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Abstract: In order to improve the shifting quality of pure electric commercial vehicles, a torque
control strategy based on the driving intention during the shifting process is presented in this paper.
Firstly, dynamic analysis is conducted on the lifting and twisting stage in the two-speed Automated
Mechanical Transmission (AMT) shift process without a synchronizer. Secondly, fuzzy identification
is performed on the driver’s expected acceleration, incorporating the driver’s acceleration intention
into the lifting and twisting process, and, further, the output time correction factor k is deblurred.
Finally, the control time of the lifting and reducing torque is corrected to achieve dynamic adjustment
of the control parameters during the shift process. The actual vehicle test results indicate that the
proposed control strategy can enhance the shifting quality and adapt the performance of a vehicle to
the driver’s expectations and requirements.

Keywords: pure electric vehicle; two-speed AMT; shift process; test verification

1. Introduction

New energy vehicles are the trend in global development and vigorously developing
new energy vehicles can effectively alleviate energy and environmental pressures [1]. Up
until now, direct drive mode has been widely used in pure electric commercial vehicles,
which has the problem of high energy consumption, while transmission can take advantage
of the efficient working range of the driving motor to reduce the energy consumption of
the vehicle. AMT can achieve automatic and manual shift mode switching, with relatively
low technical difficulty and reliable operation, which solves the contradiction between
the driving pleasure of manual shift and the safety and convenience of automatic shift.
With the accelerated development of the “new four modernizations” trend in automo-
biles, competition among automobile enterprises is becoming increasingly fierce. Various
manufacturers intensively release and launch their own AMT products for the purpose of
improving the convenience and comfort of driving operations, reducing driver fatigue and
improving fuel economy. Therefore, two-speed AMT with a high transmission efficiency
and low development cost is an important development direction for the pure electric
vehicle industry [2].

The core of AMT is the control strategy and the quality of this strategy directly
determines the performance of the vehicle’s driving performance, which is a manifestation
of intelligence. The higher the level of intelligence, the more capable it is of driving
according to the driver’s inclination. Liu Wengguang et al. [3] made use of a fuzzy control
algorithm to design a shift controller based on the driver’s power demands, but the shift
process was not studied. Wang Dafang et al. [4] studied the shift control of AMT without a
clutch synchronizer, but control optimization was only applied to the gearshift actuator.
Xiao Lijun et al. [5] proposed a comprehensive coordinated control method for driving
motors and the results of the bench tests prove that this method makes the shifting process
faster. In [6,7], the objective of the research is focused on the motor speed control and
the dynamic characteristics of the shift actuators, respectively, without taking the impact
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of the lifting and twisting stage on the transient state of the gear-shifting process into
consideration. Based on the control strategy of the optimal controller, the quality of the
shifting process is improved, and it is pointed out that the lifting and twisting stage of the
driving motor has the most significant influence on the shifting quality [8,9].

With the rapid advancement of science and technology, intelligent control algo-
rithms have been applied to AMT control systems, making AMT more adaptable to the
needs of drivers. Aiming at the time-varying problem of shift actuator parameters, Lin
Cheng et al. [10] developed a hierarchical state estimation and parameter identification
method based on the nonlinear H∞ algorithm to improve the shift performance. Ref. [11]
put forward a double-loop self-learning fuzzy control method, in which the outer loop
adjusts the expected trajectory of the motor and the inner loop tracks the expected trajectory,
effectively addressing the nonlinear problem during gear shifting. Refs. [12–14] presented
a shift control strategy based on a variational method, which can actualize speedy shift-
ing. By combining the Udwadia–Kalaba method with PID, trajectory tracking control for
different shifting targets was materialized [15,16]. For the sake of solving the problem of
frequent shifting, the multiobjective optimization particle swarm optimization method
is adopted to eliminate unnecessary gear shifting [17]. Liu Tong et al. [18] exploited the
segmented control concept based on model predictive control for the shifting process,
which efficaciously improved the smoothness of shifting and reduced shift jerk. Also to
reduce shift jerk, a study was carried out in which feedback compensation was applied
to the speed command output of the PI speed controller, as well as the motor inertia and
friction calculated for the feedforward compensation at actual speeds, and the real vehicle
tests show that the proposed method had better speed response characteristics [19]. Fur-
thermore, neural networks have a profound impact on gear-shifting strategies. For instance,
Lin Xinyou et al. [20] utilized LVQNN and FNN to identify the driving style and driving
intention in real time, respectively. Then, dynamic correction factors were introduced to
optimize the shifting strategy. The hardware-in-the-loop experiments demonstrate that the
proposed strategy can meet the requirements of various driving styles.

In the latest research, a concept of shift control based on dynamic programming was
proffered, in which the shift loss caused by the shift actuator was considered and the
efficiency was improved [21]. Taking the two-speed AMT of a battery electric vehicle
as the research object, a combination shift control strategy including segmented speed
regulation control and torque recovery control was developed in [22]. The switching points
of proportional integral control and sliding mode control during the speed regulation
process were adaptively optimized. The experiment verified that the proposed control
strategy can not only ensure an impact within a predetermined range but also achieve
the optimal shifting time. Md Ragib Ahssan et al. [23] came up with a three-parameter
shift scheduling strategy, which used heuristic methods to develop two shifting schemes.
The vehicle acceleration and road slope and the gradient descent and pattern search
methods were used to optimize the transmission ratio and main shifting scheme, respec-
tively. The experimental results showed that this method saved energy in large and small
electric vehicles.

According to the aforementioned literature analysis, it is worth emphasizing that
most studies fail to make real-time adjustments to the rate of torque unloading and the
recovery stages of the drive motor for different driving conditions. This article takes the
integrated system of the drive motor and AMT as the research object. Section 2 analyzes
the shifting process of the two-speed AMT and identifies the driver’s intention using
fuzzy identification to realise dynamic adjustment of the control parameters during the
shifting process, which are given in Section 3. The actual vehicle test results show that this
optimization method can meet the driver’s demands for the shifting time according to their
expectations and achieve an improvement in the shift quality.



World Electr. Veh. J. 2024, 15, 44 3 of 14

2. Analysis of Shift Process of AMT without Synchronizer

The shift control of the drive motor +AMT integrated system of pure electric vehicles
mainly includes five processes: unloading, removing gear, driving motor speed regulation,
gear hanging and torque recovery. The specific shift process is shown in Figure 1.
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Figure 1. Shift process diagram.

Preserving the main dynamic characteristics of motor, AMT input and output shafts, as
well as the vehicle, and it is reasonable that ignoring secondary factors such as damping and
internal friction, then a simplified dynamic model of the transmission system is established,
as shown in Figure 2.

World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW 3 of 15 
 

2. Analysis of Shift Process of AMT without Synchronizer 

The shift control of the drive motor +AMT integrated system of pure electric vehicles 

mainly includes five processes: unloading, removing gear, driving motor speed regula-

tion, gear hanging and torque recovery. The specific shift process is shown in Figure 1. 

Shift or not

TCU sends torque 
reduction command 

to MCU

Whether the torque of the driving 
motor is reduced to the target value 

TCU sends speed regulation 
instruction and corresponding speed 

target value to MCU

TCU sends up torque command to MCU

End

Gear removal

Whether the gear point is in 
neutral position

Whether the speed regulation is 
completed

Put into gear

Whether the gear point is at the 
target position

Drive motor torque rise target value

Start

No

No

No

Yes

Yes

No

No

No

Yes

Yes

Yes

Yes

 

Figure 1. Shift process diagram. 

Preserving the main dynamic characteristics of motor, AMT input and output shafts, 

as well as the vehicle, and it is reasonable that ignoring secondary factors such as damping 

and internal friction, then a simplified dynamic model of the transmission system is es-

tablished, as shown in Figure 2. 

𝑇𝑒  
 

ω𝑒  
𝐽𝑖𝑛  

𝑖𝑔  𝑖0 

ω1 

𝑇2 𝑇2 

ω2 
𝐽𝑜𝑢𝑡  

𝑇
Ψ
 

 

Figure 2. Simplified Model of Electric Drive AMT Transmission System. 

According to Newton’s Second Law, a dynamic relationship can be denoted as fol-

lows [24]: 

e 2

2

1

2

2

0

0 ( )
D

0 ( )

g gin

out

T T

i iJ t

J t T
T

i






 
− 

     =        − 
 

 (1) 

1e gi =  (2) 

Figure 2. Simplified Model of Electric Drive AMT Transmission System.

According to Newton’s Second Law, a dynamic relationship can be denoted as fol-
lows [24]: [

Jin 0
0 Jout

]
·D
[

ω1(t)
ω2(t)

]
=

[ Te
ig
− T2

i2g
T2 − TΨ

i0

]
(1)

ωe = ω1ig (2)

where Jin and Jout are the moment of inertia converted to the AMT input shaft and output
shaft, respectively. D represents the differential operator, ωe is the rotor speed of the drive
motor, ω1 is the target gear speed of the meshing sleeve, ω2 is the speed of the AMT
output shaft; Te is the torque of the driving motor, T2 is the torque of the AMT output
shaft, TΨ is the ground resistance moment, ig is the AMT transmission ratio, i0 is the main
reduction ratio.
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Analyze the various stages of the shifting process based on the established transmis-
sion system model:

2.1. Driving in Original Gear

Taking upshifting as an example, when the gearbox is in first gear without shifting, the
gear end of the gear sleeve engages with the gear ring of the first gear. Power is transmitted
from the gear ring of the first gear to the gear sleeve, and then to the output shaft through
the gear sleeve. The following relationship can be obtained: Jin1

dω1(t)
dt = Te(t)

ig1
− T2(t)

i2g1

Jout
dω2(t)

dt = T2(t)− TΨ(t)
i0

(3)

where Jin1 is the moment of inertia on the AMT input shaft in first gear, ig1 is the first gear
ratio of the transmission.

Formula
.

ω1 =
.

ω2 can be formulated by ω1 = ω2, then eliminating T2(t), it can be
written as:

.
ω2 = a0Te(t)− a1TΨ(t) (4)

where

a0 =
ig1

Jout + Jin1i2g1
(5)

a1 =
1

Jouti0 + Jin1i2g1i0
(6)

Thus, jerk can be denoted by the following equation:

jv =
dav

dt
=

..
ω2(t)

rr

i0
=

a0rr

i0

.
Te(t)−

a1rr

i0

.
TΨ(t) (7)

where rr is the rolling radius of the wheel.
According to (7), jerk mainly depends on the change rate of driving motor torque

Te and the change rate of driving resistance moment TΨ. It is generally believed that the
driving resistance acting on the vehicle that the change is very little during an extremely
short shifting time, that is,

.
TΨ(t) = 0, so the jerk is positively correlated with the rate

of change of the output torque of the motor. Therefore, the main factor that causes the
impact change during the shift of transmission system is the change rate of output torque of
driving motor.

2.2. Uninstall Phase

The first stage of the gear-shifting process is to unload the driving motor, which
represents the process of setting the output torque of the drive motor to zero before the start
of gear removal. Due to the unchanged position of each component during the unloading
process, the dynamic analysis is the same as the original gear. According to Equation (7),
the key factor leading to change in impacting during the unloading stage is the rate of
change of the output torque of the driving motor.

2.3. Picking, Speed Regulation, and Hanging Gear Stages

The drive motor is in free mode without torque output during gear-shifting, and the
vehicle jerk at this stage can be ignored. During the speed regulation stage, the power
transmission between the power source and the transmission system is interrupted, so the
torque change of the drive motor at this stage will not have an impact on jerk.
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2.4. Torque Recovery Stage

The torque recovery process is the transition between gear-shifting and normal driving
in the new gear, then the drive motor enters torque mode from free mode. It is the same as
the position of AMT components when driving in a new gear, and the dynamic relationship
is completely consistent, hence the relationship can be expressed as follows: Jin2

dω1(t)
dt = Te(t)

ig2
− T2(t)

i2g2

Jout
dω2(t)

dt = T2(t)− TΨ(t)
i0

(8)

where Jin2 is the moment of inertia on the AMT input shaft in second gear, ig2 is the second
gear ratio for the transmission.

Based on Equation (8)
.

ω2 = a3Te(t)− a4TΨ(t) (9)

where

a3 =
ig2

Jout + Jin2i2g2
(10)

a4 =
1

Jouti0 + Jin2i2g2i0
(11)

Thus, jerk can be denoted by the following equation:

jv =
dav

dt
=

..
ω2(t)

rr

i0
=

a3rr

i0

.
Te(t)−

a4rr

i0

.
TΨ(t) (12)

Like the unloading stage, the torque recovery stage also has a significant impact on
vehicle impact. At the beginning of the torque recovery phase, the output torque of the
drive motor is zero, and when TCU detects the output torque of the drive motor reaches
the preset condition, the phase ends.

2.5. New Gear Driving

The end of the torque recovery phase signifies the completion of the gear-shifting.
TCU continues to monitor information such as vehicle speed and pedals, and determines
whether to enter the shift process based on the preset shifting pattern.

3. Control of Lifting and Twisting Process Based on Driver Intention Identification

Since the driver’s operation and the vehicle’s state are different during each shift, it is
difficult to adapt to the driver’s demand for AMT shift quality under different conditions if
the unified lifting and lifting torque rate is adopted. Therefore, the fuzzy control algorithm
is used to recognize driving intention, which is apt to be realized in the controller and
promote the current level of intelligent shifting [25].

There are two boundary conditions for the designed lifting torsional rate: one is the
fastest lifting and twisting rate, which means that the lifting and twisting rate should not
exceed the rate corresponding to the maximum impact standard adopted in this article; the
other is the slowest lifting and twisting rate, which means that the lifting and twisting rate
should not be less than the rate corresponding to the maximum lifting and twisting time
allowed in this article. The corresponding lifting and twisting rate based on the driver’s
expected lifting and twisting time should change between them, as shown in Figure 3.

As can be seen from these two figures, tmax is the maximum allowable time for torque
reduction or increase set in this paper, tmin is the minimum torque reduction or increase
time corresponding to the maximum jerk allowed in this article, and jmax is taken as
17.64 m/s2.
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Figure 3. (a) Range of torque slope variation during torque increase processes; (b) Range of torque
slope variation during torque reduction processes.

3.1. Establishing a Fuzzy Controller

In this paper, the accelerator pedal opening and its change rate are selected to reflect
the driver’s expectation. According to the driver’s operation of the accelerator pedal,
the driver’s intention is divided into sudden deceleration, general deceleration, cruise,
general acceleration, and sudden acceleration, which correspond to slow gear shifting,
medium-slow gear shifting, medium-speed gear shifting, medium-fast gear shifting, and
fast gear shifting respectively. The membership function of the input and output variables
of the fuzzy controller is shown in Figure 4.
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The fuzzy inference rules are shown in Table 1.

Table 1. Fuzzy Rule Table for Driving Intention Identification.

Accelerator Pedal Opening
Accelerator Pedal Opening Change Rate

NB NM NS ZO PS

NB PB PB PM PM PS
NM PB PM PM PS PS
NS PM PS PS PS ZO
ZO PB PM PS ZO PS
PS NM NS ZO PS PS

The numerical model is shown in Figure 5.
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After using Mamdani fuzzy inference and barycenter method to identify the driver’s
intention, the corresponding time correction factor k can be output and quantized to calculate the
required time t for each stage of lifting and twisting [26], which is t = tmax− k × (tmax − tmin),
as shown in Table 2. And the fuzzy control logic is shown in Figure 6.

Table 2. Time correction factor k under different driving intentions.

Driving Intention k t

S k = 0 tS = tmax
MS k = 0.2 tMS = tmax − 0.2 × (tmax − tmin)
M k = 0.4 tM = tmax − 0.4 × (tmax − tmin)

ML k = 0.6 tML = tmax − 0.6 × (tmax − tmin)
L k = 0.8 tL = tmax − 0.8 × (tmax − tmin)
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3.2. Simulation and Analysis of Driving Intention Recognition

The urban driving cycle (Figure 7) and suburban driving cycle (Figure 8) in WLTC
driving cycle were used for simulation to validate the driver’s intention recognition model
in this paper.
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In urban areas, vehicles mainly operate at low and medium speed, and the fluctuation
of accelerator pedal opening and its rate of change fluctuate slightly and remain at a rela-
tively low level. After identification by the off-line table of driving intention identification
and the time correction factor table, it is recognized that the driving intention is mainly
shifting at slow, medium slow and medium speed, with a time correction factor k of 0.2–0.6.

In suburban areas, vehicles mainly run at medium and high speed, with significant
fluctuations in the opening and rate of change of the accelerator pedal, which is relatively
maintained at a high level. Through the off-line table of driving intention identification and
the time correction factor table, it is discerned that the driving intention is mainly medium
speed, medium fast and fast shifting, with a time correction factor k of 0.6–1.

As a whole, it can be seen that the identified correction factor k is consistent with
the driver’s expected shift quality requirements under different driving intentions in
reality. Drivers shift gears gently when driving at a smooth deceleration to improve
vehicle comfort; rapid gear-shifting during intense acceleration can ascending the vehicle’s
dynamic performance, which indicates that the identification algorithm proposed in this
paper is effective.

4. Real Vehicle Verification
4.1. Build a Real Vehicle Test Platform

After integrating the control strategy of the above test and other programs, it is burned
into the pure electric test commercial vehicle TCU for real vehicle road test verification.
The vehicle parameter configuration is shown in Table 3.

Table 3. Vehicle parameter configuration table.

Parameter Numerical Value

Curb weight of the whole vehicle 3100 kg
Empty axle load mass (front/rear) 60,000 kg
External dimensions (L × W × H) 5995 × 2300 × 3140 mm

Wheelbase 3300 mm
Rolling radius 364 mm
Vehicle power 87 kWh

Motor rated/peak power 50/85 kW
Transmission first/second gear ratio 3.77/1.44

Rear axle final drive ratio 6.166
Maximum speed 90 km/h

The test conditions are chose to be calm and straight to reduce the influence of traffic
and road conditions on the test. Then the vehicle-following test is carried out to verify the
availability of the torque control strategy based on driving intention on this commercial
vehicle. The test sample vehicle and real vehicle test platform are shown in Figure 9.
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By comparing the shifting time and shifting impact with traditional shifting strategies
under the same accelerator pedal opening and accelerator pedal opening change rate, it
is determined whether the shifting control is in line with the driver’s expectations under
different driving intentions.

4.2. Analysis of Experimental Data

Under the same road conditions, several sets of shift curves with different accelerator
pedal opening and its change rate were tested, and the required data of the whole vehicle
were calibrated by CANape(12.0), as shown in Figure 10.
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Taking the example of shifting from first gear to second gear, slow shifting, medium
slow shifting, medium fast shifting and fast shifting were tested according to the strategy.
Due to space limitations, this article only provides examples of slow gear-shifting, medium
fast gear-shifting and fast gear-shifting.

Figures 11–13 show a comparison of the shifting quality of vehicle before and after
optimization during slow, medium-speed and rapid shifting process, respectively. In
Figure 11a, the accelerator pedal opening is reduced from 0.72 to 0.18 at a rate of 0.9/s. In
Figure 11b, the driver’s intention is recognized, and at 0.73 s, the driver’s intention is 0.0981,
which is a slow shifting with a corresponding time correction factor of 0.2. Figure 11c
is a shift graph without optimized shift control strategy and it can be seen that the shift
scheduling changes from 3 to 2 at 0.731 s, indicating that the TCU has switched from in-gear
operation mode to gear change mode. At this time, the driving motor entered the torque
reduction stage. With the gradual reduction of motor torque, the absolute value of vehicle
jerk finally stabilizes at around 8.34 m/s3, and the final torque reduction time is 0.224 s.
After the torque reduction of the driving motor is completed, it enters the process of picking,
speed regulation and hanging gear, which takes 0.216 s. Then it enters the motor torque-up
stage, and the vehicle jerk is stable at around 5.92 m/s3 with a torque-up time of 0.103 s.
After the upshift is completed, the gear shift scheduling is switched from 2 to 3, and the
TCU is switched from changing gear mode to in-gear operation mode, ending the gear shift
process. Figure 11d shows the shift curve of the optimized shift control strategy. According
to the identified driving intention and corresponding time correction factors, for shifting,
the torque reduction time is 0.3 s, and the absolute value of vehicle jerk is maintained
between 3.375 and 3.615 m/s3. The processes of gear shifting, speed regulation, and gear
shifting on a total of 0.213 s and the time of upgrading the torque is 0.18 s. The absolute
value of vehicle jerk is maintained between 2.683 and 2.724 m/s3. It can be concluded
that the total shift time has been extended by about 30.18% and the shift impact has been
reduced by about 56.6% after adopting the optimized control strategy. Although the shift
time has been prolonged, the comfort has been obviously improved, which is in line with
the driver’s intention.
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Figure 11. Comparison diagram of vehicle shifting quality before and after optimization of slow
shifting process.
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Figure 12. Comparison diagram of vehicle shifting quality before and after optimization of medium-
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Figure 12a shows the accelerator pedal opening and Figure 12b shows the driving
intention. From the shift curves without optimization in Figure 12c and optimized in
Figure 12d, it can be seen that the torque reduction time is around 0.233, and the jerk is
maintained between 7.987–8.3853 m/s3. The time of the off-gear, speed regulation and
hanging gear is basically the same, the torque increase time is about 0.242 s, and the jerk is
kept between 5.241–6.097 m/s3. From this, it can be seen that the driver’s intention is to
shift at a medium speed, with basically the same shifting time and roughly the same jerk,
and the shift quality is between power and comfort. However, when using the optimized
shifting strategy for testing, the driver’s subjective feedback is better. The vehicle has
neither a strong sense of power loss nor a noticeable sense of nodding and pushing back,
which can strongly prove that the optimized control strategy can effectively improve the
shift quality.

Figure 13a shows the accelerator pedal opening and Figure 13b shows the driving
intention. As shown in Figure 13c. The torque reduction time is 0.179 s, the shifting impact
is stable at around 8.514 m/s3, the torque rise time is 0.292 s and the vehicle jerk is stable
at around 6.382 m/s3 when no optimization is adopted. From the optimized shift curve
in Figure 13d, it can be seen that the torque reduction time is 0.112 s, the shifting impact
is maintained between 12.053 and 12.712 m/s3, the torque increase time is 0.189 s, and
the shifting impact is maintained between 9.398 and 10.387 m/s3. After adopting the
optimization, the shifting time is reduced by 27.4% and the jerk is increased by 45.71%. It
can be seen that according to the recognition of the driver’s intention, the shifting quality
gradually shifts from comfort to shifting power with the acceleration of working conditions,
which can prove the effectiveness of the control strategy proposed in this paper.

At the same time, it can be seen from the various figure that jerk is also generated
during the stages of gear removal, speed regulation and gear hanging, but it is basically
negligible compared with the impact in the motor lifting torque stage [23]. This is also the
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significance of this study, which is to determine the time of the lifting and twisting stage
based on driving intentions to control the driving motor to achieve effective improvement
of shifting quality at the corresponding lifting and twisting rate.

5. Discussion

This article is based on establishing a dynamic model of the shifting process, the
mechanism of vehicle jerk at different stages of shifting process was analyzed. The fuzzy
control algorithm was utilized to input the accelerator pedal opening and its change
rate to identify the driver’s intention, then the driver’s expected time was judged by the
corresponding time correction factor K under different driving intentions. The driving
motor’s rise and fall torque rate was output through the control formula, and the driving
motor was controlled by this rate, thus completing the shift control based on the driver’s
intention recognition. A real vehicle test platform for experimental verification was built,
and the experimental results verified that this optimization method can meet the driver’s
demand for shifting quality based on their expectations and achieve the improvement of
shifting quality.

In this paper, the research on two-speed AMT transmission has made some progress,
but there are still some aspects that need to be perfected and improved. The fuzzy control
algorithm is used to identify the driver’s expected shift type, which belongs to the empirical
model, and there is a certain error between the identified result and the actual result.
Subsequently, by collecting a large amount of actual driving data from drivers as a basis, or
more intelligent algorithms can be used to identify the driver’s expected shifting type.

6. Conclusions

The shift process control strategy based on driving intention proposed in this study
utilized a fuzzy controller to automatically identify the driver’s expected shifting type, and
conducted real vehicle verification on slow, medium, and fast shift. After optimization, the
jerk of the slow shifting process was reduced by 56.6%, and the shifting time was extended
by 30.18%; the jerk and shifting time during medium speed shifting process were roughly
the same; the fast shifting process shortened the shifting time by 27.4% and increased the
jerk by 45.71%. In summary, this strategy can adjust the torque change rate of the driving
motor during the unloading and recovery stages in real time, balance shifting time and jerk
and improve shifting smoothness and shifting power, and can offer a theoretical reference
for the real vehicle control engineering.
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