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Abstract. The world is facing a limited supply of fossil fuel resources and stringent environmental 
constraints. Therefore, it is very important to develop advanced technologies to improve vehicle 
fuel economy, especially for construction vehicles, which have large engine displacements and 
poor emission characteristics. The majority of these vehicles use hydraulic mechanical 
transmission in the power train in order to improve maneuverability. However, a key issue on the 
hydraulic mechanical transmission is the low-efficiency torque converter. Focusing on this issue, 
we proposed the power reflux hydraulic transmission system (PRHTS), which is a new 
continuously variable transmission system. The PRHTS can improve the overall transmission 
efficiency of the power train by splitting the engine power into mechanical and hydraulic power. 
Therefore, the PRHTS is a valid solution to reduce the fuel consumption and subsequently 
decrease emissions from construction vehicles. In order to quantitatively study the effect of using 
the PRHTS on improving the fuel economy for construction vehicles, a wheel loader coupled with 
the PRHTS is modeled, and numerical simulation is conducted under the wheel loader driving 
condition. The simulation results show that the total fuel consumption of the wheel loader coupled 
with PRHTS is reduced by 3.39 % compared with that of the original wheel loader. 
Keywords: fuel economy, construction vehicles, hydraulic mechanical transmission, torque 
converter, continuously variable transmission. 

Nomenclature 𝑎 Ratio of the ring gear tooth number to the sun gear tooth number 𝑐 Carrier 𝑖௉ோ Speed ratio of the PRHTS 𝑖௧௖ Speed ratio of the torque converter 𝐾௉ோ Torque ratio of the PRHTS 𝑛௖ Rotational speed of the carrier 𝑛௥ Rotational speed of the ring gear 𝑛௦ Rotational speed of the sun gear 𝑛௥,௖ି௦௖  Rotational speed of the carrier when the ring gear is fixed 𝑛௦,௖ି௥௖  Rotational speed of the carrier when the sun gear is fixed 𝑃 ் Planetary gear train 𝑃௖ Power of the carrier 𝑃௥ Power of the ring gear 𝑃௦ Power of the sun gear 𝑝 Pump 𝑟 Ring gear 𝑠 Sun gear 𝑆𝑡ଵ, 𝑆𝑡ଶ Stators 
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𝑇஼ Torque converter 𝑇ଵ Input torque of the PRHTS 𝑇ଶ Input torque of the carrier 𝑇ଷ Output torque of the sun gear 𝑇ସ Output torque of the turbine 𝑇ହ Output torque of the PRHTS 𝑇௖ Torque acting on the carrier 𝑇௥ Torque acting on the ring gear 𝑇௦ Torque acting on the sun gear 𝑡 Turbine 𝜂௧௖ Efficiency of the torque converter 𝜂௉ோ Efficiency of the PRHTS 𝜂௣௚௧ Mechanical efficiency of the two-degree-of-freedom planetary gear train 𝜂௥,௖ି௦ Mechanical efficiency of one-degree-of-freedom PGT when ring gear is fixed 𝜂௦,௖ି௥ Mechanical efficiency of one-degree-of-freedom PGT when sun gear is fixed 

1. Introduction 

Construction vehicles (wheel loaders, tractors, bulldozers, etc.) are widely used in various 
fields of infrastructure construction, particularly in architecture, civil engineering, and bridge 
engineering. Construction vehicles play an irreplaceable role in improving the operating efficiency 
and quality of projects and in reducing the labor and total project cost. However, these vehicles 
consume excessive fuel. With the rising attention on energy conservation and environmental 
protection, finding a method of reducing the fuel consumption and emission from construction 
vehicles is necessary. Many researchers have focused on the different parts of construction 
vehicles to improve fuel economy. An important part is the power train, which has a significant 
influence on vehicle fuel consumption.  

The power train directly affects the vehicle’s power performance, fuel consumption, exhaust 
emission, etc. [1, 2]. The power train requirement for construction vehicles is relatively stringent 
because of their severe working conditions and changing loads. In order to enhance adaptability 
to changing loads, many construction vehicles currently use an automatic transmission in the 
power train. The automatic transmission consists mainly of a torque converter and a power shift 
transmission [3]. The torque converter is the most important element of the automatic 
transmission. In the torque converter, the automatic transmission fluid transmits power and allows 
the vehicle to decouple the engine from the wheels. And the engine can work in the best economic 
zone by automatic transmission’s continuously variable transmission (CVT) [4]. Moreover, the 
torque fluctuation of an engine is reduced by the torsional damping characteristics of the torque 
converter; therefore, an automatic transmission can also prolong the service life of the engine and 
transmission [5-8]. In addition, the torque converter will improve the traction characteristic of 
construction vehicles by automatically changing the driving force and speed with changing loads. 
For construction vehicles with drastic load changes, the torsional damping characteristics and 
adaptability of the torque converter are very important. With these features, the automatic 
transmission has gained widespread use in most construction vehicles, especially for wheel 
loaders. 

However, the automatic transmission has an obvious shortcoming-it has a lower efficiency 
compared to manual transmission. This is due to the two stages of energy conversion in the torque 
converter. The first energy conversion is from mechanical energy of the engine into hydraulic 
energy of the torque converter. The second is from hydraulic energy of the torque converter into 
kinetic energy of the gearbox. For this reason, the efficiency of the torque converter is lower than 
gears. The overall transmission efficiencies of manual and automatic transmissions are 96.7 % 
and 86.7 %, respectively [9]. Therefore, improving the efficiency of the automatic transmission 
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has vital significance. 
In the last few decades, hybrid electric technology has received attention for improving fuel 

economy. Many studies have proposed various electric hybrid power trains, and the automotive 
industry has developed various models for light duty vehicles [10]. However, because of 
increasing costs, the extension of hybrid electric technology to construction vehicles has been 
hampered. 

An alternative and cheaper solution to improve the fuel economy of construction vehicles is 
the power split transmission system. This consists of a variator element (chain belt, torque 
converter, hydrostatic transmission, electric converter, etc.), a planetary gear train, and a fixed 
ratio mechanism [11]. The power split transmission system will improve the efficiency by splitting 
the flow of engine power into mechanical and variator power. In the past several years, many 
studies on the power split transmission system have been conducted. Mantriota [12] had been 
designing and testing the power split CVT system and infinitely variable transmission system. The 
results showed that the power split transmission system had a better efficiency compared with 
simple CVTs. Volpe et al. [13] developed an optimization procedure in designing infinitely 
variable transmission to increase its mechanical efficiency. The focus of their study was on input 
and output coupled architectures. Linares et al. [14] investigated the design parameters of the 
power split CVT system, which used three active shafts. They established a formula that linked 
the mentioned parameters together. Bottiglione and Mantriota [15] designed a power split 
transmission system as a mechanical kinetic energy recovery system, where the flywheel power 
can flow to the wheels, and vice versa. Gomà Ayats et al. [16] studied the power flow 
characteristics of a transmission comprised of a variator element, planetary gear train, and fixed 
ratio mechanism and presented a methodology to find an expression of the power being 
transmitted through a particular branch of the power split transmission system. Dhand and Pullen 
[17] used a power split transmission system for flywheel energy storage system in vehicular 
applications. In addition, they discussed the kinematics of the power split transmission system, 
which was used to connect the flywheel to the power train. Delkhosh and Foumani [18] studied 
the vehicle fuel consumption in four driving cycles, and then optimized the added fixed ratio 
mechanisms. All the research mentioned above used the chain belt as the variator element. On the 
other hand, some other researchers focused on the hydrostatic transmission as the variator element. 
Savaresi et al. [19] proposed a power split hydrostatic CVT, which was used for a modern 
agricultural tractor, and also designed its control system. Carl et al. [20] investigated the 
advantages and disadvantages of four power split transmission systems, which used a hydrostatic 
transmission. Kumar et al. [21] used the hydrostatic transmission for a heavy wheel loader with a 
flywheel energy storage device. In addition, the energy consumption of both a hybrid and a non-
hybrid wheel loader had been investigated. Kumar and Ivantysynova [22] developed a power 
management strategy to minimize fuel consumption of hydraulic hybrids. Pettersson and Krus 
[23] presented an automated design process based on optimization that was suitable for complex 
hydromechanical transmissions. 

Although many researchers have studied the power split transmission system, no study has 
investigated the torque converter. The automatic transmission has gained widespread use in most 
construction vehicles owing to the torque converter’s easy-to-drive ability, torque amplification, 
and torsional damping characteristics. Therefore, it is extremely essential to propose a power split 
transmission system that includes the torque converter. 

In this study, we propose a power reflux hydraulic transmission system (PRHTS) using a 
torque converter that is fit for construction vehicles. Next, the PRHTS’s basic characteristics such 
as the speed ratio, efficiency, and torque ratio are analyzed. Finally, the fuel consumptions of a 
wheel loader equipped with two different transmission systems – the traditional torque converter 
and PRHTS – are compared under typical driving conditions. 
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2. PRHTS 

2.1. The basic structure and operating principle of the PRHTS 

Since the variator element (chain belt, torque converter, hydrostatic transmission, electric 
converter, etc.) has a low efficiency, a power split transmission system will improve the efficiency 
by dividing the system’s input power into two parts. One part of the input power is transmitted by 
the high efficiency gears, while the other part is transmitted by the low efficiency variator element. 
Since the power transmitted by the variator element will decrease, the transmission system 
efficiency will be improved.  

The PRHTS is a type of power split transmission system [24-27]. The torque converter, which 
has excellent shock absorption and cushioning capability, is the main component of the PRHTS. 
Another important component is the planetary gear train, which consists of the sun gear, ring gear, 
planet gears, and carrier as shown in Fig. 1. The planetary gear train is commonly used by locking 
one component – i.e., the sun gear, ring gear, or carrier – while the other two components – the 
input shaft and the output shaft – are in motion. However, the planetary gear train of the PRHTS 
has two degrees of freedom and is used as a coupling device. The rotational speed of the third 
moving component is dependent on the rotational speed of the other two moving components in 
the planetary gear train. 

 
Fig. 1. Diagram of the planetary gear train 

Fig. 2 shows the schematic of the PRHTS. A major characteristic of the PRHTS is the torque 
converter with the reflux power path, comprising the turbine that is connected to the input shaft 
of the transmission system and the pump that is connected to the sun gear of the planetary gear 
train. In addition, the torque converter has two stators, which is another unique characteristic of 
the PRHTS. An important characteristic of the double stator torque converter is the wide high 
efficiency range of more than 80 %, because the working condition consists of two converter 
conditions and a coupling condition. It can amplify the range of transmission ratio of the PRHTS 
in high efficiency range by using the double stator torque converter. 

The power flow of the PRHTS is shown in Fig. 2 and is described as follows. First, the power 
of the engine enters the input shaft of the PRHTS (at the left side of Fig. 2). The power is then 
transferred into the carrier of the planetary gear train. Most of the power is transmitted into the 
ring gear (at the right side of Fig. 2), which is the power split characteristics of the planetary gear 
train. The remainder of the power, called reflux power, enters into the pump of the torque 
converter by the sun gear. Then, the reflux power goes into the input shaft of the PRHTS by torque 
amplification of the torque converter. The reflux power joins with the output power of engine, and 
both enter into the carrier. Because of the special reflux power characteristics, the PRHTS has a 
continuous variable ratio. In other words, the output shaft of the transmission system has a 
continuous variable speed by means of the torque converter, while the speed of the engine is 
constant. Therefore, the PRHTS is a CVT system. 
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Fig. 2. Schematic and power flow of the PRHTS 

2.2. The basic characteristics of the PRHTS 

2.2.1. The speed ratio characteristic of the PRHTS 

The simplified power flow of the PRHTS is shown in Fig. 3. 

 
Fig. 3. Simplified power flow of the PRHTS: 1 – input power of the system; 2 – input power of the carrier; 

3– input power of the torque converter; 4 – output power of the torque converter;  
5 – output power of the system. The arrows represent the direction of power flow 

The rotational speed equation of the planetary gear train is as follows: 𝑛௦ ൅ 𝑎𝑛௥ − ሺ1 ൅ 𝑎ሻ𝑛௖ ൌ 0. (1)

It is assumed that the direction of the rotational speed of the input shaft is the positive direction. 
The main speed ratio relationships of the PRHTS are given in following equations: 𝑖௧௖ ൌ 𝑛ସ𝑛ଷ, (2)𝑖௉ோ ൌ 𝑛ହ𝑛ଵ, (3)𝑛ଷ ൌ 𝑛௦, (4)𝑛ଶ ൌ 𝑛௖ , (5)𝑛ହ ൌ 𝑛௥ , (6)𝑛ଵ ൌ 𝑛ଶ ൌ 𝑛ସ. (7)

Using Eqs. (1-7), it is obtained that the relationship between 𝑖௉ோ and 𝑖௧௖, as follows: 

𝑖௉ோ ൌ ሺ1 ൅ 𝑎ሻ𝑖௧௖ − 1𝑎𝑖௧௖ . (8)
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In the above formula, it is obvious that the PRHTS speed ratio increases with the torque 
converter speed ratio, but it is not a linear function. Thus, the PRHTS speed ratio is high when the 
torque converter speed ratio is at high efficiency range. 

2.2.2. Efficiency characteristic of the two-degree-of-freedom planetary gear train 

The planetary gear train is considered as an important component of the PRHTS because its 
efficiency affects the PRHTS; therefore, a mechanical efficiency analysis is a required step to 
design the PRHTS. The planetary gear train is commonly used in the reducer by locking one 
component: the sun gear, ring gear, or carrier. In this case, the planetary gear train has one degree 
of freedom. However, the planetary gear train of the PRHTS has two degrees of freedom. Thus, 
its efficiency analysis is more complicated, and it has its own characteristics compared to the one-
degree-of-freedom planetary gear train. The efficiency of the two-degree-of-freedom planetary 
gear train is determined by several factors such as the number of gears, type of planetary gear 
train, type of bearings, etc. Some researchers reported formulas of efficiency analysis for the two-
degree-of-freedom planetary gear trains [28]. 

In this study, the efficiency of the two-degree-of-freedom planetary gear train will be analyzed 
by the methodology in the said researches. 

The power flow of the planetary gear train in the PRHTS is shown in Fig. 4. In the figure, 𝑃 
denotes the power, while 𝑇 denotes the torque. 

The rotational speed equation of the planetary gear train in Eq. (1) can be transformed as 
follows: 𝑛௖ ൌ 11 ൅ 𝑎 𝑛௦ ൅ 𝑎1 ൅ 𝑎 𝑛௥ ൌ 𝑛௥,௖ି௦௖ ൅ 𝑛௦,௖ି௥௖ . (9)

For the two-degree-of-freedom planetary gear train, the mechanical efficiency is: 𝜂௣௚௧ ൌ 𝑃௥ ൅ 𝑃௦𝑃௖ . (10)

 

  
Fig. 4. Power flow of the planetary gear train in the PRHTS 

For the two-degree-of-freedom planetary gear train, the power flow formula is: 𝑃௖ ൌ 𝑇௖𝑛௖ ൌ 𝑇௖൫𝑛௥,௖ି௦௖ ൅ 𝑛௦,௖ି௥௖ ൯ ൌ 𝑇௦𝑛௦𝜂௥,௖ି௦ ൅ 𝑇௥𝑛௥𝜂௦,௖ି௥ . (11)

Using Eqs. (4-6), the mechanical efficiency of planetary gear train in the PRHTS is obtained: 𝜂௣௚௧ ൌ 𝑛௦𝑛௖ሺ1 ൅ 𝑎ሻ 𝜂௥,௖ି௦ ൅ 𝑎𝑛௥𝑛௖ሺ1 ൅ 𝑎ሻ 𝜂௦,௖ି௥ . (12)

According to Eq. (12), the mechanical efficiency of planetary gear train is not only dependent 
on the rotational speed of the sun gear, ring gear, and carrier, but also on the mechanical efficiency 
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of the one-degree-of-freedom planetary gear train when the ring gear or sun gear is fixed. 
Therefore, it is necessary to calculate 𝜂௦,௖ି௥ and 𝜂௥,௖ି௦. According to research [19], 𝜂௦,௖ି௥ and 𝜂௥,௖ି௦ is the function of 𝜂௖,௦ି௥ which is the mechanical efficiency of the one degree of freedom 
planetary gear train when the carrier is held fixed. The formulas are as follows: 𝜂௦,௖ି௥ = 𝑎 − 1𝑎 − 𝜂௖,௦ି௥ 𝜂௖,௦ି௥ , (13)𝜂௥,௖ି௦ = 𝑎 + 1𝑎𝜂௖,௦ି௥ + 1 𝜂௖,௦ି௥ . (14)

Considering calculation simplicity and operation practicability, 𝜂௖,௦ି௥ is assumed to be 
constant, which is 0.985. 

2.2.3. Efficiency characteristic of the two-degree-of-freedom planetary gear train 

For the PRHTS, the torque characteristics equation of the planetary gear train is: 𝑇௦𝜂௥,௖ି௦ = 𝑇௥𝑎 𝜂௦,௖ି௥ = 𝑇௖−ሺ1 + 𝑎ሻ. (15)

It is assumed that the direction of the torque acting on the planetary gear train is the positive 
direction. Then， the relationships among the torque in the PRHTS are obtained according to the 
transmission relationships of the system, as follows: 𝑇ଵ + 𝑇ସ = 𝑇ଶ, (16)𝑇ଷ𝜂௧௖ = 𝑇ସ𝑖௧௖ , (17)𝑇ଷ = −𝑇௦, (18)𝑇ଶ = 𝑇௖ , (19)𝑇ହ = −𝑇௥ . (20)

Paying special attention to the direction of the torque, we can see that 𝑇ଷ and 𝑇௦ are equal and 
opposite in the hydraulic transmission system with reflux power, therefore, 𝑇ଷ = −𝑇௦. Similarly, 𝑇ହ and 𝑇௥ are equal and opposite, therefore, 𝑇ହ = −𝑇௥. 

Using Eqs. (15-20), the relationship between 𝐾௉ோ and 𝑖௧௖ is obtained as: 𝐾௉ோ = 𝑇ହ𝑇ଵ = 𝑎𝑖௧௖𝜂௥,௖ି௦ሺ1 + 𝑎ሻ𝑖௧௖𝜂௥,௖ି௦𝜂௦,௖ି௥ − 𝜂௧௖𝜂௦,௖ି௥ . (21)

In order to get a better understanding of the PRHTS, the relationship between the torque ratio 
of the PRHTS and speed ratio of the PRHTS should be obtained. Using Eqs. (8) and (21), the 
relationship between 𝐾௉ோ and 𝑖௉ோ is obtained as follows: 𝐾𝑃𝑅 = −𝑎𝜂௥,௖ି௦ሺ1 + 𝑎 − 𝑎𝑖𝑃𝑅ሻ𝜂௧௖𝜂௦,௖ି௥ − (1 + 𝑎)𝜂௥,௖ି௦𝜂௦,௖ି௥ . (22)

Again, using Eqs. (8) and (21), the relationship between 𝜂௉ோ and 𝑖௧௖ is obtained as: 

𝜂௉ோ = 𝑖௉ோ𝐾௉ோ = [(1 + 𝑎)𝑖௧௖ − 1]𝜂௥,௖ି௦(1 + 𝑎)𝑖௧௖𝜂௥,௖ି௦𝜂௦,௖ି௥ − 𝜂௧௖𝜂௦,௖ି௥ . (23)

Using Eqs. (8) and (23), the relationship between 𝜂௉ோ and 𝑖௉ோ is: 
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𝜂௉ோ = −𝑎𝑖௉ோ𝜂௥,௖ି௦(𝑖௉ோ + 𝑎 − 𝑎𝑖௉ோ)𝜂௧௖𝜂௦,௖ି௥ − (1 + 𝑎)𝜂௥,௖ି௦𝜂௦,௖ି௥ . (24)

2.2.4. Efficiency characteristic of the two-degree-of-freedom planetary gear train 

In the PRHTS, the variator element is the torque converter, which has two stators. Fig. 5 shows 
the efficiency characteristics of the double stator torque converter [24]. It can be seen that the 
double stator torque converter maintains high efficiency over a wide range of speed ratios, which 
can amplify the transmission ratio range of the PRHTS in the high efficiency range. Using Eq. (22) 
and the efficiency characteristics of the torque converter, the torque ratio characteristics of the 
PRHTS are obtained (shown in Fig. 6). In the same way, the efficiency characteristics of the 
PRHTS can be obtained (shown in Fig. 7).  

 
Fig. 5. The efficiency characteristics of the double stator torque converter 

 
Fig. 6. The torque ratio characteristics of the PRHTS 

 
Fig. 7. The efficiency characteristics of the PRHTS 

As observed in Fig. 7, the efficiency of the PRHTS is less than the torque converter at low 
speed ratio, but it is higher in the common working condition. Therefore, the efficiency of the 
PRHTS is higher than the torque converter in most working conditions of construction vehicles. 
Subsequently, construction vehicles coupled with PRHTS will have an improved fuel economy. 
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3. Wheel loader simulation 

3.1. Wheel loader simulation 

In the past decade, dynamic simulation has become an important part in vehicle design and 
development stages. A new technology can be examined without expensive measurements and 
with reduced time by simulation. In order to quantitatively study the effect of using the PRHTS 
on improving the fuel economy of construction vehicles, a wheel loader coupled with PRHTS is 
modeled and a numerical simulation is conducted under the wheel loader driving condition. 

A wheel loader is a type of construction machinery characterized by quick and accurate 
movements. Wheel loaders are widely used in infrastructure construction such as transportation, 
water conservation, and electric power projects. Wheel loaders are used mainly for uploading 
materials into trucks, pipe laying, clearing rubble, and digging. In construction areas, they are also 
used to transport building materials (such as bricks, pipe, metal bars, and digging tools) over short 
distances. Wheel loaders are also used for snow removal, using their bucket as a snow basket but 
usually by using a snow plow attachment. They clear snow from streets, highways, and parking 
lots. They sometimes load snow into dump trucks for transport. The overall structure of a wheel 
loader is shown in Fig. 8. The wheel loader is used as the reference vehicle for the simulation 
work. Fig. 8 and Table 1 show the wheel loader dimensions and main characteristics. It can be 
seen that the rated power of internal combustion engine is 58 kW. In addition, the wheel loader 
has two forward gears; the forward gear Ⅱ is used to travel between work sites. 

Table 1. Main characteristics of the wheel loader 
Symbol Quantity Value 𝐿 ൈ𝑊 ൈ 𝐻 Length × Width × Height 5878×2140×2920 mm 𝐵 Wheelbase 2260 mm 𝑃௘௡௚ Rated power 58 kW 𝑉௘௡௚ Engine displacement 4214 ml 𝑚௟௢௔ௗ Rated load 2000 kg 𝑉௕௨௖௞௘௧ Bucket capacity 1.2 m3 𝑟௥௢௟௟ Wheel rolling radius 0.53 m 𝑚 Vehicle mass 6480 kg 𝐹 Maximum tractive force 56 kN 𝐴௙ Frontal area 3.5 m2 𝐶ௗ  Air resistance coefficient 0.3 𝑖௙ଵ Speed ratio of forward gear I 2.5 𝑖௙ଶ Speed ratio of forward gear Ⅱ 1.2 𝑖଴ Speed ratio of final drive 8.3 

 
Fig. 8. Wheel loader dimensions 
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3.2. Transmission layout 

The layout of PRHTS for the wheel loader is shown in Fig. 9. In the figure, the dash-dot lines 
are used to highlight the PRHTS, while the dashed lines are used to indicate the main sensor and 
command signals. 

 
Fig. 9. Layout of PRHTS for the wheel loader 

3.3. Transmission modeling of the wheel loader 

The mechanical transmission and PRHTS of the wheel loader, as well as the whole control 
system, are modeled and simulated using LMS Imagin.Lab AMESim commercial software. The 
transmission modeling of the wheel loader is synthetically described as follows. The pilot 
controller unit exports the acceleration/brake signal on the basis of the wheel loader velocity and 
driving condition. The engine control unit exports the engine control signal on the basis of the 
engine rotational speed and acceleration/brake signal. The transmission control unit exports shift 
signal on the basis of the wheel loader velocity, acceleration/brake signal, and engine rotational 
speed. The driving axle will brake on the basis of the brake signal. In order to obtain a better 
comparison, the same control strategy is used for the original wheel loader and the wheel loader 
coupled with PRHTS. 

 
Fig. 10. Engine map 

The engine, which is the most important element, is modeled on the basis of the engine map 
from steady-state experiments. In addition, the engine torque is a function of the accelerator 
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position and the rotational speed in the transmission modeling of the wheel loader. The fuel 
consumption is calculated on the basis of the load and rotational speed of the engine. The engine 
map is described in Fig. 10. It can be seen that the minimum fuel consumption rate is 
220 g/(kW·h), and the maximum engine torque is obtained between 2000 rpm and 2500 rpm. 

3.4. Driving condition of the wheel loader 

In this study, the driving condition of the wheel loader consists of two parts [21]. The first part 
is the low speed work cycle, which is shown in Fig. 11. The low speed cycle is a simulation when 
the wheel loader travels between a dirt pile loading point and a dump truck unloading point. The 
maximum wheel loader velocity is 11 km/h. A complete cycle will take approximately 60 s and is 
repeated 20 times in the driving condition. 

 
Fig. 11. Wheel loader driving condition in the first part 

The second part of the driving condition is the high speed part, which is shown in Fig. 12. The 
high speed part is a simulation when the wheel loader travels between work sites, and it is the end 
of the driving condition of the wheel loader. It can be seen that the maximum wheel loader velocity 
is 30 km/h in Fig. 12. The second part will last 123 s, and the approximate distance traveled is 
1 km. 

 
Fig. 12. Wheel loader driving condition in the second part 

In order to quantitatively compare the fuel consumption of the original wheel loader and the 
wheel loader coupled with PRHTS, both wheel loaders have been simulated using the mentioned 
driving conditions. The fuel consumption simulation results of the two wheel loaders are shown 
in Fig. 13. The solid line represents the fuel consumption of the wheel loader coupled with 
PRHTS, while the dashed line represents the fuel consumption of the original wheel loader. It can 
be seen that the fuel consumption of the wheel loader is reduced by 3.39 % using PRHTS. 
Therefore, the PRHTS is an effective solution to reduce the fuel consumption and emission from 
construction vehicles. 
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Fig. 13. The fuel consumption of the original wheel loader and the wheel loader coupled with PRHTS 

4. Conclusions 

1) The PRHTS-a new CVT system-is proposed to improve the efficiency of the torque 
converter in construction vehicles. The basic characteristics of the PRHTS such as the speed ratio, 
efficiency, and torque are analyzed by expounding its basic structure and operational principle. 
The basic characteristics are then obtained by numerical calculation.  

2) The mechanical transmission and the PRHTS of the wheel loader, as well as the whole 
control system, are modeled and simulated using LMS Imagin.Lab AMESim commercial 
software. In order to obtain a better comparison, the same control strategy is used for the original 
wheel loader and the wheel loader coupled with PRHTS. The control system is based on the 
acceleration/brake signal, engine rotational speed signal, and wheel loader velocity signal. 

3) The fuel consumptions of the wheel loader equipped with two different transmission 
systems, namely, the traditional torque converter and PRHTS are compared under the driving 
condition. The simulation results show that the fuel consumption of the wheel loader coupled with 
PRHTS is reduced by 3.39 %, compared with that of the original wheel loader. Therefore, the 
wheel loader coupled with PRHTS can effectively enhance transmission efficiency and fuel 
economy. 
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