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Abstract. This paper studies the shifting strategy based on an electric bus.
According to the development performance requirements of the bus, a dynamic
shifting strategy and an economical shifting strategy are formulated respectively.
Among them, the dynamic shifting strategy is mainly based on the principle of
maximum acceleration to formulate corresponding shifting strategy, and the eco-
nomical shifting strategy is mainly formulated based on the test data of the motor
bench and the characteristics of the vehicle speed and efficiency curve under dif-
ferent accelerator pedal depths. Finally, build an AVL CRUISE vehicle simulation
model to simulate and analyze the shifting strategy of the electric bus and a test
platform for testing. Simulation and test results show that the proposed shifting
strategy is feasible.

Keywords: Shifting strategy - AVL CRUISE - Optimization

1 Introduction

The application of computer modeling and simulation technology can effectively reduce
the vehicle development cycle and cost. AVL CRUISE is an advanced simulation analysis
software for the study of vehicle power performance, fuel economy, emission perfor-
mance and braking performance. It is a positive and modular simulation platform, which
not only improves the efficiency of research and development, but also has practical
significance for industry exchanges and common progress.

For an electric bus, the drive motor is its only power source. When climbing a hill
or under heavy load, the motor needs to provide a large torque. In order to reduce the
torque requirements for the motor, a multi-speed transmission is required. At present,
multi-speed has become the development trend of electric vehicles. Formulating an
appropriate gear shifting strategy has an important impact on improving the power
performance and economy of the vehicle. Therefore, it is of great significance to study
the shifting strategy of electric vehicles [2]. Based on an electric bus, this paper studies
the dynamic shifting and economical shifting strategies respectively [3]. Among them,
the formulating principle of the power shift strategy is: formulate the corresponding
shifting strategy according to the principle of maximum acceleration [4]; the formulating
principle of the economical shifting strategy is: according to the test map data of the
motor bench, combined with different accelerator pedal depths, formulate according to
the principle of optimal shift point efficiency [5]. Finally, the AVL CRUISE vehicle
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simulation model and test platform are built to verify the feasibility of the shifting
strategy.

2 Powertrain Matching

There is a 12m electric bus. The parameters of the bus are shown in Table 1. The design
indicators are:

(1) the maximum speed is greater than or equal to 100 km/h;

(2) themaximum grade is greater than 15% (the speed of climbing is 10 km/h), Continue
to climb 7% of the vehicle speed (climb speed 15 km/h);

(3) The acceleration time of 0—50 km/h is less than 20 s.

Table 1. Vehicle parameters

Vehicle mass (kg) 18000 Windward area (mz) 6.7
Drag coefficient 0.55 Transmission efficiency 0.92
Coefficient of Rolling Resistance | 0.012 Main transmission ratio coefficient | 5.7

First, determine the power of the motor. It needs to meet the requirements of the
maximum speed, maximum grade and acceleration time of the bus [6]. Calculate the
maximum speed demand power P according to the maximum speed index, calculate
the demand power P; according to the demand index of the maximum grade, and cal-
culate the demand power P3 according to the acceleration performance index, Ppax >
max[P1,P2,P3].

Calculate the required power at the maximum speed according to formula (1):

Vimax Cp -A~v12naX
P = cgf 4 =22 Vmax 1
' 3600n, (m A TRE 1)

Substituting the vehicle parameters into the above equation, the maximum vehicle
speed and power demand curve can be obtained, as shown in Fig. 1. According to the
design requirements, the maximum speed is 80 km/h. Therefore, the required power
corresponding to the maximum speed of the electric vehicle is P1~91.88 kw.

Calculate the required power for the maximum gradeability according to formula

2):

Py, = i
360007 21.15

_ Cp-A-v}
m-g-f -coSOmax +m-g-SiNtmax + ———— ()
Substituting each parameter into the above formula, the road gradient and power
demand curve can be obtained, as shown in Fig. 2. The required power for 15% gradient
and 10 km/h is P, = 84.58 kw.
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Fig. 1. Vehicle speed and power demand curve
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Fig. 2. Power demand curve with a slope of 15%

Calculate the required power for the maximum gradeability according to formula

Q3):

v

m
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Substituting the parameters into the above formula, the curve of vehicle acceleration
performance and power demand can be obtained, as shown in Fig. 3. According to the
design index requirements: 0~50 km/h acceleration time should be less than 7s, P3 =
123.31 kw.

t(s) v(km/h)

Fig. 3. Vehicle acceleration performance and power demand curve



Shift Strategy Development for Electric Bus 29

According to the design index of the maximum speed, the maximum speed of the
motor is determined by the formula (4), and npax > 2982r/min is calculated.

ig - i -V

_ g0V 4
"= 03771 @)

According to the maximum climbing index and the continuous climbing index, the
peak torque and rated torque of the powertrain are determined by formula (5) and formula
(6). Substituting into the calculation can get M > 2737.1N.m, Me > 1346N.m.

F;-r mgf cosa +mgsina) - r
My TUT_ (mefeosatmgsine) )
nr - - g nr -lg - o
Fi-r mgf coso +mgsind) - r
Me> LT (el cosddmgsind) ©)
nr-1o - lg nr -ig - 10

According to the existing powertrain products, a motor with a peak power of 150 kW,
apeak torque of 1500 N.m and a maximum speed of 3200r/min was finally selected. Then,
matched with a two-speed transmission, the first gear ratio was 2.5, and the second gear
ratio was 1, the maximum output torque of the powertrain is: 3750 N.m. The powertrain
parameter table is shown in Table 2.

Table 2. Powertrain Parameters

Transmission ratio 2.5 Motor peak power 150 kW

maximum speed(r/min) 3200 maximum torque(N.m) 1500

3 Shift Strategy Formulation

The electric bus is driven by an electric motor, which is different from the traditional
engine and has its own characteristics. The formulation of the shifting strategy affects the
power performance and economy of the vehicle [7]. The shift timing and gear selection
of the automatic transmission are determined by comparing the current vehicle param-
eters with the parameters in the control system [8]. According to the different control
parameters, it can be divided into three types: single parameter (vehicle speed), two
parameters (accelerator pedal depths and vehicle speed) and three parameters (acceler-
ation, accelerator pedal depths and vehicle speed) [9]. Since the dual-parameter shifting
strategy is easier to control and implement, Since the dual-parameter shift strategy con-
trol is easier to implement, the control strategy of the shift strategy in this paper is based
on the dual-parameter type of acceleration pedal and vehicle speed, and the dynamic
shift strategy and the economic shift strategy are studied respectively. And optimized
the original shift measurement.
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3.1 Development a Dynamic Shifting Strategy

The intention of formulating a dynamic shifting strategy is to maximize the driving
ability of the motor [10], meet the driving force demand of the vehicle when climbing a
hill, have sufficient overtaking acceleration ability, give full play to the backup power of
the motor, so that the motor is in a high load state [11]. This paper adopts the principle
based on the maximum acceleration to formulate the power shifting strategy, that is, the
maximum acceleration is the same before and after shifting.

According to the external characteristics of the drive motor matched with the refer-
ence vehicle model, the load curve of the drive motor under different accelerator pedal
depths is drawn as shown in Fig. 4.
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Fig. 4. Load curve of the drive motor

The driving equation of the vehicle is:

thigionT CdA
=mef + 3775

2 . du
uy, +mgi + 8mE (7

In the formula: Ty, is the maximum torque; i is the transmission ratio of the main
reducer; iy is the transmission ratio of the gearbox; m is the weight of the vehicle; f is the
rolling resistance coefficient; C; is the wind resistance coefficient; A is the windward
area; u, is the vehicle speed; nr is the transmission efficiency of the transmission system;
§ is the rotation mass conversion factor; r is the rolling radius of the vehicle tires; i is
the maximum grade.

Considering driving on a straight road (ignoring the slope), the expression for the
acceleration obtained from the driving equation of the vehicle is:

du 1 (thigionT CyA 2)

= — Gf — u 8
dt m r d 21.15 ¢ ®
From the acceleration formula (8), calculate the magnitude of the acceleration under
different gears and different accelerator pedal depths, and the values are shown in Fig. 5.
According to the principle of maximum acceleration, the intersection of the accel-
eration curves of two adjacent gears under the same accelerator pedal depths is taken as

the
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Fig. 5. Acceleration curves under different gears & different accelerator pedal depths

Table 3. Upshift speed value for dynamic shift strategy (km/h)

Accelerator pedal depth 10% 20% 30% 40% 50%

1st gear up 2nd gear 16.4847 17.6474 18.7042 19.4686 21.6764
Accelerator pedal depth 60% 70% 80% 90% 100%
1st gear up 2nd gear 22.3268 22.9663 23.8659 24.9466 25.6465

shift point, and the vehicle speed corresponding to this point is the upshift speed
[13], as shown in Table 3.

Under normal circumstances, the downshift speed difference is 2—8 (km/h). In order
to improve the power performance of the vehicle, a smaller value is selected for the
downshift speed difference under large throttle. To avoid shifting cycles, a larger value
is selected for the downshift speed difference under small throttle [14]. According to
this principle, the downshift speed is obtained, as shown in Table 4.

Table 4. Downshift Speed for dynamic shift strategy (km/h)

Accelerator pedal depth 10% 20% 30% 40% 50%
2nd gear down 1st gear 14.4847 15.6474 16.6474 17.4686 19.6764
Accelerator pedal depth 60% 70% 80% 90% 100%
2nd gear down 1st gear 20.3268 20.9663 21.8659 22.9466 25.6465

3.2 Economical Shift Strategy Formulation

According to the map data of the motor bench test, combined with the torque require-
ments of the motor with different accelerator pedal depths, the vehicle speed and motor

efficiency curves under different accelerator depths were drawn [15], as shown in Fig. 6
to Fig. 15.
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E(Motor efficiency)

V(km/h)

Fig. 7. When the accelerator depths is 90%, the vehicle speed-efficiency curve

E(Motor efficiency)

L L L L L L
0 10 20 30 40 50 60 70 80 90

V(km/h)

Fig. 8. When the accelerator depths is 80%, the vehicle speed-efficiency curve

To sum up the analysis of Fig. 6 to Fig. 15, the intersection of the first gear and the
second gear curve is taken as the optimal economic upshift point [16]. Table 5 is the

strategy of 1st gear to 2nd gear (Figs. 7, 8, 9, 10, 11, 12, 13 and 14).
Using the equal-delay shift strategy, the downshift speed difference is generally 2—8

(km/h), and the speed difference is 3 km/h [17], and the downshift point is obtained, as
shown in Table 6.
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Fig. 11. When the accelerator depths is 50%, the vehicle speed-efficiency curve

3.3 Optimal Shift Strategy Formulation

Combined with the urban road conditions and the above two shift schedules, the original
shifting strategy is optimized for the 12m electric bus. Due to the low efficiency of the
motor in the medium and low speed region, an economical shifting strategy is adopted.
In the high-speed section, the power performance of the vehicle is mainly considered,
so the dynamic shifting strategy is selected. Combining the two can take into account
both economical shifting and dynamic shifting. The specific shifting strategy is shown

in Fig. 16.
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Fig. 15. The accelerator depths is 10%, vehicle speed-efficiency curve

Table 5. Upshift speed value for economical shift strategy (km/h)

Accelerator pedal depth 10% 20% 30% 40% 50%

Ist gear up 2nd gear 10.4638 16.5398 21.8393 23.2600 26.7619
Accelerator pedal depth 60% 70% 80% 90% 100%
1st gear up 2nd gear 28.2059 30.873 22.9744 25.2718 26.4206

Table 6. Downshift Speed value for economical shift strategy (km/h)

Accelerator pedal depth 10% 20% 30% 40% 50%
2nd gear down st gear 7.4638 13.5398 18.8393 20.2600 23.7619
Accelerator pedal depth 60% 70% 80% 90% 100%
2nd gear down 1st gear 25.2059 27.873 19.9744 22.2718 23.4206
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Fig. 16. Optimized shift strategy
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4 Shift Strategy Simulation Analysis

Build a vehicle simulation model based on CRUISE, add the AMT Control module and
the Gear Box Program module, and complete the connection of the corresponding data
lines in the Gear Box Program. Figure 17 shows the built vehicle simulation model, set the
Gear Box Program module as the Component Variation variable parameter, and use the
Component Variation in the Calculation Center to add a Gear Box Program comparison
module [18]. Import the unoptimized shift strategy into the Gear Box Program module
in the original model, and set the shift strategy with the dual parameters of throttle and
vehicle speed [19]; Simulation and comparison of two shifting strategies.

Fig. 17. Vehicle simulation model

The Cycle Run task of China’s typical urban working condition (CCBC working
condition) is established. The continuous driving time of China’s typical urban cyclic
working condition is 1314s, the whole journey is 5.83 km, the average speed is 16.10
km/h, and the maximum speed is 60 km/h [20]. The speed following curves are shown
in Fig. 18 and Fig. 19. It can be seen from the figures that the two strategies are in good
speed following states. In typical urban conditions in China, the actual gear is consistent
with the target gear, and the shifting rules are feasible and calculated separately. The
vehicle energy consumption data of the two shifting strategies shows that the power
consumption per 100 km of the unoptimized shifting strategy is 76.68 kWh/100 km, and
the power consumption per 100 km of the optimized shifting strategy is 73.54 kWh/100
km, which improves the economy 4.5%.

Establish a full-load acceleration task (0—50 km/h acceleration time calculation task),
and compare the power performance of the two shifting strategies, as shown in Fig. 20.
The acceleration time of 0—50 km with the unoptimized shifting strategy is 17.13s, and
the acceleration time of 0-50 km with the optimized shifting strategy is 15.68s (Tables 7
and 8).
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Fig. 19. Analysis of CCBC vehicle speed following and shifting situation after optimization

Table 7. Simulation of economic results
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Fig. 20. Comparison of full throttle acceleration simulation results for two shifting strategies
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Table 8. Simulation of 0-50km/h acceleration time results

project Unoptimized shift strategy Optimized shift strategy
0-50 km/h acceleration time (s) 17.13 15.68

5 Test Verfication

Based on the above research on the shifting optimization strategy, the optimized shifting
strategy was applied to a 12 m electric bus, and the acceleration performance and CCBC
operating conditions were tested on the hub. The test results are shown in Table 9.

Table 9. Test results of 12 m electric bus

project Test results of automotive hub test bench
0-50 km/h acceleration time (s) 15.81

Power consumption per 100 km under CCBC cycle | 73.72

condition (kwh/100 km)

6 Conclusion

In this paper, the shifting strategies of the electric bus is studied, and the dynamic and
economic shifting strategies are formulated respectively. Combined with the urban road
conditions, the original shifting strategy is optimized for the 12 m electric bus, and
AVL CRUISE is used to simulate and analyze the shifting strategies before and after
optimization, and finally carry out experimental verification. Through this research on
the shifting schedule, it provides a good reference for the development of the shifting
strategy of electric buses. In the future, we will conduct more in-depth optimization and
research on the shifting control strategy of electric buses.
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