oil pressure is low. -e engine speed is the main factor that
affects the dynamic load and sliding friction.

3.2. Result Analysis of RSM Tests

3.2.1. Speed Drop Analysis of RSM Tests. According to the
results of shift tests based on response surface methodology
in Table 2, multiple regression fitting was carried out
through auxiliary software Design-Export. And the binary
regression equation with speed drop y1 as the response value
was obtained. -e function is as shown below:

y1 � −28.56x1 − 0.41x2 − 0.008x1x2 + 4.66x
2
1

+ 0.0002x
2
2 + 320.83.

(4)

In function (4), x1 refers to oil pressure and x2 refers to
engine speed. Regression variance analysis and significance
test were performed on the model, and the results are shown
in Table 6.

-e total P value 1 of the model is< 0.0001, indicating
that the regression model is highly significant. -e value of
corrected correlation coefficient (R2

Adj) is 0.9917. It is proved
that 99.17% of the variation of speed drop comes from
engine speed and oil pressure, and the liner relationship is
significant. -erefore, this model can be used to analyze and
predict the speed drop.

-e variation coefficients (CV) reflect the confidence of
the model; the lower the value of CV, the higher the con-
fidence of the model. -e value of CV in this model is 1.96%;
it proves that the model can reflect the real value well.

When the value of P< 0.05, it proves that the influence of
this factor on the speed drop is very significant. As is shown
in Table 6, liner terms A and B and quadratic terms A2 and
B2 have significant influence. It proves that the relationship
between speed engine, oil pressure, and speed drop is not
simple linear. P-value 2 of interaction between oil pressure
and engine speed (AB) is 0.3025, and it proves that the
interaction influence is not as significant as other terms. -e
response surface diagram and contour map of interaction
between oil pressure and engine speed (AB) in the regression
model are shown in Figure 5.

It can be observed from Figure 5 that speed drop first
decreases and then increases with the decreases of oil
pressure and engine speed. -at is, the speed drop can
achieve a minimum value when the appropriate oil pressure
and engine speed are taken. -rough calculation, the
minimum value of speed drop within domain is obtained
when the oil pressure is 2.29MPa and the engine speed is
1222 r/min.

3.2.2. Dynamic Load Analysis of RSM Tests. Multiple re-
gression fitting was carried out through auxiliary software
Design-Export. And the binary regression formula with
dynamic load y2 as the response value was obtained. -e
function is shown in function 5. And regression variance
analysis and significance test were performed on the model,
and the results are shown in Table 7. In function 5, x1 refers
to oil pressure and x2 refers to engine speed.

y2 � −0.208x1 + 0.041x2 + 0.0005x1x2 − 0.033x
2
1

− 0.0000153x
2
2 − 24.609.

(5)

-e total P-value 3 of the model is 0.0037< 0.05, indi-
cating that the regression model is highly significant. -e
coefficient of adjustment is 0.8832; it proves that the fitting
accuracy of the model is high. -e value of variation co-
efficients (CV) in the model is 7.75%, and it is proved that
the model can better reflect the real value.

When the value of P< 0.05, it proves that the influence
of this factor on the speed drop is very significant. As is
shown in Table 7, liner terms A and B and quadratic terms
B2 have significant influence. -e influence of quadratic
terms A2 of oil pressure and interaction between oil
pressure and engine speed (AB) on dynamic load is not
very significant. -e response surface diagram and contour
map of interaction between AB in the regression model are
shown in Figure 6.

It can be observed from Figure 6 that dynamic load
increases with the increases of oil pressure and engine speed.
-e minimum value of dynamic load within domain is
obtained when the oil pressure is 3.86MPa and the engine
speed is 1294 r/min.

3.2.3. Sliding Friction Analysis of RSM Tests. Multiple re-
gression fitting was carried out through auxiliary software
Design-Export. And the binary regression formula with
sliding friction y3 as the response value was obtained. -e
function is as follows:

y3 � −4.466x1 − 27.349x2 − 1.22x1x2 + 144.183x
2
1

+ 0.0157x
2
2 + 16966.28.

(6)

In the function (6), x1 refers to oil pressure and x2 refers
to engine speed. And regression variance analysis and sig-
nificance test were performed on the model, and the results
are shown in Table 8.

-e total P-value 4 of the model is 0.0006< 0.05, indi-
cating that the regression model is highly significant. -e
value of corrected correlation coefficient (R2

Adj) is 0.8838,

Table 5: ANOVA with all-factor test for sliding friction.

Source of error Degree of freedom Sum of squares Mean square value Value of F Significance
Oil pressure A 4 3.38E+ 07 8.4E+ 06 22.33 ※
Engine speed B 4 3.28E+ 07 9.56E+ 06 25.20 ※※
Note. -e symbol ※ represents significance at the level of 0.05; the symbol ※※ represents significance at the level of 0.005.
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and the model can be used to analyze and predict sliding
friction.-e value of variation coefficients (CV) in themodel
is 8.87%, and it is proved that the model can better reflect the
real value. Since the value of A and B both < 0.05, therefore,
the linear terms of engine speed and oil pressure have a
significant influence on sliding friction. -e P-value 5 of
engine speed quadratic terms B2< 0.01, and the influence of
the term is significant.-e influence of quadratic termsA2 of
oil pressure and interaction between oil pressure and engine

speed (AB) on sliding friction is not very significant. -e
response surface diagram and contour map of interaction
between AB in the regression model are shown in Figure 7.

It can be observed from Figure 7 that the value of sliding
friction first decreases and then increases with the increases of
oil pressure and engine speed, and the decreasing range is
greater than the increasing range.-at is, the sliding friction can
achieve aminimumvaluewhen the appropriate oil pressure and
engine speed are taken. -rough calculation, the minimum
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Figure 5: Response surface diagram and contour map of oil pressure and engine speed on interaction of speed drop.

Table 6: Coefficient of regression equation and significance test for speed drop.

Source of variation Sum of squares R2 Degree of freedom Mean square value Value of F Prob> F Significance
Model 3073.53 5 614.71 288.35 <0.0001 ※※
A 1370.67 1 1370.67 642.97 <0.0001 ※※
B 1185.05 1 1185.05 555.90 <0.0001 ※※
AB 2.64 1 2.64 1.24 0.3025 ※
A2 497.70 1 497.70 233.47 <0.0001 ※※
B2 106.96 1 106.96 50.17 0.0002 ※※
Residual 14.92 7 2.13
Lack of fit 14.92 3 4.97
Pure error 0.00 4 0.00
Total variation 3088.45 12
-e symbol ※ represents significance at the level of 0.05; the symbol ※※ represents significance at the level of 0.005.

Table 7: Coefficient of regression equation and significance test for dynamic load.

Source of variation Sum of squares R2 Degree of freedom Mean square value Value of F Prob> F Significance
Model 3.53 5 0.71 10.58 0.0037 ※※
A 0.55 1 0.55 8.20 0.0242 ※※
B 2.43 1 2.43 36.47 0.0005 ※※
AB 1E-002 1 1E-002 0.15 0.7100 ※
A2 0.025 1 0.025 0.38 0.5587 ※
B2 0.54 1 0.54 8.06 0.0251 ※※
Residual 0.47 7 0.067
Lack of fit 0.47 3 0.16
Pure error 0.000 4 0.000
Total variation 3.99 12
-e symbol ※ represents significance at the level of 0.05; the symbol ※※ represents significance at the level of 0.005.
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Figure 6: Response surface diagram and contour map of oil pressure and engine speed on interaction of dynamic load.

Table 8: Coefficient of regression equation and significance test for sliding friction.

Source of variation Sum of squares R2 Degree of freedom Mean square value Value of F Prob> F Significance
Model 1.354E+ 007 5 2.709E+ 006 19.25 0.0006 ※※
A 5.104E+ 006 1 5.104E+ 006 36.27 0.0005 ※※
B 7.568E+ 006 1 7.568E+ 006 53.79 0.0002 ※※
AB 59536 1 59536 0.42 0.5361 ※
A2 4.763E+ 005 1 4.763E+ 005 3.39 0.1083 ※
B2 5.652E+ 005 1 5.652E+ 005 4.02 0.0851 ※※
Residual 9.849E+ 005 7 1.407E+ 005
Lack of fit 9.849E+ 005 3 3.283E+ 005
Pure error 0.000 4 0.000
Total variation 1.453E+ 007 12
Note. -e symbol ※ represents significance at the level of 0.05; the symbol ※※ represents significance at the level of 0.005.
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Figure 7: Response surface diagram and contour map of oil pressure and engine speed on interaction of sliding friction.
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value of sliding friction within domain is obtained when the oil
pressure is 4.43MPa and the engine speed is 1042 r/min.

4. The Comparison of Prediction
Accuracy between Four Modeling Methods

4.1. Evaluation Model of Shift Quality Based on Stepwise
Regression Analysis. In order to compare and verify the
accuracy of mathematical model based on response surface
methodology, the test data obtained by the RSM was used to
establish mathematical model in stepwise regression analysis
[26–29]. -e basic theory of stepwise regression modeling is
to conduct F-test for each stepwise introduced independent
variable and then conduct the t-test with the selected var-
iable if the variable is selected. If the test results are not
significant because of the introduction of new variables, the
variables that were just introduced will be removed. Stepwise
regression analysis of speed drop, dynamic load, and sliding
friction is conducted in Matlab Toolbox; the main program
is as follows: stepwise (X, Y, [1, 2], 0.05, 0.10). And X is the
combined factors in 13 groups of RSM tests, and Y is the
response value of each test. [1, 2] represents that there are
two independent variables in total. -e mathematical
models of speed drop y11, dynamic load y22, and sliding
friction y33 are shown as follows, and in the functions (7),
(8), and (9), x1 refers to oil pressure and x2 refers to engine
speed.

y11 � −38.65x1 − 0.44x2 + 4.66x
2
1

+ 0.000216x
2
2 + 351.059,

(7)

y22 � −0.208x1 + 0.041x2 + 0.0005x1x2

− 0.033x
2
1 − 0.000015x

2
2 − 24.6088,

(8)

y33 � −4.47x1 − 27.349x2 − 1.22x1x2

+ 144.183x
2
1 + 0.0157x

2
2 + 16966.3.

(9)

4.2. Accuracy of Prediction between Stepwise Modeling and
RSM Modeling. In order to verify the accuracy of the two
prediction mathematical models, 16 groups of test data
(Table 9) are used to calculate the prediction deviation of the
two mathematical models.

-e predicted value 1 is the predictive value of RSM
modeling, and the predictive value 2 is the predictive value of
stepwise modeling. -e results are shown in Table 10.

It can be concluded from Table 9 that the prediction
accuracy of the mathematical model of speed drop
established by stepwise regression method is 89.9%, 1.51%
higher than that obtained by RSM. -e prediction ac-
curacy of the mathematical model of sliding friction
established by stepwise regression method is 0.1% higher
than RSM. -e prediction accuracy of the mathematical
model of dynamic load is 91.8%, 8.7% higher than that
obtained by stepwise regression method. -erefore, the
regression model established by stepwise method can be
selected for the numerical prediction of speed drop and

sliding friction. And the mathematical model established
by RSM for the prediction of dynamic load has higher
accuracy.

4.3. Comparison of the Prediction Accuracy of Four Modeling
Methods. To compare more modeling methods, the general
linear regression analysis is carried out on the three eval-
uation indexes of segment change. And the data are nor-
malized to establish the normalized model. General linear
regression analysis models are shown in formulas (10), (11),
and (12), and x1 refers to oil pressure and x2 refers to engine
speed.

S1 � −16.8 − 10.69x1 + 0.09937x2, (10)

D1 � 2.802 + 0.2133x1 + 0.0045x2, (11)

H1 � −3664 − 652.2x1 + 7.942x2. (12)

Normalized regression models are shown in formulas
(13), (14), and (15), and x1 refers to oil pressure and x2 refers
to engine speed.

S2 � −1.423 − 0.2075x1 + 0.00193x2, (13)

D2 � −3.001 + 0.124x1 + 0.002616x2, (14)

H2 � −1.635 − 0.1711x1 + 0.002084x2. (15)

-e prediction accuracy of the four modeling methods is
shown in Table 11.

As can be seen from Table 11, the traditional range
analysis and variance analysis can only obtain the ranking of
the influence significance of the selected factors and then
select a group of working points from the given working
condition to make the shift quality better. -e value range of
this method is discontinuous and has great limitations.

Compared with the previous four modeling methods, it
can be found that the RSM proposed in this paper has the
highest accuracy when establishing dynamic load prediction
model. Stepwise regression analysis method has the highest
accuracy when establishing the prediction model of speed
drop and sliding friction work.

5. The Solutions of Optimal Shift Point

5.1. :e Establishment of the Total Shift Quality Model. In
order to obtain the value of each factor when the shift quality
is best, the comprehensive evaluation index related to speed
drop η1, dynamic load η2, and sliding friction η3 was
established. -e form is shown in

y � ω11η1 + ω22η2 + ω33η3. (16)

To get the best shift quality, the minimum value of y
needs to be calculated. -erefore, the value of weight co-
efficient ω11, ω22, and ω33 needs to be determined reasonably
to establish the comprehensive evaluation index. In this
paper, the variance analysis and weight determination are
combined, and themethod of variance weight determination
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Table 10: Comparison of predication accuracy between two models.

Numbers
of test

Parameters
Test value
of speed
drop/r/
min

Predictive
value 1/r/

min

Predictive
value 2/r/

min

Test value of
dynamic
load

Predictive
value 1

Predictive
value 2

Test value
of sliding
friction/KJ

Predictive
value 1/KJ

Predictive
value 2/KJ

1 83 93.604 97.255 2.13 1.719 2.09 3776 2386.4 4375.6
2 67.5 70.560 72.587 2.22 1.932 2.30 3290 3545.7 3534.9
3 55 52.434 51.217 2.45 2.158 2.53 2313 2729.4 2718.5
4 51 57.354 54.52 2.67 2.172 2.54 2283 2753.8 2742.9
5 139.75 98.684 100.743 2.35 2.528 2.97 7873 4954.3 4941.3
6 68.25 60.292 60.73 2.56 2.987 3.43 3768 3317.3 3304.2
7 60.25 59.184 58.00 2.66 3.182 3.62 3079 2833.7 2820.6
8 74.25 83.417 83.88 3.54 3.344 3.86 3719 4751.7 4736.3
9 70.5 62.042 62.51 3.66 3.771 4.29 3554 3447.4 3432
10 122.25 121.809 120.68 3.20 3.229 3.83 7269 7032.7 7014.7
11 77.25 80.167 80.66 3.97 3.887 4.49 4543 4907.7 4889.7
12 68.75 75.809 77.94 4.13 4.282 4.88 4246 3936.1 3918.1
13 157.75 139.854 137.13 3.12 3.119 3.81 9184 8543.2 8522.5
14 112.5 113.559 112.46 3.56 3.532 4.22 7201 7214.5 7193.7
15 92.5 88.934 91.09 4.04 4.158 4.85 5207 5422.2 5401.4
16 76.25 90.603 94.39 4.12 4.372 5.06 4859 4958.6 4937.8
Mean
deviation 0.1161 0.101 0.082 0.169 0.114 0.113

Forecast
precision 88.39% 89.9% 91.8% 83.1% 88.6% 88.7%

Table 11: Comparison of predication results of different modeling methods.

Prediction
value

General linear
regression analysis

Normalized
regression model RSM

Stepwise
regression
analysis

Range analysis and variance analysis

Speed drop 0.847 0.801 0.883 0.899
-e oil pressure is the main factor affecting speed drop
and engine speed is the main factor affecting dynamic

load and sliding friction.

Dynamic
load 0.893 0.833 0.918 0.831

Sliding
friction 0.844 0.391 0.886 0.887

Table 9: Table of 16 groups of test data.

Numbers Oil pressure (MPa) Engine speed (r/min) Speed drop (r/min) Dynamic load Sliding friction (KJ)
Test 1 1 1040 83 2.13 3776
Test 2 2 1040 67.5 2.22 3290
Test 3 4 1040 55 2.45 2313
Test 4 5 1040 51 2.67 2283
Test 5 1 1140 139.75 2.35 7873
Test 6 3 1140 68.25 2.56 3768
Test 7 5 1140 60.25 2.66 3079
Test 8 2 1240 74.25 3.54 3719
Test 9 4 1240 70.5 3.66 3554
Test 10 1 1340 122.25 3.2 7269
Test 11 3 1340 77.25 3.97 4543
Test 12 5 1340 68.75 4.13 4246
Test 13 1 1440 157.75 3.12 9184
Test 14 2 1440 112.5 3.56 7201
Test 15 4 1440 92.5 4.04 5207
Test 16 5 1440 76.25 4.12 4859
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is proposed for the establishment of multiobjective
functions.

-e weight is the numerical expression of the importance
of the index in the overall evaluation index, and the larger
the value, the greater the influence of the index on the whole.
Variance is the degree to which a group of data deviates from
the mean and the amount of data fluctuation. When the
variance of a certain evaluation index is large, it indicates
that the evaluation index fluctuates greatly and has a great
influence on the overall evaluation index. -erefore, the
weight of the index should be the corresponding propor-
tional value.

-ere are three steps to determine the weight of the
comprehensive evaluation index. Firstly, the data of
speed drop η1, dynamic load η2, and sliding friction η3
need to be normalized. Secondary, the variances of speed
drop η1, dynamic load η2, and sliding friction η3 after
being normalized are obtained. Finally, the sum of the
weights 1 is divided according to the variance ratio. -e
specific values of ω11, ω22, and ω33 are obtained and then
substituted into formula (10). In the paper, the variance
of the normalized speed drop is 0.0659, the variance of the
normalized dynamic load is 0.1202, and the variance of
normalized sliding friction is 0.0686. -erefore, the
corresponding value of ω11 is 0.258, ω22 is 0.472, and ω33
is 0.27. And the mathematical model of the compre-
hensive evaluation index is obtained as follows, and in
function 17, x1 refers to oil pressure and x2 refers to
engine speed.

y � −0.198x1 + 0.0172x2 + 2.89 × 10− 4
x1x2

+ 1.34 × 10− 3
x
2
1 − 6.16 × 10− 6

x
3
2 − 10.302.

(17)

5.2. :e Calculation of Optimal Shift Working Point. -e
comprehensive evaluation mathematical model of shift
quality is drawn in Matlab and it is as shown in Figure 8. It
can be seen from the figure that, with the increase of oil
pressure and engine speed, the value of the comprehensive

evaluation index increases gradually. -erefore, the best oil
pressure at the working point is 1MPa and the best engine
speed at the working point is 1040 r/min.

6. Conclusions

In this paper, the HMCVT independently designed by our
group is taken as the research object to study the shift
process of HM1 to HM2. And the following conclusions
were drawn:

(1) -e paper proposed the RSM to design bench test
of shift quality. Compared with the traditional test
scheme, the number of tests is reduced by 48%, and
the test efficiency is improved. -e research
method proposed in this paper provides a new
experimental scheme for the related research. At
the same time, this method analyzes the rela-
tionship between each factor and response surface
intuitively through RSM. -e modeling results of
RSM show that the optimal oil pressure to make
the speed drop lowest is 2.29MPa and the engine
speed is 1222 r/min. -e optimal oil pressure to
make dynamic load lowest is 3.86MPa and the
engine speed is 1294 r/min. -e optimal oil
pressure to make sliding friction lowest is
4.43MPa and the engine speed is 1042 r/min.

(2) Aiming at the defects of traditional research of shift
quality, this paper proposes a mathematical model
to establish the evaluation index of shift quality, and
an improvement is made in the analysis method of
test results. -e results show that for 16 groups of
test data. -e maximum accuracy of the model of
speed drop and sliding work established by stepwise
regression method was 0.899 and 0.887. -e
maximum accuracy of the dynamic load model
established by RSM is 0.918, and the obtained
models can be used as prediction models to improve
the research efficiency.

(3) In this paper, the variance weight method is pro-
posed to establish the comprehensive evaluation
index. -is method reflects the coefficient of varia-
tion of a single evaluation index by the degree of
variance fluctuation. At the same time, the method is
combined with the data normalization processing to
get the true variance and further determine the
weight value of each evaluation index. Compared
with the traditional method of subjectively deter-
mining the importance of each index, the method
proposed in this paper is more objective. -rough
this method, the optimal oil pressure to make the
shift quality best in this transmission scheme is
1MPa and the engine speed is 1040 r/min.

Data Availability

-e data used to support this paper are available from the
corresponding author upon request.
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pressure and engine speed on the interaction of sliding friction.
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