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Abstract: Hydraulic mechanical continuously variable transmission (HMCVT) is a transmission
system combining mechanical and hydraulic power flow. The matching and design of the power
source and transmission system contribute to the energy-saving and emission reduction of vehicles,
and meet the requirements of modern society for environmental protection and energy-saving.
This paper takes the transmission system of the pickup truck as a research object to research the
transmission ratio control strategy of a self-designed new HMCVT with the goal of minimizing fuel
consumption. The research compares it with the standard stepped automatic transmission (SAT). The
vehicle model was based on CarSim and MATLAB/Simulink. The simulation was carried out under
the EPA cycle, NEDC, and the six-mode cycle. The fuel consumption of SAT and that of HMCVT
were compared. The results show that the average fuel savings of the pickup truck with HMCVT
are 4.52% in the EPA cycle, 7.01% in the NEDC, and 4.84% in the six-mode cycle compared to the
eight-speed SAT. In conclusion, HMCVT is more economically efficient than SAT.

Keywords: hydraulic mechanical CVT; fuel consumption; economic control strategy; united
simulation test

1. Introduction

The rapid development of the automobile industry brings great opportunities for the
economy, but also poses challenges to energy sources and the environment. The automobile
industry is one of the biggest consumers of oil. In 2011, transportation consumed about 59%
of the world’s fuel. With the fuel consumption of automobiles, the carbon dioxide produced
by transportation accounts for about 22% of the total global carbon dioxide emissions, and
the CO, HC, NOx, and PM emissions are the primary sources of air pollutants [1]. The
China Mobile Source Environmental Management Annual Report indicated that in 2018,
diesel trucks accounted for 7.9% of the total vehicle population in China, and their NOx
emissions and PM emissions accounted for 60.0% and 84.6% of total emissions, respectively.
This situation makes the diesel truck the main point of vehicle pollution control. In the
face of increasingly severe global energy and environmental problems, reduction in fuel
consumption by fossil-fueled vehicles should be the primary trend of development for
today’s automobile industry while developing new energy vehicles. To properly mitigate
this problem, systems consisting of power batteries [2,3] and electric motors [4] have been
widely used in all types of vehicles. In addition, a certain scale of research has been
carried out on battery (lithium battery [5,6] and fuel cell [7,8], etc.) characteristics, motor
characteristics, electric vehicle powertrain designs, and energy management strategies.
However, at present, the use of vehicles equipped with internal combustion engines is still
largely in the majority.

The fuel economy is an important evaluation index of vehicles. The engine plays a
decisive role in vehicle fuel consumption [9]. Transmission is a vital part of the powertrain
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system. The more gears the transmission has, the more likely the engine will work under
the best fuel-economic conditions. Reasonable matching of transmission and engine can
reduce the fuel consumption of vehicles [10]. Transmission can be divided into stepped
transmission and continuously variable transmission (CVT), according to whether the
transmission ratio can continuously change.

Stepped transmission often adopts electronic controls, so stepped transmission is
mostly stepped automatic transmission (SAT). SAT mainly consists of hydraulic automatic
transmission (AT), automated mechanical transmission (AMT), and dual-clutch automatic
transmission (DCT), featuring advantages of simple structure, high efficiency, and high
reliability. Trucks equipped with SAT are often designed with more gears to reduce the frus-
tration of shifting and to reduce fuel consumption. The shifting timing of SAT is determined
by control parameters, and it has a direct impact on vehicle performance [11]. Gao et al. [12]
took the minimizing energy consumption as the objective for optimization and used the
dynamic programming method to formulate the AMT two-parameter gear-shifting rule
under five different driving cycles of the electric bus. Foffina et al. [13] comprehensively
considered the economy, power performance, and transmission durability, and applied
multi-objective genetic algorithms to optimize the shifting rule. Bracard et al. [14] adopted
the method of global optimization of the power transmission system to formulate the
shift rule, which could reduce fuel consumption while meeting the requirements of power
performance. Ngo et al. [15] developed a design methodology to optimize a gear shift
strategy of AMT, which can improve the economy while taking into account the dynamic
performance. Qin et al. [16] used fuzzy reasoning to identify seven driving intentions and
three braking intentions of the driver, respectively. They then adopted different energy
management strategies based on the recognition results to achieve a better energy economy.

CVT has the characteristics of a stepless change in transmission ratio, which im-
proves ride comfort and makes the engine always work in the best condition. Compared
with vehicles equipped with SAT, CVT has an excellent economy record in principle.
Fandzyana et al. [17] proposed a CVT and drive control design. Through nested optimiza-
tion of the framework, this strategy can enable the vehicle to achieve the best fuel-saving
performance in the selected driving cycle, and minimize the CVT weight while tracking
error and controlling the workload. Lee et al. [18] developed a speed ratio control method
for CVT, which can calculate the engine working point with the minimum instantaneous
brake-specific fuel consumption, and determine the engine target torque and target trans-
mission ratio based on the calculation results. The response lag and transmission loss of
CVT are taken into account in the control process, which improves the fuel economy of the
vehicle system.

According to the transmission mode, CVT can be divided into mechanical CVT, electric
CVT, and hydraulic CVT. Within mechanical CVT, metal v-belt CVT has become the focus of
research and application in recent years [19-21]. The metal v-belt CVT relies on the friction
torque generated by the friction between the metal belt and the belt wheel to achieve power
transmission. Its transmission power is limited, and its efficiency and service life are low, so
it is rarely used in agricultural vehicles and trucks. The electric CVT consists of a generator,
a control system, and a traction motor. It has the advantages of large transmission power
range and high transmission efficiency. However, due to its significant weight, high cost,
and complex controller structure, it is only used in mining dump trucks, large scrapers, and
wheel loaders. Hydraulic CVT uses hydraulic pressure to transfer power. It has a smooth
transmission and a strong bearing capacity. The disadvantage is low transmission efficiency.

In order to overcome the shortcomings of CVT, the hydraulic mechanical continuously
variable transmission (HMCVT) integrates the advantages of both mechanical transmis-
sion and hydraulic transmission. Its mechanical power flow ensures the high efficiency
and high-power transmission of the system, and the hydraulic power flow enables the
continuous change of transmission ratio to ensure that the engine works in the optimal
economic working zone. It plays an important role in improving the power performance
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and economic performance, and in reducing fuel consumption. It is effectively applied in
agricultural vehicles in complex and harsh environments.

HMCVT has obvious advantages over mechanical or hydraulic transmission in its
transmission working principle, but the actual performance of vehicles equipped with
HMCVT is also affected by the HMCVT control strategy. Macor et al. [22] studied the fuel
economy of the HMCVT system and proposed an HMCVT control strategy, which can
effectively reduce the brake-specific fuel consumption. According to the relationship be-
tween the efficiency of HMCVT and the input speed, Ahn et al. [23] studied the coordinated
control strategy of the hydraulic mechanical transmission and the engine. Luo et al. [24]
studied and analyzed the optimal economy of CVT vehicles and proposed the integrated
control strategy of the engine and transmission. Hao et al. [25] studied the overall opti-
mization control strategy of the HMCVT. In order to optimize the overall performance of
the CVT system, they discussed the optimal control strategy for the overall performance
of the vehicle under instantaneous working conditions based on the power demand and
the method for calculating the comprehensive optimization of the overall efficiency of
the engine and transmission. Zhang et al. [26] proposed the HMCVT variable speed rule
based on the maximum traction power. They formulated the control strategy taking the
speed adjustment position, engine speed, working section number, and actual transmission
ratio as parameters. Hu et al. [27] designed, simulated, and experimented with the control
strategy of a tractor HMCVT. A fuzzy control system based on the optimal economic curve
of the engine was designed. Wang et al. [28] studied the fuzzy adaptive PID control of
multi-stage HMCVT tractors. Lu et al. [29] designed the speed-tracking controller of the
HMCVT pump-controlled motor system to realize real-time tracking of the motor speed.
They proposed an improved particle swarm algorithm to optimize the parameters of the
fuzzy PID controller. Zheng et al. [30] analyzed a type of HMCVT and proposed a speed
ratio control algorithm flow that can avoid repeated stage switching, and effectively shorten
the speed-ratio tracking control time.

At present, the research and application of HMCVT are mainly focused on tractors, and
the variable speed control strategy is put forward according to the operating requirements
of tractors, while there are few studies on trucks carrying HMCVT [31]. In the stage of the
conceptual design of HMCVT, a single software is selected to build a simulation platform
for simulation in most cases, while multiple software can combine the different advantages
of each software to obtain more reliable simulation results. Because CVT can make the
engine work in the optimal economic working zone at all times, theoretically it has a better
economy than SAT, so there are few studies on the comparison between SAT and CVT in
terms of their fuel consumption. In terms of their control strategy acquisition, there are
great differences between SAT and CVT. The transmission efficiency of SAT is relatively
high and does not change significantly with the transmission ratio, while the efficiency of
CVT changes greatly with the transmission ratio. Therefore, the overall efficiency character-
istics of “engine-transmission” need to be taken into consideration when formulating the
strategy, so the comparison between the two in terms of their fuel economy needs to be
further explored.

In order to solve the above problems, we proposed a method for comparing fuel
consumption characteristics of HMCVT and SAT based on Matlab/Simulink and Carsim
co-simulation in the stage of the conceptual design. The powertrain of the truck (pickup
truck) was taken as the research object in the paper. The transmission ratio variation and
efficiency characteristics of the self-designed new HMCVT were discussed and analyzed.
The transmission ratio control strategies of SAT and HMCVT were developed with the aim
of minimizing fuel consumption. On this basis, the whole vehicle model was constructed
based on CarSim and MATLAB/Simulink. And the fuel consumption simulation tests
were carried out in the EPA cycle, NEDC, and six-mode cycle. Finally, the system and the
transmission ratio control strategy developed were verified, and the fuel consumption of
SAT and that of HMCVT were compared. The research paper aims to provide a valuable
reference for the selection, design, and control strategy development of HMCVT and SAT.



Machines 2022, 10, 699

40f17

In addition, this study also provides a certain degree of reference for the performance
evaluation of HMCVT and SAT applied to vehicle systems at the conceptual design stage.

2. A Novel 5-Stage HMCVT
2.1. The Working Principle of HMCVT

HMCVT is composed of hydraulic power flow and mechanical power flow. One part
of the output power of the engine enters the hydraulic power flow, and the other part enters
the mechanical power flow, and then outputs through the confluence mechanism. The
paper studies a self-designed new five-stage hydro-mechanical CVT, and its transmission
scheme diagram and transmission ratio characteristics are shown in Figure 1.

Fixed displacement motor Variable displacement pump

Engine

=By @ L

—F i,  Transmission ratio
:Er‘ characteristics

Displacement ratio
o

J, 0.5
Output shaft
Cy -1

0 2 4 6 8 10 12
HMCVT transmission ratio

G

Figure 1. Transmission scheme and transmission ratio characteristics of a novel five-stage HMCVT.

The hydraulic transmission system consists of a “variable pump-fixed motor” system.
One part of the engine output power, through the gear pair i, input to the variable pump.
When HMCVT works, the displacement can be adjusted by controlling the swash plate
inclination of the variable pump, and the speed of the fixed motor can be changed to realize
stepless speed regulation.

The mechanical transmission system is mainly composed of planetary gears. The
confluence mechanism of the transmission is composed of planetary gears P; and P,. The
power output by the hydraulic transmission system is input to the sun gear of P; and P,
through i, and the remaining power output by the engine is input to the planet gear of P;
and the gear ring of P, through i; or ig (the clutch Cy engages in the forward stage, and
the clutch CR engages in the backward stage) to achieve convergence. Engage or disengage
clutches Cq, Cp, C3 and C4 so that power is output through i3 or i4, i5 or ig to form different
stages. There are five working stages in the forward stage (named Hy, HM;, HM,, HM3,
and HM,). When the clutch Cy is disengaged and the brake B, is engaged, the power of
the engine is only input into the hydraulic transmission system, which is a pure hydraulic
working stage, so that the vehicle can start smoothly. When the clutch Cy is engaged, it is
the hydraulic-mechanical coupling working stage. The backward stage has the same five
stages as the forward stage.

2.2. Transmission Ratio Variation Characteristics of HMCVT
According to the HMCVT transmission scheme studied in this paper, the transmission
ratio of each stage of the HMCVT can be calculated as follows:
 kaipimisis
£

iH, ¢y
(1 + kz)ipimi1i4i5
Kaiyim + €iy

iHM, = —

@
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where ¢ is the displacement ratio of the variable pump to the fixed motor, k; and k; are the
transmission characteristic constants of planetary gears P; and P;.

The transmission design parameters of the mechanism are shown in Table 1 [32]. Sub-
stitute the parameters in the table into Equations (1)-(5), as shown in Figure 1. € changes
continuously between —1 and +1, so that the transmission ratio of each stage changes continu-
ously. When the € changes from —1 to +1, the clutch C; engages, the power is output from the
planet gear of the planetary gear P,, and the transmission ratio decreases. When the € changes
from +1 to —1, the clutch C; engages and the power is output from the ring of planetary gear
Py, but the transmission ratio still decreases. The transmission ratio range of adjacent stages
overlaps, so that the overall transmission ratio can change continuously.

Table 1. Design values of transmission system parameters [32].

Parameter ipim i1 iR i3 i4 i5 i6 k1 k2

Value 1.18 1.27 1.27 1.16 1.22 2.76 1.00 2.00 3.79

2.3. HMCVT Efficiency Characteristics

HMCVT has complex factors affecting efficiency characteristics [33]. Based on the
transmission system model of the five-stage HMCVT established by previous studies [32],
the full factorial test was used for simulation. The single-factor, two-factor, and three-factor
were taken as independent variables to establish the efficiency characteristic piecewise
model of HMCVT. And the improved genetic algorithm (I-GA) was used to solve the
unknown parameters in the models.

After parameter identification, the fitness of the single-factor model, two-factor model,
and three-factor model based on the I-GA algorithm are 3.1375%, 1.8293%, and 1.6884%, all
of which have high precision and can meet the research needs of formulating energy-saving
strategies. Therefore, in order to reduce the number and workload of tests, the single-factor
model can be used to provide a basis for the formulation of control strategies in the paper.
Its expression is:

a1 +apxxy, € <0
eot = {bl +byxy, € >0 ©)

where 770 is the efficiency characteristic model of HMCVT, x; is the influencing factor, a4,
a», by, by are all coefficients (see Table 2).

Table 2. The coefficients of the efficiency characteristic model.

ay ap by b,
HM; 0.9236 0.05808 0.9215 —0.04164
HM, 0.9211 0.04814 0.9264 —0.08895
HM; 0.9238 0.05846 0.9217 —0.04208
HM, 0.9215 0.04862 0.9267 —0.08928

3. Formulation of Transmission Ratio Control Strategy
3.1. Engine Model

Vehicles with HMCVT generally use diesel engines. A LR6105ZWT3 engine was
selected for this paper, with an operating speed range of 800~2200 r/min and a rated power
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of 132 kW. According to the test data of the engine [34], the brake-specific fuel consumption
model of the engine is obtained by polynomial regression as follows:

ge = —239.757a3 +0.0352a%n — 1.940 x 10~ *an? +5.989 x 10~7n3 )
+574.183a2 + 0.369an + 1.866 x 10~ 4n? — 673.165¢ — 0.432n + 580.341

ge = —8.491 x 107913 — 2.695 x 10~9n?T — 4.537 x 10~8nT? — 1.238 x 10767 ®)
+5.963 x 10712 — 3.936 x 10 °nT 4 2.192 x 107372 — 0.0766n — 1.133T + 437.331

where, g, is the brake-specific fuel consumption of the engine, « is the throttle opening, T is
the engine torque, and 7 is the engine speed.
The test data and polynomial regression model are shown in Figure 2.

[e2]
o
o

o Test data

o Test data IFitting surface

Fitting surface

N
o
o

N
°8

QY

Brake specific fuel consumption g/(kWh)
N
N

Brake specific fuel consumption g/(kWh)

(a) (b)
Figure 2. Engine fuel consumption model. (a) g. =f («, n); (b) ge =f (n, T).

3.2. Transmission System Model

In order to facilitate comparison with the five-stage HMCVT studied in this paper,
the transmission ratio range of SAT should be the same as that of HMCVT. The range of
transmission ratio variation is equally divided into eight gears, and the transmission ratio
of each gear is in accordance with the following relationship:

i1 g lgk—1
E_E =y )
1o 13 lgk
where ig; represents the transmission ratio of gear k, and g is the common ratio.
Table 3 shows the gear ratio of the eight-speed SAT.

Table 3. The gear ratio of the eight-speed SAT.

SAT g1 g2 ig3 gy igs ige ig7 igs
8speed 755 5.40 3.86 2.76 1.97 141 101 072

This paper selected the pickup truck model in CarSim for simulation. Set the maximum
vehicle speed uamax as 120 km/h and wheel radius r; as 0.34 m. According to the minimum
transmission ratio of the transmission in the paper, 0.72, the transmission ratio of the
final drive can be calculated by the equation (Reference for the calculation formula of the
physical quantity related to the vehicle when the vehicle is running [35]):

iy = 0.377tmaxTd (10)
Ugmax!min

where i, is the minimum transmission ratio of the transmission, #ayx is the maximum
engine speed, and 0.377 is used for unit conversion.
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The transmission ratio of the final drive ratio ij is 3.264.

3.3. Economical Optimal Transmission Ratio Control Strategy of SAT

Economic optimal two-parameter transmission ratio control strategy is generally based
on throttle opening and speed two parameters to control the transmission ratio. At the
same throttle opening and vehicle speed, the smaller the brake-specific fuel consumption,
the better the economy. The transmission control unit according to the established shift
curve, corresponding to the current throttle opening and speed, controls the actuator to
select the corresponding gear.

The relationship between engine speed and vehicle speed in each gear position is
as follows: o

_— 101gk "
0.377ry "

By substituting Equation (11) for Equation (7), the functional relation between brake-
specific fuel consumption of each gear and speed at any throttle opening can be obtained
as follows:

§e = —6.105x10%° + 0.897a%igut — 4.940 x 10 wigyuz +1.525 x 10~7ig 3
+1.462 x 10*a? + 9.407wi g1ty + 4.752 X 10—3i§ku§ —1.714 x 10%« (12)
—11.012i gjeutg + 1.478 x 10*

(11)

At the same throttle opening, the brake-specific fuel consumption equation of adjacent
gears can be given as follows:

8ek = ek+1 (13)

where g, is the equation of the brake-specific fuel consumption in k gear and the speed
obtained is the shifting speed with the lowest brake-specific fuel consumption under the
throttle opening.

If there is no solution to the equation, the maximum speed of k gear is used as the
shift opportunity. The shift rule curve can be obtained by connecting the shift speed of the
adjacent gear under each throttle opening. Figure 3 shows the flow chart of the method for
obtaining the SAT gear shift strategy.

Figure 4 shows the “speed-brake specific fuel consumption” curve of the eight-speed
transmission when « = 1. If the vehicle works in front of the intersection of the first gear
curve and second gear curve, the first gear curve is below the second gear curve, and the
brake-specific fuel consumption of the first gear is currently lower. When the vehicle works
at the intersection of the first gear curve and second gear curve, the first gear curve is above
the second gear curve, so the brake-specific fuel consumption of the second gear is lower.

Therefore, if there is an intersection point between the curves of two adjacent gears,
the vehicle economy can be optimized by switching gears at this throttle opening and
speed. If there is no intersection between adjacent gear curves, the speed of gear shift is
at the boundary of the curve. According to the above method, taking the pickup truck
provided by CarSim as the model, according to the variable speed range of the five-stage
HMCVT studied in this paper and the fuel consumption characteristics of the LR6105ZWT3
engine (see Section 3), the shift rule curves of eight-speed SAT based on the principle of
minimum brake specific fuel consumption are drawn. In order to avoid the phenomenon of
frequent shifts when the vehicle drives at the shift speed, the downshifting speed should be
2-8 km/h lower than the corresponding upshifting speed [36]. In this paper, 3 km/h is
selected as the shift delay, and an equal delay type is selected to design the shift downshift
curve. When the throttle opening is 0.1, 0.3, 0.5, 0.7, 0.9, and 1, the shifting speed between
gears is calculated, and the shifting rule curves of the SAT are shown in Figure 5.
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Figure 3. Flow chart of the method for obtaining SAT gear-shift strategy.
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Figure 5. Shifting rule curves of SAT.

3.4. Economic Optimal Transmission Ratio Control Strategy of HMCVT

CVT can be thought of as SAT with an infinite number of gears. Therefore, the strategy
formulation method of CVT is similar to that of SAT. The transmission ratio range of
CVT can be discretized into enough gears, and then the economic optimal shift curve can
be made. The economic optimal transmission ratio control strategy map of CVT can be
obtained by combining these curves. Considering the transmission efficiency of HMCVT,
the brake-specific fuel consumption gp of the pickup truck is calculated as follows:

ge
= 14
g ' rHcot (1

where 77 is the total transmission efficiency of the transmission system except the HMCVT,
and 7y is the transmission efficiency of the five-stage HMCVT studied in this paper
(see Section 2.3).

According to the formulation method of the map of the economic optimal shift rule of
CVT mentioned above, the map of the economic optimal shift rule of HMCVT can be ob-
tained according to the brake-specific fuel consumption characteristics of the LR6105ZWT3
engine and the throttle opening is divided by a 10% interval, as shown in Figure 6.

HMCVT control strategy
N

2
0’\\/1 g
0 0.5 _aw

50 ooe”
Vehicle speed (km/1f?)0 9(\(\‘0“\6

Figure 6. Optimal economic transmission ratio control strategy map of HMCVT.
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Input signal: throttle

4. Establishment of a Simulation Test Platform
4.1. Transmission Ratio Control Model of SAT

A subsystem of the SAT transmission ratio control model and its overall model are
shown in Figures 7 and 8. Assuming that the input information of the current gear is
the second gear, the throttle opening, and speed signals are input into the subsystem to
output the gear at the next moment. Based on the upshift curve from second gear to third
gear and the downshift curve from second gear to first gear, the position of the driving
condition in the shift curve coordinate system is judged according to the input signal. If the
position is below the downshifting curve, shift into first gear; If it is between the downshift
curve and upshift curve, stay in second gear; If it is above the upshift curve, shift into
third gear. When other gear signals are input, the judgment process of gear shift is similar.
The transmission ratio and transmission efficiency of the corresponding gear position are
obtained via a reference table.

opening and speed T 3 Shift control logic
1} > Ba
-;IJ j ( t >0 +
R  S— —p 1
upshift 5 —
2
1-D T(u) 1 > 5 N
F}—D
1 2 L *4'%
-— downshift >
nt Upshift and L N ]

downshift curves

Figure 7. A transmission ratio control strategy subsystem of SAT.

4.2. Transmission Ratio Control Model of HMCVT

Figure 9 shows the HMCVT transmission ratio control model. When the vehicle starts,
HMCVT works in the starting working stage Hy. According to Equation (1), theoretically
the transmission ratio in the stage of Hy can reach infinity. In this model, the range of Hy
is 7.55-20. If the vehicle speed is lower than the minimum speed, the vehicle is judged to
be in the starting stage, and the transmission ratio is controlled according to the map of
the Hj stage. If the speed is greater than the minimum speed, the map of the HM;- HM,
stage is used to control the transmission ratio (see Figure 6). The transmission efficiency
corresponding to the transmission ratio is shown in Section 2.

4.3. Vehicle Parameters

CarSim is a commercial software designed to study vehicle dynamics, and its vehicle
models are widely recognized [37,38]. This paper takes the pickup truck model provided
by CarSim as the research object. Table 4 lists the vehicle parameters.

4.4. United Simulation Test

CarSim can generate S-function modules in MATLAB/Simulink for united simulation
with Simulink. By combining the above models, the simulation systems as shown in
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Figure 10 can be obtained. Fuel consumption per unit distance Qs is used as an economic

evaluation index, and its expression is as follows:

Q

QS:S

where § is distance and Q is fuel consumption.

Input signal: Gear state,
throttle opening and speed

(15)

Gear shift selection

Figure 8. Transmission ratio control strategy model of SAT.
subsystems refer to Figure 7.

Table 4. Vehicle Parameters.
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Transmission ratio control strategy

Parameter or Indicator Value
Sprung Mass/kg 1306
Frontal Area/m? 3
Wheel Base/m 2.78
Final Drive Ratio 3.264
Total Driveline Efficiency excluding 0.9
Transmission '
Wheel Radius/m 0.34
Maximum Speed/(km/h) 120
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Input signal: throttle
opening and speed
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Figure 10. Simulation model of pickup. (a) pickup with SAT; (b) pickup with HMCVT.
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4.5. Setting of Driving Cycle

In order to make the experimental results more reliable, this paper selected a multiple
driving cycle, including the EPA cycle [39], NEDC [40], and 6-mode cycle [41], to obtain
more realistic fuel consumption data. The simulation results of the EPA suburban cycle
of the pickup truck are shown in Figure 11. It can be seen from the figure that the actual
speed follows the target speed well, which proves that the model is reliable.
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Figure 11. Simulation results of EPA suburban cycle for pickup. (a) EPA cycle; (b) NEDC;
(c) 6-mode cycle.

5. Results and Discussion of Fuel Consumption Comparison

In order to verify that HMCVT is superior to SAT in terms of economy, the vehicle
model established above is used to carry out simulation with eight-speed SAT and HMCVT,
respectively. And the corresponding simulation results are obtained. Figure 12 shows the
comparison of simulation results Qg between SAT and HMCVT from the 50th second after
the test started.

As can be seen from the figure, the variation trend of fuel consumption of the two
transmissions under the same cycle is similar, and the Qg of HMCVT is lower than that
of SAT. Combined with the data in Figure 11, in the EPA cycle, the speed was lower than
80 km/h before the 327th second, and the Qg of HMCVT was significantly lower. However,
as the speed increased to more than 80 km/h, the Qg gap between the two transmissions
was narrow. The Qg gap of NEDC is larger and more stable. In the six-mode cycle, HMCVT
gradually showed advantages in the acceleration process before the 75th second.
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Figure 12. Simulation test results comparison of fuel consumption between HMCVT and 8-speed
SAT. (a) EPA cycle; (b) 6-mode cycle; (¢) NEDC.

The comparison results of fuel saving between HMCVT and the eight-gear SAT during
vehicle driving are shown in Figure 13. The fuel-saving value flattens over time. The fuel
saving of the EPA cycle continued to decrease from its initial 16.78%, accumulating a larger
value only during the acceleration phase. The change period of fuel saving of NEDC is the
same as that of the vehicle speed. Fuel saving keeps rising in the stages of 32 km/h and
35 km/h, with a maximum value of 14.81%. In the deceleration stage, it drops because fuel
cannot be saved. The fuel saving of the six-mode cycle increases to a maximum of 8.87% by
the 75 s and falls back to 4.35% during the subsequent deceleration.

Therefore, it can be concluded that when the vehicle is running at a low or medium
speed, or the speed changes frequently, because the transmission ratio can be adjusted step-
lessly, the engine has more opportunities to work in the optimal economic zone. Therefore,
HMCVT has obvious advantages in fuel saving. However, when the vehicle is running
at a high speed (such as the part of the EPA cycle between 327-765 s), the advantage of
HMCVT is no longer obvious. The main reason is that the transmission ratio is always at a
minimum and does not need to be adjusted frequently.

Table 5 shows the Qs when three cycles are completed. It can be seen that HMCVT is
superior to SAT in the economic performance. Although the fuel savings are not significant
in some of the test results, large fuel savings can be achieved over the full lifecycle of the
vehicle, and even greater savings can be achieved across the entire vehicle population. So
even small increases make sense.
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Figure 13. Comparison results of fuel saving during vehicle driving.

Table 5. Economy comparison between HMCVT and SAT.

Averages of Fuel Consumption per Unit Journey of a Pickup Truck

EPA NEDC 6-Mode
HMCVT (g/km) 46.29 170.52 80.17
8-Speed SAT (g/km) 48.48 183.38 84.25
Averages of 4.52% 7.01% 4.84%

Fuel Saving

6. Conclusions

The paper studies the acquisition method of economic control strategy for the trans-
mission ratio of the truck powertrain. This method can obtain the control strategy MAP
effectively by solving the fuel consumption equation of two adjacent transmission ratios
(CVT) or two adjacent gears (SAT). The economic control strategy of HMCVT needs to
consider its own efficiency more.

The paper presents a simulation model-building method for trucks with different
types of transmissions. The method combined with CarSim and MATLAB/Simulink can
effectively carry out simulation tests of vehicle fuel consumption under different conditions.
The mean absolute percentage errors between target speed and actual speed in the EPA
cycle, NEDC, and six-mode cycle are 4.38%, 9.81%, and 0.12%, respectively.

Although the average transmission efficiency of HMCVT is lower than that of SAT,
it can make better use of the optimal economic working zone of the engine. Under three
driving conditions (EPA, NEDC, and six-mode cycle) of the truck, the averages of fuel
consumption of the HMCVT are 4.52%, 7.01%, and 4.84% lower than that of the eight-speed
SAT. Compared with SAT, HMCVT has excellent fuel-saving capacity at medium and low
speeds. The maximum value of fuel saving under three working conditions (EPA, NEDC,
and six-mode cycle) is 16.78%, 14.81%, and 8.87%, respectively. The fuel-saving effect of the
truck with HMCVT is most significant when driving in conditions similar to NEDC. Trucks
are more suitable for carrying HMCVT.
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