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Abstract: The hydro-mechanical transmission system (HMTS) operates either in power split transmis-
sion mode (PSTM) or power reflux transmission mode (PRTM). Although PRTM is often ignored as a
transition mode, this study reveals that the HMTS operating in the PRTM can accumulate the power
input from the power source in the form of reflux power (in some references, scholars also refer to
the reflux power as circulating power), thereby enabling the HMTS to exhibit a similar transmission
performance as hydrodynamic transmission systems. Accordingly, this study applies the PRTM to
the starting of construction vehicles and refers to the HMTS operating only in the PRTM as the power
reflux hydro-mechanical transmission system (PHTS). By analyzing the internal relationship between
the configuration and the power flow, transmission characteristics, energy storage mechanism, and
energy loss mechanism of the PHTS, the optimal PHTS configuration suitable for construction ve-
hicles was explored. The results indicate that reasonable configurations can enable the PHTS to
significantly improve the efficiency of the construction vehicle transmission system, reducing energy
consumption while ensuring power performance. Expanding the displacement ratio control range of
the hydraulic speed regulation mechanism and combining the PRTM with the PSTM in an orderly
manner can widen the high-efficiency range of the vehicle transmission system without increasing
the number of vehicle gears.

Keywords: configuration; reflux power; power reflux hydro-mechanical transmission system;
construction vehicle; transmission characteristics

1. Introduction

As a universal component of automatic transmission, torque converters have been
widely used in construction vehicles owing to their unique power performance [1,2].
However, torque converters have low transmission efficiency and a narrow high-efficiency
range, posing a difficult problem that hinders the wider application of hydrodynamic
transmission [3,4]. Therefore, recent research has focused on developing a new transmission
system suitable for construction vehicles.

In single power flow transmission systems, the hydrostatic transmission system (HST),
composed of a pump and a motor, is the only transmission system with both low-speed
torque increase (the low-speed torque increase characteristic is a transmission characteristic
that can ensure that the power source always rotates at high speed; the system speed
ratio is inversely proportional to the torque ratio; and the maximum torque can be output
at a zero speed ratio) and stepless speed regulation, except for automatic transmission.
Some scholars have attempted to use HST to compensate for the shortcomings of the
torque converter [5,6]. However, large-displacement pumps and motors are expensive, and
the transmission efficiency of HST is extremely low under ultra-high-pressure operating
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conditions [7]. Therefore, HST has been partially used in low-horsepower, compact vehicles,
but it is still not widely used in construction vehicles.

In dual power flow transmission systems, the hydro-mechanical transmission sys-
tem (HMTS) is most suitable for heavy-duty vehicles. HMTS comprises hydrostatic and
mechanical transmissions that transmit power in parallel [8]. This system exhibits the
stability of hydrostatic transmission and the efficiency of mechanical transmission, and
it can achieve high-power, high-efficiency stepless speed change transmission, therefore
constituting an ideal transmission form [9].

In the early stages of design, the HMTS was primarily utilized for steering in military
tracked vehicles, belonging to one of the dual differential transmission systems [10]. At
this point, the two transmission paths of the HMTS transmitted power in parallel and
unidirectionally, and only one power split transmission mode existed within the system.
However, with the development of vehicle transmission technology, the HMTS began to
be applied to transmissions, and this type of transmission has been commonly referred
to as the hydro-mechanical continuously variable transmission (HMCVT) [11]. Many
scholars have conducted a significant amount of research on HMCVT. Rossetti and Macor
introduced the basic structural characteristics of HMCVT; established the mathematical
models of mechanical, hydraulic, and control systems; and optimized the transmission
efficiency and the structural dimensions of the transmission as the objective function using a
multi-objective particle swarm algorithm. Their results can increase the maximum efficiency
of the transmission system to 84~85.5% [12]. Pettersson et al. used engineering vehicles as
the application object and proposed a novel HMCVT based on a shared pressure rail for the
transmission system and secondary controlled work hydraulics, which reduced the weight
of the wheel loader work equipment by 30% [13]. Liu et al. proposed a two-stage input
coupling layout multi-stage HMCVT based on a two-phase power distribution mechanism.
The proposed HMCVT presents a mean efficiency of about 83% in a wide speed range [14].
Considering all-terrain vehicles as the research object, Wu et al. designed an HMCVT
equipped with a single planetary gear, and they used an active disturbance rejection control
algorithm with feedforward compensation to regulate the speed ratio, which can control
the overshoot of the actual speed ratio at around 3.75% [15].

In addition to theoretical research, many companies have launched mature HMCVT
products, which have been widely used in vehicle transmission systems. As early as the
1970s, the American corporation Sundstrand developed the DMT-15 and DMT-25 HMCVTs
for heavy-duty vehicles [16]. The Vario-type HMCVT developed by the German corporation
Fendt is widely used in various high-power tractors. To improve the transmission efficiency,
the hydraulic motor of the Vario is set at a 45◦ angle to the energy storage shaft, and the
hydraulic transmission system has an ultimate pressure of 55 MPa [17,18]. The ZF Eccom
series of HMCVT from ZF Group in Germany adopted a closed-loop system of low-power
pumps and motors, with four stepless speed regulation segments in both the forward and
reverse directions. ZF Eccom mainly operates within a range of hydraulic power split ratios
of less than 10%, and the average transmission efficiency exceeds 80% [19]. In addition,
Caterpillar (USA), Komatsu (Japan), JCB (UK), and Deutz-Fahr (Italy), among others, use
HMCVT extensively on bulldozers, loaders, excavators, and other related high-horsepower
vehicles [20,21].

HMCVT has a wide range of applications, and its structural forms are diverse. How-
ever, a thorough review of the literature reveals that, whether in theoretical research or
production applications, almost all HMCVTs not only start with hydrostatic transmission,
but also include two transmission modes: power split transmission mode and power reflux
transmission mode. In the power reflux transmission mode, part of the power input from
the power source is output externally, while the rest is stored within the system in the
form of reflux power [22]. Affected by the reflux power, the efficiency of the power reflux
transmission mode is lower than that of the power split transmission mode, and it has
higher strength requirements for transmission components [23]. Therefore, the power split
transmission mode has received more attention, whereas the power reflux transmission
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mode has rarely been mentioned. However, research has revealed that the power reflux
transmission mode can accumulate the power input from the power source in the form of
reflux power; thus, the HMTS in the power reflux transmission mode has similar transmis-
sion performance as the hydrodynamic transmission system, which not only ensures that
the engine maintains high-speed operation at zero vehicle speed and avoids stalling, but
also improves the vehicle’s ability to start and overcome obstacles. Although the efficiency
of the power reflux transmission mode is lower than that of the power split transmission
mode, reasonable configuration can cause the HMTS in the power reflux transmission
mode to have significantly higher transmission efficiency than the torque converter.

The phenomenon of power reflux in power reflux transmission mode has received the
attention of Professor Sun, who presented the following conclusions after comparing the
HMTS with the torque converter: 1⃝ The hydrodynamic internal reflux phenomenon gener-
ated by the circulation of the fluid medium provides a pathway for energy accumulation,
which is the fundamental reason for the torque converter being able to achieve low-speed
torque increase characteristics [24]; 2⃝ having the power reflux transmission feature is a
prerequisite for the transmission system to achieve the low-speed torque increase character-
istic; and 3⃝ owing to the high efficiency of mechanical transmission, it is possible to replace
the hydrodynamic internal reflux transmission system of a torque converter with a power
external reflux transmission system composed of a stepless speed regulation component
and a differential gear train (DGT) [25].

Based on the aforementioned viewpoints, this study applies the power reflux trans-
mission mode of the HMTS to the starting of a construction vehicle, and refers to the HMTS
operating only in the power reflux transmission mode as the power reflux hydro-mechanical
transmission system (PHTS). Based on the power coupling forms of the HMTS, two basic
configurations of PHTS, namely, the split-shaft power reflux hydro-mechanical transmis-
sion system (S-PHTS) and the combined-shaft power reflux hydro-mechanical transmission
system (C-PHTS), are investigated. Based on the differences in the layout forms of the
closed-loop hydraulic system (CLHS) and DGT, this paper enumerates 12 PHTS configura-
tions in each basic configuration. By comparing and analyzing the internal relationship
between the configuration and the power flow, transmission characteristics, and energy
loss mechanism of the PHTS, the optimal PHTS configuration suitable for construction
vehicles is explored.

The research reveals that significant differences exist between the transmission charac-
teristics of C-PHTS and S-PHTS. Reasonable configurations can enable PHTS to significantly
improve the efficiency of the construction vehicle’s transmission system, reducing energy
consumption while ensuring power performance. Expanding the displacement ratio control
range of the CLHS and combining the power reflux and power split transmission modes in
an orderly manner can widen the high-efficiency range of the vehicle transmission system
without increasing the number of vehicle gears. The research on PHTS configuration not
only provides a theoretical foundation for understanding, exploring, and applying PHTS,
but also conducts a detailed analysis and comparison of the configurations of PHTS. While
helping to understand the PHTS, it also theoretically proves that replacing the hydrody-
namic internal reflux transmission system with a hydrostatic external reflux transmission
system is feasible.

This paper is organized as follows: Section 2 introduces the basic configurations of the
single planetary gear PHTS as well as the transmission characteristics and layout method
of the CLHS. Section 3 enumerates all potential configurations of the PHTS and analyzes
the power flow transmission characteristics of various configurations, as well as the energy
storage mechanism of the PHTS. Section 4 calculates the speed regulation characteristics,
transmission efficiency characteristics, low-speed torque increase characteristics, and maxi-
mum torque ratio of the PHTS. It also compares the transmission efficiency characteristics of
the S-PHTS and C-PHTS, exploring the fundamental reasons for their efficiency difference.
Section 5 analyses the feasibility of the PHTS configurations and searches for the best PHTS
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configuration suitable for construction vehicles by comparing it with the transmission
efficiency of the torque converter. Conclusions are presented in Section 6.

2. Configuration Principle of the PHTS
2.1. Basic Configuration of the PHTS

In a hydro-mechanical transmission system, the DGT can serve as both a power
split device on the input side of the system and a power-combining device on the output
side of the system [26]. When only one set of planetary gear exists in the system, the
power-coupling form of the system can be divided into output- and input-coupling types
according to the difference in the distribution position of the DGT, as shown in Figure 1.
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As shown in Figure 1, both coupling forms can achieve power splitting and combining.
The combining of power in the output-coupling mechanism is accomplished through a
fixed-axis gear, i1. However, a fixed-axis gear has only one degree of freedom. When the
rotation speed of the output shaft is zero, the rotation speed of the a1 shaft in the output-
coupling mechanism is zero. At this point, there is no power transmission within the
output-coupling mechanism, and the power reflux cannot be achieved. The transmission
system lacks low-speed torque increase characteristics during vehicle starting. Therefore, a
PHTS cannot select the output-coupling form to transmit power.

The input-coupling mechanism splits the power at the power input side and combines
it using the DGT. Because the DGT has two degrees of freedom, when the output shaft
rotation speed of the system is zero, the remaining two planetary gear elements that are
not connected to the output shaft can still rotate in a relatively proportional relationship,
creating conditions for the formation of power reflux. By controlling the hydraulic speed
regulation mechanism, the power flow distribution state can be changed, and the system
speed ratio can achieve active regulation. When the power reflux occurs, the system exhibits
flexible transmission, preventing the engine from changing the working conditions owing
to the complex environment and avoiding flameout due to a sudden increase in vehicle
load. Therefore, this study selected the input-coupling form as the power-coupling form
for the PHTS.

Figure 1b illustrates the power-coupling form of the PHTS and provides a basic
configuration for the PHTS. This paper defines the system composed of the configuration
shown in Figure 1b as split-shaft power reflux hydro-mechanical transmission system
(S-PHTS). Figure 1b shows that both the a1 and a2 shafts rotate around their own axes, and
the hydraulic speed regulation mechanism can be arranged on either the a2 or a1 shaft.
When the hydraulic speed regulation mechanism is arranged on the a1 shaft, the PHTS
forms another basic configuration, as shown in Figure 2. To facilitate the distinction, the
system composed of the configuration shown in Figure 2 is defined as a combined-shaft
power reflux hydro-mechanical transmission system (C-PHTS).
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A comparison of Figures 1b and 2 shows that, when the number of fixed-axis gears
remains unchanged and only one set of planetary gear exists, the PHTS exists only in the
two basic configurations shown in the S-PHTS and C-PHTS. However, the S-PHTS and
C-PHTS exhibit significant differences in their transmission characteristics.

2.2. Structural Form of Hydraulic Speed Regulation Mechanism

Generally, the CLHS comprises an axial piston pump and an axial piston motor. It
has the advantages of low pressure loss, high control accuracy, and high power density,
all of which are suitable for high-pressure, high-flow, and high-power transmission con-
ditions [11,27]. In HMCVT, the CLHS has been widely used as the main speed regulation
component. Because construction vehicles bear large loads and operate in harsh environ-
ments, the CLHS is also justifiably retained as a hydraulic speed regulation mechanism in
the PHTS.

The CLHS can control the displacement using the pump or motor. According to the
difference in the regulation mode, there are three typical structural forms of the CLHS, as
shown in Figure 3.
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As shown in Figure 3, variable-displacement pump regulation, variable-displacement
motor regulation, and variable-displacement pump–motor co-regulation are the three
types of displacement regulation methods in the CLHS. According to the differences in
displacement regulation methods, the CLHS includes three types of closed systems, namely,
the variable displacement pump-fixed displacement motor closed-loop system (VP-FM),
the fixed displacement pump-variable displacement motor closed-loop system (FP-VM),
and the variable displacement pump-variable displacement motor closed-loop system
(VP-VM).

In a CLHS, the displacement ratio, ε, is generally used to describe the operating status
of the pump and the motor [28]. The displacement ratio is defined as the ratio of the
actual displacement of the variable-displacement hydraulic components to that of the fixed-
displacement hydraulic components. From the law of conservation of energy, when the
volumetric efficiency is not considered, the pump–motor rotation speed and displacement
ratio of the function are as follows:

ε =
DV

DF
=

nF

nV
(1)

where DV and DF are the actual displacements (cm3/r) of the variable- and fixed-displacement
hydraulic components, respectively, and nV and nF are the actual rotation speeds (rpm) of
the variable- and fixed-displacement hydraulic components, respectively. It is worth noting
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that, in references related to HMCVT, the displacement ratio is often defined as the ratio of
the actual displacement of the pump to that of the motor. This definition is directional and
ignores the functional changes of hydraulic components, which is beneficial for simplifying
HMCVT. However, the two displacement ratio definitions are essentially the same.

Because the pump and motor displacement regulation ranges in the CLHS are gen-
erally equal, the displacement ratio of the CLHS varies in the range of [−1, 1]. Based on
Ref. [11], the partial characteristics of the CLHS are as shown in Figure 4.
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Figure 4. Transmission characteristics of the CLHS. Note: nP is the rotation speed of the pump (rpm),
nM is the rotation speed of the motor (rpm), ∆p is the system differential pressure of CLHS (bar),
TP is the torque of the pump (Nm), TM is the torque of the motor (Nm), PP is the power of the
pump (kW), PM is the power of the motor (kW), and q is the flow rate of CLHS (L/min). (a) VP-FM.
(b) FP-VM. (c) VP-VM.

Figure 4a shows a strong linear relationship between the rotation speed of the fixed-
displacement motor and the displacement ratio in VP-FM. When the system pressure
difference is constant, the VP-FM exhibits a constant torque output characteristic. As
shown in Figure 4b, the transmission characteristics of the FP-VM, such as the rotation
speed, flow rate, and power, still have strong linear relationships with the displacement
ratio. The input torque of the fixed-displacement pump may remain high, even at small
displacement ratios. When the pressure difference in the system is constant, the FP-VM
exhibits constant torque input characteristics.

As shown in Figure 4c, when the input rotation speed of the variable-displacement
pump remains constant, the output rotation speed of the VP-VM increases and the output
torque rapidly decreases as the swashplate inclination of the variable displacement motor
decreases. When the output torque decreases to a point where the load cannot be overcome,
the motor abruptly stops rotating. Therefore, when using the VP-VM and FP-VM, it should
be ensured that the variable-displacement motor remains permanently connected to the
power source. The VP-VM has a larger range of displacement ratios, which can widen the
speed regulation range of the transmission system. However, considering factors such as
cost and efficiency, the use of the VP-VM should be minimized in non-essential scenarios.
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3. Power-Flow Transmission Characteristics of PHTS

Affected by the reflux power, the power transmission mechanism of the PHTS is
considerably different from those of most transmission systems. To conduct in-depth
research on the PHTS, the study of the power-flow transmission characteristics of the PHTS
must be prioritized.

The structure of an internal–external meshing single-row planetary gear (IMSPG) is
simple and compact, and it has high transmission efficiency. It is widely used in vehicle
transmission systems [29]. When the PHTS uses an IMSPG as the DGT, all possible configu-
rations and power-flow transmission states of the PHTS are as shown in Figures 5 and 6.
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Figure 5. Power-flow transmission state of the S-PHTS. Note 1: + and − represent the direction of the
rotational speed. ⊕ and ⊖ represent the direction of the torque. Note 2: The VP-FM exhibits constant
torque output characteristics, whereas the FP-VM exhibits constant torque input characteristics. When
the CLHS is arranged along the power-flow transmission direction, the fixed displacement hydraulic
component of the CLHS should be connected to the DGT to ensure that the CLHS can always output
a large torque. Note 3: The letters in the secondary headings are the configuration symbols, where
S indicates the relevant configurations of the S-PHTS, J is the planetary carrier, Q is the gear ring,
and T is the sun wheel. The last three letters represent the DGT elements directly connected to the
hydraulic path, mechanical path, and output shaft, respectively. Example: The configuration symbol
“S-JQ-T” indicates the S-PHTS configuration in which a planetary carrier is connected to the CLHS, a
gear ring is connected to the mechanical shaft, and the power is output from the sun wheel.

As shown in Figures 5 and 6, 12 power-flow transmission states exist for each of the
S-PHTS and C-PHTS. To ensure that power can be transmitted in the desired manner, the
structure form, layout method, and regulation method of the CLHS should be significantly
different, even in different power-flow transmission states of the same DGT connection
form. Therefore, Figures 5 and 6 not only analyze the power-flow, but also, accordingly,
provide 24 PHTS configurations. In the PHTS, the selection of the DGT input and output
elements and the displacement ratio of the CLHS collectively determine the direction of
the power flow in the system. Each configuration of the CLHS must be controlled within
the specified displacement ratio range; otherwise, the configuration may be ineffective.
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In each DGT connection form, the S-PHTS and C-PHTS also have two configura-
tions with opposite output shaft rotation speeds and power-flow directions. When the
displacement ratio of the configuration is allowed to be regulated to 0, the entire power is
transmitted to the DGT from the mechanical path, and only a small portion of the power is
refluxed via the CLHS; in contrast, when the displacement ratio of the configuration is not
allowed to be regulated to 0, the entire power is transmitted to the DGT from the CLHS,
and only a small portion of the power is refluxed via the mechanical path. The power-flow
transmission direction of the CLHS determines the power-flow transmission direction of
the PHTS. When the DGT connection form and the system output shaft rotation speed
direction are the same, the reflux-power transmission directions of the S-PHTS and C-PHTS
are opposite.

The power-flow transmission characteristics of the system show that the PHTS is
equivalent to an energy storage mechanism, and the power input from the power source
into the system can be accumulated within the system. In the process of reflux-power
accumulation, the system differential pressure of the CLHS increases accordingly. When the
stored power in the system reaches the level required to overcome the external resistance,
the PHTS can instantaneously release the output torque that exceeds the maximum torque
of the power source, thereby achieving increased torque. However, the stored power of
the PHTS does not increase indefinitely. When the power stored in the PHTS increases
to a certain critical value, the power loss in the system rises rapidly in the form of heat
generation, leakage, friction, etc., owing to the influence of the bearings, gears, pump, and
motors. When the input power of the power source is equal to the system power loss, the
energy stored in the PHTS reaches a steady state, wherein the system has the maximum
torque ratio.

4. Transmission Characterization of PHTS

The PHTS exists in various configurations, which may result in different performance
characteristics. To further explore the PHTS and develop a new configuration suitable
for construction vehicles that exhibits high transmission efficiency, wide speed regulation
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range, and low-speed torque increase characteristics, the transmission characteristics of the
PHTS must be analyzed.

4.1. Speed Regulation Characteristics of the PHTS

The speed regulation characteristic of the PHTS is its speed ratio characteristic. For
ease of calculation, the system speed ratio, ib, is defined as the ratio of the PHTS output shaft
rotation speed to the input shaft rotation speed. In this paper, the S-TQ-JN configuration
shown in Figure 5(1a) is used as an example to illustrate the method for calculating the
speed regulation characteristics of the PHTS.

In the S-TQ-JN configuration, i1 and i2 are represented as{
i1 = ne/na1
i2 = na1/nr

(2)

where ne is the rotation speed of the power source (rpm) and na1 is the rotation speed of
the a1 shaft (rpm).

From Equation (2), the rotation speed of the gear ring is expressed as

nr = ne/(i1i2) (3)

From Equation (1), the relationship between the sun wheel rotation speed and dis-
placement ratio ε is

ns = εne (4)

The IMSPG is a planetary gear mechanism in which the sun and ring gears rotate in
opposite directions, and the rotation speed relationship of the planetary gear elements is
given by

ns + knr − (1 + k)np = 0 (5)

where ns, nr, and np represent the rotation speeds (rpm) of the sun gear, ring gear, and planet
carrier, respectively, and k is a characteristic parameter of the planetary gear. Generally, the
value range of k is 4/3–4.

By substituting Equations (3) and (4) into Equation (5), the rotation speed of the
planetary carrier, which is the rotation speed of the output shaft of the PHTS, can be
determined as

np = (εne + kne/(i1i2))/(1 + k) (6)

From Equation (6), the system speed ratio ib1 of the S-TQ-JN configuration can be
derived as

ib1 = np/ne = [ε + (k/i1i2)]/(1 + k) (7)

The speed ratio calculation method for the remaining PHTS configurations is similar
to that of S-TQ-JN. After clarifying the rotation speed relationship among the planetary
gear elements and power source, the rotation speed of the output shaft of the PHTS can be
calculated using Equation (5), thus obtaining the functional relationship between the PHTS
speed ratio ib and the displacement ratio ε, as shown in Table 1.

Table 1 shows that the installation position of the CLHS and the connection form of the
DGT jointly affect the speed regulation characteristics of the PHTS. To effectively compare
the basic configurations of the PHTS, the configurations with the same DGT connection
form in the S-PHTS and C-PHTS should have the same displacement ratio control range.
Therefore, in this study, the structural parameters are selected as k = 2 and i1 = i2 = 2
for the S-PHTS and as k = 2 and i1 = i2 = 0.5 for the C-PHTS. Using these parameters as
examples, the transmission characteristics of the PHTS are compared and explained. The
corresponding speed regulation characteristics of the PHTS are shown in Figure 7.
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Table 1. System speed ratios of PHTS.

Configuration System Speed Ratio of the S-PHTS Configuration System Speed Ratio of the D-PHTS

S-TQ-J ib1 = [ε + k/(i1i2)]/(1 + k) C-TQ-J ib7 = [ε/(i1i2) + k]/(1 + k)
S-QT-J ib2 = [kε + 1/(i1i2)]/(1 + k) C-QT-J ib8 = [kε/(i1i2) + 1]/(1 + k)
S-JT-Q ib3 = [ε(1 + k)− 1/(i1i2)]/k C-JT-Q ib9 = [ε(1 + k)/(i1i2)− 1]/k
S-TJ-Q ib4 = [(1 + k)/(i1i2)− ε]/k C-TJ-Q ib10 = [1 + k − ε/(i1i2)]/k
S-QJ-T ib5 = (1 + k)/(i1i2)− kε C-QJ-T ib11 = (1 + k)− kε/(i1i2)
S-JQ-T ib6 = (1 + k)ε − k/(i1i2) C-JQ-T ib12 = (1 + k)ε/(i1i2)− k
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Figure 7 reveals a linear relationship between the system speed ratio of the PHTS
and the displacement ratio of the CLHS. The PHTS possesses the largest speed regulation
range when the sun wheel is connected to the output shaft of the system. In contrast, it has
the smallest speed regulation range with the planetary carrier as the output shaft. If the
displacement ratio is sufficiently large, the speed ratios of the same type of configurations
will be equal at a certain displacement ratio.

4.2. Transmission Efficiency Characteristics of the PHTS
4.2.1. Calculation of the Transmission Efficiency

A PHTS is a typical closed-loop planetary transmission system, and the transmission
form of the power flow is complex. To accurately reflect the loss of power within the
PHTS, the transmission efficiency of the PHTS is calculated using the engaging power
method [30]. Considering the efficiency calculation for S-TQ-JN as an example, the rotation
speed relationship possessed by the two transmission paths of this configuration is{

isI = ns/ne = ε
irI = nr/ne = 1/i1i2

(8)

where I represents the input shaft of the PHTS.
The conversion speed ratios irps and ispr are defined as follows:{

irps =
(
np − nr

)
/(ns − nr)

ispr =
(
np − ns

)
/(nr − ns)

(9)

Incorporating Equation (5) into Equation (9) reveals that

irps = 1/(1 + k); ispr = k/(1 + k) (10)
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From Equations (8) and (10), irpI and ispI can be derived.

irpI = irpsisI = ε/(1 + k) (11)

ispI = isprirI = k/((1 + k)i1i2) (12)

For ε ∈ [−1, −k/(i1i2)], irpIi
s
pI < 0 and |irpI| > |is

pI|. The transmission efficiency ηTJ of
S-TQ-JN can be expressed as

ηTJ = 1/
[
1 + |1/ib1|

[∣∣∣ispI − ispripI

∣∣∣φX +
∣∣∣ispI

∣∣∣(1 − ηg
)
+

∣∣∣irpI

∣∣∣(1 − ηP-M)/ηP-M

]]
(13)

where φX is the transmission loss coefficient of the DGT when the planetary carrier is
fixed, ηg is the total transmission efficiency of fixed-axis gears i1 and i2, and ηP-M is the
transmission efficiency of the CLHS.

In this study, a CLHS composed of a variable displacement axial piston pump and
a fixed-displacement axial piston motor (rated displacement of 125 cm3/r) is used as an
example. The interpolation method was used to fit the transmission efficiency, and the
functional relationship among the transmission efficiency of the CLHS, system differential
pressure, and displacement ratio was determined.

ηP-M =
4

∑
j=0

j

∑
i=0

A · εi · ∆pj−i (14)

The fitted coefficient matrix is the following:

A =
[
A1 A2 A3

]T ⇒


A1 =

[
−0.652 0.01319 4.471 −9.645 × 10−5 −1.279

]
A2 =

[
−10.71 3.063 × 10−7 2.174 × 10−5 −5.897 × 10−3 12.66

]
A3 =

[
−3.537 × 10−10 −3.56 × 10−8 −2.02 × 10−6 4.484 × 10−3 −5.694

]
where A is a polynomial coefficient matrix and ∆p is the system differential pressure (bar).

Based on Equation (14), the transmission efficiency characteristics of the CLHS are as
shown in Figure 8.
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Figure 8. Transmission efficiency characteristics of the CLHS. (a) Efficiency surface of the CLHS.
(b) CLHS efficiency curve at partial pressure difference.

As shown in Figure 8, with the increasing pressure difference, the transmission effi-
ciency of the CLHS first increases and then decreases. When the pressure difference reaches
400 bar, the transmission efficiency of the CLHS does not exceed 53%. Therefore, in the
design process, the maximum pressure difference across the CLHS must not exceed 350 bar.



Actuators 2024, 13, 120 12 of 25

Within the main operational range, the CLHS achieves its highest efficiency at ∆p = 270 bar,
whereas its efficiency is lowest at ∆p = 350 bar.

Ref. [31] shows that when the rated displacements are equal, the displacement regula-
tion method has a minimal effect on the transmission efficiency of the CLHS. Therefore,
Equation (14) was uniformly used as the efficiency model of the CLHS in the calculation
of the PHTS configuration. Referring to the efficiency calculation methods for S-TQ-JN,
the transmission efficiency characteristics of the remaining PHTS configurations can be
calculated as listed in Table 2.

Table 2. Transmission efficiency of the PHTS.

Configuration Transmission Efficiency of the S-PHTS Configuration Transmission Efficiency of the C-PHTS

S-TQ-JN 1/
[
1 + |1/ib1|

[∣∣∣is
pI − it

pripI

∣∣∣φX +
∣∣∣is

pI

∣∣∣(1 − ηg
)
+

∣∣∣ir
pI

∣∣∣(1 − ηP-M)/ηP-M

]]
C-TQ-JN 1/

[
1 + |1/ib7|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣ir

pI

∣∣∣(1/
(
ηP-Mηg

)
− 1

)]]
S-TQ-JF 1/

[
1 + |1/ib1|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣is

pI

∣∣∣(1 − ηg
)
/ηd +

∣∣∣ir
pI

∣∣∣(1 − ηP-M)
]]

C-TQ-JF 1/
[
1 + |1/ib7|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣ir

pI

∣∣∣(1 − ηP-Mηg
)]]

S-QT-JN 1/
[
1 + |1/ib2|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣is

pI

∣∣∣(1 − ηP-M)/ηP-M +
∣∣∣ir

pI

∣∣∣(1 − ηg
)]] C-QT-JN 1/

[
1 + |1/ib8|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣is

pI

∣∣∣(1/
(
ηP-Mηg

)
− 1

)]]
S-QT-JF 1/

[
1 + |1/ib2|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣is

pI

∣∣∣(1 − ηP-M) +
∣∣∣ir

pI

∣∣∣(1 − ηg
)
/ηg

]]
C-QT-JF 1/

[
1 + |1/ib8|

[∣∣∣is
pI − is

pripI

∣∣∣φX +
∣∣∣is

pI

∣∣∣(1 − ηP-Mηg
)]]

S-JT-QN 1/
[
1 + |1/ib3|

[
|ib3 − ε|φX +

∣∣ip
rI

∣∣(1 − ηg
)
/ηg + |is

rI|(1 − ηP-M)/ηP-M
]]

C-JT-QN 1/
[
1 + |1/ib9|

[∣∣ib9 − ipI
∣∣φX + |is

rI|
(
1 − ηP-Mηg

)]]
S-JT-QF 1/

[
1 + |1/ib3|

[
|ib3 − ε|φX +

∣∣ip
rI

∣∣(1 − ηg
)
+ |is

rI|(1 − ηP-M)/ηP-M
]]

C-JT-QF 1/
[
1 + |1/ib9|

[∣∣ib9 − ipI
∣∣φX + |is

rI|
(
1/

(
ηP-Mηg

)
− 1

)]]
S-TJ-QF 1/

[
1 + |1/ib4|

[∣∣ib4 − ipI
∣∣φX +

∣∣ip
rI

∣∣(1 − ηP-M) + |is
rI|
(
1 − ηg

)
/ηg

]]
C-TJ-QF 1/

[
1 + |1/ib10|

[∣∣ib10 − ipI
∣∣φX +

∣∣ip
rI

∣∣(1 − ηP-Mηg
)]]

S-TJ-QN 1/
[
1 + |1/ib4|

[∣∣ib4 − ipI
∣∣φX +

∣∣ip
rI

∣∣(1 − ηP-M)/ηP-M + |is
rI|
(
1 − ηg

)]]
C-TJ-QN 1/

[
1 + |1/ib10|

[∣∣ib10 − ipI
∣∣φX +

∣∣ip
rI

∣∣(1/
(
ηP-Mηg

)
− 1

)]]
S-QJ-TF 1/

[
1 + |1/ib5|

[∣∣ib5 − ipI
∣∣φX +

∣∣ip
sI

∣∣(1 − ηP-M) + |ir
sI|
(
1 − ηg

)
/ηg

]]
C-QJ-TF 1/

[
1 + |1/ib11|

[∣∣ib11 − ipI
∣∣φX +

∣∣ip
sI

∣∣(1 − ηP-Mηg
)]]

S-QJ-TN 1/
[
1 + |1/ib5|

[∣∣ib5 − ipI
∣∣φX +

∣∣ip
sI

∣∣(1 − ηP-M)/ηP-M + |ir
sI|
(
1 − ηg

)]]
C-QJ-TN 1/

[
1 + |1/ib11|

[∣∣ib11 − ipI
∣∣φX +

∣∣ip
sI

∣∣(1/
(
ηP-Mηg

)
− 1

)]]
S-JQ-TN 1/

[
1 + |1/ib6|

[
|ib6 − ε|φX +

∣∣ip
sI

∣∣(1 − ηg
)
/ηg + |ir

sI|(1 − ηP-M)
]]

C-JQ-TN 1/
[
1 + |1/ib12|

[∣∣ib12 − ipI
∣∣φX + |ir

sI|
(
1 − ηP-Mηg

)]]
S-JQ-TF 1/

[
1 + |1/ib6|

[
|ib6 − ε|φX +

∣∣ip
sI

∣∣(1 − ηg
)
+ |ir

sI|(1 − ηP-M)/ηP-M
]]

C-JQ-TF 1/
[
1 + |1/ib12|

[∣∣ib12 − ipI
∣∣φX + |ir

sI|
(
1/

(
ηP-Mηg

)
− 1

)]]
Note: In calculating the PHTS transmission efficiency, the influence of the power flow and the CLHS on the system
efficiency was considered. A number of additional power losses, such as bearing friction and gear oil churning,
were neglected.

The calculations in Tables 1 and 2 reveal that a correlation exists between the transmis-
sion efficiency of the PHTS and the displacement ratio. The efficiency characteristic curve
of the PHTS is shown in Figure 9.

As shown in Figure 9, when the displacement ratio control range of the configura-
tion does not include zero, that is, the rotation speed of the fixed-displacement hydraulic
component cannot be adjusted to 0, no purely mechanical transmission condition exists
in the configuration, and the transmission efficiency shows a trend of increasing and
then decreasing with the change in the speed ratio or displacement ratio. In high-speed
driving conditions, this type of configuration is not conducive to improving the trans-
mission efficiency of the vehicle. Additionally, the transmission efficiency of this con-
figuration is generally low, and compared with the torque converter, it has no obvious
efficiency advantage. Therefore, the relevant configurations whose displacement ratio
control range does not include zero are non-advantageous and should be avoided in vehicle
transmission systems.

When the DGT connection forms and the displacement ratio control ranges of the
S-PHTS and C-PHTS are identical, the efficiency characteristic curves of the S-PHTS and C-
PHTS exhibit similar trends. To clearly show the efficiency difference between the S-PHTS
and C-PHTS and to study the effect of structural forms on the transmission efficiency, the
efficiency characteristics of the two basic configurations must be compared.
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Figure 9. Efficiency characteristic curve of PHTS. Note: YL is the actual test efficiency of the single-
phase three-element torque converter used in the bulldozer. 
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4.2.2. Efficiency Comparison between C-PHTS and S-PHTS

Because the C-PHTS and S-PHTS have different configurations, their power loss
mechanisms should be different. As shown in Figures 5 and 6, both C-PHTS and S-PHTS
have two reflux transmission forms. The power loss mechanism of the PHTS in different
reflux transmission forms is shown in Figure 10.

As shown in Figure 10, when the PHTS transmits power in hydraulic–mechanical
reflux transmission form, the instantaneous system input power and reflux power are
all transmitted to the DGT via the hydraulic path; when the PHTS transmits power in
mechanical–hydraulic reflux transmission form, only the reflux power is transmitted via
the hydraulic path. Because the reflux power is only a part of the total input power of the
DGT and the transmission efficiency of the CLHS is considerably lower than that of gears
or mechanical transmission shafts, the mechanical–hydraulic reflux transmission form of
the PHTS is more conducive to improving transmission efficiency.

To compare the efficiency characteristics of the C-PHTS and S-PHTS, this study consid-
ers eight PHTS configurations in the two connection forms of TQ-J and QJ-T as examples
for analysis, as shown in Figure 11.
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where Ptm is the total power input to the mechanical transmission path (kW) and b is the 
power reflux ratio, defined as the ratio of the reflux power to the total power input to the 
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Figure 11. Comparison of transmission efficiencies of the PHTS. (a) Connection form of TQ-J.
(b) Connection form of JQ-T.

Figures 5 and 6 show that, among the eight configurations shown in Figure 11, S-
TQ-JF, C-TQ-JF, S-QJ-TF, and S-QJ-TF transmit power through the mechanical–hydraulic
reflux transmission form, whereas S-TQ-JN, C-TQ-JN, S-QJ-TN, and S-QJ-TN transmit power
through the hydraulic–mechanical reflux transmission form. Comparing the efficiency
curves of the aforementioned configurations reveals that, for the same DGT connection form
and displacement ratio control range, the C-PHTS configuration has higher transmission
efficiency when the PHTS is configured in the mechanical–hydraulic reflux transmission
form. Conversely, the S-PHTS configuration exhibits higher transmission efficiency when
the PHTS is configured in the hydraulic–mechanical reflux transmission form. The closer
the system speed ratio is to zero, the smaller the difference in efficiency between the C-
PHTS and S-PHTS becomes. Note that, while Figure 11 only randomly presents two types
of DGT connection forms, the aforementioned rules are valid for any DGT connection form
of the PHTS.
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Figure 10(1b,2b) show that, in the mechanical–hydraulic reflux transmission form,
the power losses Pls1 and Plc1 in the S-PHTS and C-PHTS, respectively, can be expressed
as follows. {

Pls1 = Ptm − Ptmηg + Ptmηgb − PtmηP-Mbηg

Plc1 = Ptmb − PtmηP-Mbηg
(15)

where Ptm is the total power input to the mechanical transmission path (kW) and b is the
power reflux ratio, defined as the ratio of the reflux power to the total power input to the
DGT, where b ∈ [0, 1].

The difference Pd1 in power loss between the two basic configurations is

Pd1 = |Pls1 − Plc1| = Ptm
(
1 − ηg

)
(1 − b) (16)

Equation (16) shows that Pd1 is negatively correlated with ηg and b. In the mechanical–
hydraulic reflux transmission form, as the absolute value of the displacement ratio |ε|
becomes larger, it results in a system speed ratio closer to zero, a smaller output power
of the PHTS, and a larger b. When the PHTS system speed ratio stabilizes at zero, all the
power contributes to the power reflux, i.e., b = 1. Therefore, |ε| is positively correlated with
b, Pd1 is negatively correlated with |ε|, and C-PHTS has higher transmission efficiency.

Similarly, Figure 10(1a,2a) show that, in the hydraulic–mechanical reflux transmission
form, the power losses Pls2 and Plc2 in the S-PHTS and C-PHTS, respectively, can be
expressed as follows.{

Pls2 = Pth − PthηP-M + PthηP-Mb − PthηP-Mbηg

Plc2 = Pth − PthηP-Mηg
(17)

where Pth is the total power input to the hydraulic transmission path (kW).
The difference Pd2 in power loss between the two basic configurations is calculated as

Pd2 = |Pls2 − Plc2| = PthηP-M
(
1 − ηg

)
|b − 1| (18)

Equation (18) shows that Pd2 is not only negatively correlated with ηg and b, but also
correlated with the transmission efficiency of the CLHS. In the hydraulic–mechanical reflux
transmission form, the smaller |ε| is, the closer the PHTS system speed ratio is to zero, and
the larger b becomes. When the speed ratio is zero, all the power contributes to the power
reflux, i.e., b = 1. Therefore, |ε| is negatively correlated with b, Pd1 is positively correlated
with |ε|, and the S-PHTS has higher transmission efficiency.

4.3. Low-Speed Torque Increase Characteristics of the PHTS

The torque ratio is the main index that reflects the low-speed torque increase character-
istic of a PHTS. When the system configuration and structural parameters are determined,
the torque ratio of the PHTS depends on the displacement ratio and transmission effi-
ciency of the CLHS. Considering the S-TQ-JN configuration as an example, the relationship
between the rotation speed of the DGT input element and that of the power source is{

ns = εne

nr = ne/(i1i2)
(19)

Based on Figure 5(1a), the power transmission relationship within the S-TQ-JN can be
expressed as (

|Pr|ηg + |Pe|
)
ηP-M = |Ps| (20)

where Pr is the power transmitted by the gear ring (kW), Pe is the input power of the power
source (kW), and Ps is the power transmitted by the sun wheel (kW).
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Incorporating Equation (19) into Equation (20) yields

|Tr|
i1i2

ηg + |Te| =
|ε|

ηP-M
|Ts| (21)

where Ts, Tr, and Tp represent the torques (Nm) of the sun gear, ring gear, and planet
carrier, respectively.

The torque relationship among the gear ring, planetary carrier, and sun wheel of the
DGT is given by {

|Tr| = k|Ts|∣∣Tp
∣∣ = (1 + k)|Ts|

(22)

Incorporating Equation (22) into Equation (21) yields the expression for the torque
ratio of S-TQ-JN, as follows:

K =
∣∣Tj

∣∣/|Te| = (1 + k)ηP-Mi1i2/
[
|ε|i1i2 − kηgηP-M

]
(23)

Based on the above calculations, the torque ratios for all PHTS configurations can be
expressed as shown in Table 3.

Table 3. Torque ratio of the PHTS.

Configuration Torque Ratio of the S-PHTS Configuration Torque Ratio of the C-PHTS

S-TQ-JN (1 + k)ηP-Mi1i2/
[
|ε|i1i2 − kηgηP-M

]
C-TQ-JN (1 + k)ηP-Mηg/

[
k
(
|ε|/(ki1i2)− ηgηP-M

)]
S-TQ-JF (1 + k)ηgi1i2/

[
k − |ε|i1i2ηgηP-M

]
C-TQ-JF (1 + k)/

[
k
(
1 − (|ε|/(ki1i2))ηgηP-M

)]
S-QT-JN (1 + k)ηP-Mi1i2/

(
k|ε|i1i2 − ηgηP-M

)
C-QT-JN (1 + k)ηP-Mηg/

[
k|ε|/(i1i2)− ηgηP-M

]
S-QT-JF (1 + k)ηgi1i2/

(
1 − |ε|kηgηP-Mi1i2

)
C-QT-JF (1 + k)/

[
1 − (k|ε|/(i1i2))ηgηP-M

]
S-JT-QN kηgi1i2/

[
1 − (1 + k)|ε|ηgηP-Mi1i2

]
C-JT-QN k/

[
1 − ((1 + k)|ε|/(i1i2))ηgηP-M

]
S-JT-QF kηP-Mi1i2/

[
(1 + k)|ε|i1i2 − ηgηP-M

]
C-JT-QF kηP-Mηg/

[
((1 + k)|ε|/(i1i2))− ηgηP-M

]
S-TJ-QF kηgi1i2/

[
(1 + k)− |ε|ηgηP-Mi1i2

]
C-TJ-QF k/

[
(1 + k)

(
1 − (|ε|/((1 + k)(i1i2)))ηgηP-M

)]
S-TJ-QN kηP-Mi1i2/

[
|ε|i1i2 − (1 + k)ηgηP-M

]
C-TJ-QN kηgηP-M/

[
(1 + k)

(
(|ε|/((1 + k)(i1i2)))− ηgηP-M

)]
S-QJ-TF ηgi1i2/

[
(1 + k)− k|ε|ηgηP-Mi1i2

]
C-QJ-TF i1i2/

[
(1 + k)i1i2 − |ε|kηgηP-M

]
S-QJ-TN ηP-Mi1i2/

[
|ε|ki1i2 − (1 + k)ηgηP-M

]
C-QJ-TN i1i2ηgηP-M/

[
|ε|k − (1 + k)i1i2ηgηP-M

]
S-JQ-TN ηgi1i2/

[
k − (1 + k)|ε|ηgηP-Mi1i2

]
C-JQ-TN i1i2/

[
ki1i2 − |ε|(1 + k)ηgηP-M

]
S-JQ-TF ηP-Mi1i2/

[
(1 + k)|ε|i1i2 − kηgηP-M

]
C-JQ-TF i1i2ηgηP-M/

[
|ε|(1 + k)− ki1i2ηgηP-M

]

Tables 2 and 3 show that both the torque and system speed ratios of the PHTS have a
functional relationship with ε when the structural parameters of the system are determined.
Therefore, the relationship between the torque and system speed ratios can be established by
ε. Figure 12 shows the relationship curves of the torque ratios for the PHTS configurations
that transmit power in the mechanical–hydraulic reflux transmission form.

Figure 12 shows that, when the DGT connection form and the displacement ratio
control range are identical for the S-PHTS and C-PHTS, the S-PHTS has a larger torque
ratio but a relatively narrow speed regulation range, whereas the C-PHTS has a smaller
torque ratio but a wider speed regulation range. When the rotation speed of the input shaft
is constant and the load is sufficiently large, the system speed ratio of the PHTS is 0. In
this condition, the system does not output power externally; all the power is stored in the
form of reflux power, and the reflux power in the system can reach the maximum value. At
this point, the law of conservation of energy states that the output shaft of the system can
output the maximum torque and that a maximum torque ratio exists in the PHTS.
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Tables 2 and 3 show that both the torque and system speed ratios of the PHTS have 
a functional relationship with ε when the structural parameters of the system are deter-
mined. Therefore, the relationship between the torque and system speed ratios can be es-
tablished by ε. Figure 12 shows the relationship curves of the torque ratios for the PHTS 
configurations that transmit power in the mechanical–hydraulic reflux transmission form. 
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Figure 12. Relationship curve between the torque and speed ratios of the PHTS. (a) S-TQ-JF. (b) S-
QT-JF. (c) S-JT-QN. (d) S-TJ-QF. (e) S-QJ-TF. (f) S-JQ-TN. (g) C-TQ-JF. (h) C-QT-JF. (i) C-JT-QN. (j) C-TJ-
QF. (k) C-QJ-TF. (l) C-JQ-TN. 

Figure 12 shows that, when the DGT connection form and the displacement ratio 
control range are identical for the S-PHTS and C-PHTS, the S-PHTS has a larger torque 
ratio but a relatively narrow speed regulation range, whereas the C-PHTS has a smaller 
torque ratio but a wider speed regulation range. When the rotation speed of the input 
shaft is constant and the load is sufficiently large, the system speed ratio of the PHTS is 0. 
In this condition, the system does not output power externally; all the power is stored in 
the form of reflux power, and the reflux power in the system can reach the maximum 
value. At this point, the law of conservation of energy states that the output shaft of the 
system can output the maximum torque and that a maximum torque ratio exists in the 
PHTS. 

Although the two basic configurations share the same transmission principle and 
both have a maximum torque ratio when the system speed ratio is 0, differences exist in 
the calculation methods for the maximum torque ratio of the S-PHTS and C-PHTS owing 
to the influence of the structural form. This paper considers S-TQ-JF and C-TQ-JF as exam-
ples for illustration. 

Table 3 shows that the torque ratio of S-TQ-JF can be expressed as follows: 
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Figure 6 and Table 1 show that the control range of the displacement ratio ε of C-TQ-
JF is [−k/i1i2, 0]. When ε = −k/i1i2, the system speed ratio of S-TQ-JF is 0. At this time, the 
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where ηpm is the transmission efficiency of the CLHS when the displacement ratio of the 
CLHS is maximum or minimum (|ε| = |ε|max). 

Equation (25) shows that KSJF is maximum when the determinant |ε|max (1 − ηgηpm) is 
minimum. The maximum torque ratio of S-TQ-JF depends on k, i1i2, and ηpm. Reference [32] 
states that, in vehicle transmission systems, the transmission ratio of a single-stage exter-
nal cylindrical gear train is generally between 0.6 and 2.8. Therefore, when calculating the 
maximum torque ratio of the S-PHTS, the range of i1i2 should be limited to [0.36, 7.84]. 
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The control range of the displacement ratio ε for C-TQ-JF is [−ki1i2, 0]. When ε = −ki1i2, 
the system speed ratio of C-TQ-JF is 0. At this point, the torque ratio of C-TQ-JF can be 
expressed as 

Figure 12. Relationship curve between the torque and speed ratios of the PHTS. (a) S-TQ-JF.
(b) S-QT-JF. (c) S-JT-QN. (d) S-TJ-QF. (e) S-QJ-TF. (f) S-JQ-TN. (g) C-TQ-JF. (h) C-QT-JF.
(i) C-JT-QN. (j) C-TJ-QF. (k) C-QJ-TF. (l) C-JQ-TN.

Although the two basic configurations share the same transmission principle and both
have a maximum torque ratio when the system speed ratio is 0, differences exist in the
calculation methods for the maximum torque ratio of the S-PHTS and C-PHTS owing to
the influence of the structural form. This paper considers S-TQ-JF and C-TQ-JF as examples
for illustration.

Table 3 shows that the torque ratio of S-TQ-JF can be expressed as follows:

KSJF =
(1 + k)ηgi1i2

k − |ε|i1i2ηgηP-M
(24)

Figure 6 and Table 1 show that the control range of the displacement ratio ε of C-TQ-JF
is [−k/i1i2, 0]. When ε = −k/i1i2, the system speed ratio of S-TQ-JF is 0. At this time, the
torque ratio of S-TQ-JF can be expressed as

KSJF =
(1 + k)ηg

[k/(i1i2)]
(
1 − ηgηpm

) =
(1 + k)ηg

|ε|max
(
1 − ηgηpm

) (25)

where ηpm is the transmission efficiency of the CLHS when the displacement ratio of the
CLHS is maximum or minimum (|ε| = |ε|max).

Equation (25) shows that KSJF is maximum when the determinant |ε|max (1 − ηgηpm)
is minimum. The maximum torque ratio of S-TQ-JF depends on k, i1i2, and ηpm. Refer-
ence [32] states that, in vehicle transmission systems, the transmission ratio of a single-stage
external cylindrical gear train is generally between 0.6 and 2.8. Therefore, when calculating
the maximum torque ratio of the S-PHTS, the range of i1i2 should be limited to [0.36, 7.84].
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Based on Table 3, the torque ratio of C-TQ-JF is

KCJF =
(1 + k)

k
[
1 − (|ε|/(ki1i2))ηgηP-M

] (26)

The control range of the displacement ratio ε for C-TQ-JF is [−ki1i2, 0]. When
ε = −ki1i2, the system speed ratio of C-TQ-JF is 0. At this point, the torque ratio of C-
TQ-JF can be expressed as

KCJF =
(1 + k)

k
(
1 − ηgηP-M

) (27)

The CLHS efficiency model described in Equation (14) indicates that the CLHS has a
maximum transmission efficiency ηpmmax (ηpmmax = 0.837) when the pressure difference
is 270 bar and the displacement ratio is 0.85. Accordingly, the maximum torque ratio of
C-TQ-JF can be calculated as

KCJFmax =
(1 + k)

k
(
1 − ηgηpmmax

) =
(1 + k)
0.196k

(28)

To sum up, when k is a constant, the maximum torque ratio of the C-PHTS is only
related to the maximum transmission efficiency of the CLHS; however, the maximum
torque ratio of the S-PHTS is related to the displacement ratio and transmission efficiency
of the CLHS in the vehicle starting condition, and more factors must be considered during
design optimization. Referring to the previous calculation process, the maximum torque
ratio for the configurations described in Figure 12 can be calculated for different k values.
The calculation results are shown in Table 4.

Table 4. Maximum torque ratio of PHTS partial configuration methods.

Configuration
Maximum Torque Ratio

Configuration
Maximum Torque Ratio

k = 1.5 k = 2 k = 3 k = 4 k = 1.5 k = 2 k = 3 k = 4

S-TQ-JF 29.94 32.72 36.10 37.11 C-TQ-JF 8.50 7.65 6.80 6.38
S-QT-JF 28.92 31.40 37.80 44.87 C-QT-JF 12.75 15.29 20.39 25.49
S-JT-QN 14.77 18.90 26.92 34.79 C-JT-QN 7.65 10.20 15.29 20.39
S-TJ-QF 14.96 18.05 22.26 26.17 C-TJ-QF 3.06 3.40 3.82 4.08
S-QJ-TF 7.72 5.99 4.15 3.19 C-QJ-TF 2.04 1.70 1.27 1.02
S-JQ-TN 7.41 5.78 4.05 3.13 C-JQ-TN 3.40 2.55 1.70 1.27

Note: The rated power of the CLHS is sufficiently large, and the maximum transmission efficiency is 0.837, which
is a prerequisite for the existence of the maximum torque ratio listed in the table.

From Table 4, the maximum torque ratio of C-QJ-TF and C-JQ-TN is relatively small.
For most sets of structural parameters, these two configurations cannot meet the require-
ments for use in construction vehicles and have limited optimization potential. Therefore,
the C-QJ-TF and C-JQ-TN configurations are not suitable for construction vehicles.

5. Feasibility Analysis of the PHTS

The analysis of PHTS characteristics reveals that, among the configurations listed in
Table 4, the ten configurations, except C-QJ-TF and C-JQ-TN, have good efficiency character-
istics and large torque ratios. To accurately evaluate the aforementioned ten configurations
and clearly explain the influence of configuration parameters on transmission characteris-
tics, the upper limit of the system speed ratio of the configurations must be analyzed.

Table 1 shows that all configurations listed in Table 4 have speed ratio upper limits
when the displacement ratio is 0. Among them, the speed ratio upper limit of the C-PHTS
is related only to k, whereas that of the S-PHTS is related to both k and i1i2. Therefore,
when calculating the speed ratio upper limit of the S-PHTS, the range of i1i2 values must
be considered.



Actuators 2024, 13, 120 19 of 25

Considering S-QT-JF as an example, the control range of the displacement ratio ε of
the configuration is [−1/(ki1i2), 0]. Because |ε| ≤ 1, the numerical relationship between k
and i1i2 is

i1i2 ∈ [1/k,+∞] ∩ [0.36, 7.84] (29)

The maximum speed ratio upper limit ibmax for S-QT-JF can be expressed as

ibmax =
1

i1i2(1 + k)
(30)

ibmax can be calculated by incorporating the value of k into Equation (30).

k =


1.5
2
3
4

⇒ i1i2 ∈


[0.66, 7.84]
[0.5, 7.84]
[0.36, 7.84]
[0.36, 7.84]

⇒ ibmax =


0.61
0.66
0.69
0.55

(31)

Note that, in the form of mechanical–hydraulic reflux transmission, the speed ratio
upper limit |ib| of the S-PHTS is positively related to |ε|max. When |ε|max = 1, the S-PHTS
has the maximum speed ratio upper limit. The maximum speed ratio upper limits of the
aforementioned ten advantageous configurations are shown in Table 5.

Table 5. Maximum speed ratio upper limit for partial PHTS configurations.

Configuration
Maximum Speed Ratio Upper Limit

Configuration
Maximum Speed Ratio Upper Limit

k = 1.5 k = 2 k = 3 k = 4 k = 1.5 k = 2 k = 3 k = 4

S-TQ-JF 0.40 0.33 0.25 0.20 S-JQ-TN −2.50 −3.03 −4 −5
S-QT-JF 0.61 0.66 0.69 0.55 C-TQ-JF 0.6 0.66 0.75 0.8
S-JT-QN −1.67 −1.38 −0.93 −0.69 C-QT-JF 0.40 0.33 0.25 0.20
S-TJ-QF 0.66 0.50 0.33 0.25 C-JT-QN −0.67 −0.50 −0.33 −0.25
S-QJ-TF 1.50 2 3 4 C-TJ-QF 1.67 1.50 1.33 1.25

Table 5 shows that S-TQ-JF and C-QT-JF have the smallest speed ratio upper limits.
This not only results in a narrow high-efficiency zone of the system, but is also detrimental
to improving vehicle comfort. Therefore, this study concludes that the S-TQ-JF and C-QT-JF
configurations do not possess structural advantages.

Because the planet carrier of C-TJ-QF is directly connected to the power source and
the rated rotation speed of diesel engines used in construction vehicles is generally around
2000 rpm, when a vehicle is equipped with C-TJ-QF, the maximum rotation speed of the sun
wheel connected to the hydraulic path is essentially above 5000 rpm. When k is increased,
the rotation speed of the sun gear further increases and may even exceed 10,000 rpm.
Likewise, S-JT-QN has similar problems. While both C-TJ-QF and S-JT-QN exhibit good
transmission characteristics, considering the actual operating conditions of construction
vehicles, the cost, and the reliability, the practicality of these two configurations is believed
to be relatively low.

To illustrate the validity of the configuration and determine the optimal configuration,
this study considers as an example the large load operating conditions where the pressure
difference of the CLHS is stable at 270 and 350 bar. The efficiency characteristics of S-QT-JF,
S-TJ-QF, S-QJ-TF, S-JQ-TN, C-TQ-JF, and C-JT-QN were compared with those of the torque
converter, as shown in Figure 13.
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Figure 13. Comparison of efficiency between the PHTS partial configuration and torque converter. 
(a) S-QT-JF. (b) S-TJ-QF. (c) S-QJ-TF. (d) S-JQ-TN. (e) C-TQ-JF. (f) C-JT-QN. 

Figure 13 shows that k, i1i2, and ηP-M significantly impact the transmission efficiency 
of the PHTS. Compared with the torque converter, S-QJ-TF and S-JQ-TN exhibit no effi-
ciency advantages within the same speed ratio range. To enhance the transmission effi-
ciency, these configurations must be used in series with a reducer. In addition, owing to 
their structural form, S-QJ-TF and S-JQ-TN have extremely high requirements for the rated 
power of the CLHS, which considerably increases the overall cost. Therefore, S-QJ-TF and 
S-JQ-TN are also considered to have no practical value for use. 

The transmission efficiencies of S-QT-JF, S-TJ-QF, C-TQ-JF, and C-JT-QN are relatively 
high. Even at the lowest efficiency of the CLHS, these four configurations have higher 
transmission efficiencies within the same speed ratio range compared with the torque con-
verter. However, the speed ratio upper limits of these configurations remain small, and 
there is a problem of narrow high-efficiency areas. Therefore, simply applying the reflux 
transmission mode to the transmission system is insufficient. To widen the high-efficiency 

Figure 13. Comparison of efficiency between the PHTS partial configuration and torque converter.
(a) S-QT-JF. (b) S-TJ-QF. (c) S-QJ-TF. (d) S-JQ-TN. (e) C-TQ-JF. (f) C-JT-QN.

Figure 13 shows that k, i1i2, and ηP-M significantly impact the transmission efficiency of
the PHTS. Compared with the torque converter, S-QJ-TF and S-JQ-TN exhibit no efficiency
advantages within the same speed ratio range. To enhance the transmission efficiency, these
configurations must be used in series with a reducer. In addition, owing to their structural
form, S-QJ-TF and S-JQ-TN have extremely high requirements for the rated power of the
CLHS, which considerably increases the overall cost. Therefore, S-QJ-TF and S-JQ-TN are
also considered to have no practical value for use.

The transmission efficiencies of S-QT-JF, S-TJ-QF, C-TQ-JF, and C-JT-QN are relatively
high. Even at the lowest efficiency of the CLHS, these four configurations have higher
transmission efficiencies within the same speed ratio range compared with the torque
converter. However, the speed ratio upper limits of these configurations remain small, and
there is a problem of narrow high-efficiency areas. Therefore, simply applying the reflux
transmission mode to the transmission system is insufficient. To widen the high-efficiency
range of the system without increasing the number of vehicle gears, it is necessary to
expand the CLHS displacement ratio control range (switching to bidirectional CLHS) in
practical applications and use the split transmission mode to increase the system speed
ratio’s upper limit. Considering as an example the advantageous configurations shown
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in Figure 13, the efficiency characteristics of the configurations after expanding the CLHS
displacement ratio control range are as shown in Figure 14.
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Figure 14. Efficiency characteristics of S-QT-JF, S-TJ-QF, C-TQ-JF, and C-JT-QN after expanding the 
displacement ratio control range of the CLHS. 

Figure 14 shows that expanding the displacement ratio control range of the CLHS 
can effectively widen the high-efficiency ranges of S-QT-JF, S-TJ-QF, C-TQ-JF, and C-JT-QN. 
The reflux transmission mode is applied to the starting stage of the vehicle to avoid engine 
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6. Conclusions 
To significantly improve the transmission efficiency of the vehicle while ensuring the 
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Figure 14 shows that expanding the displacement ratio control range of the CLHS
can effectively widen the high-efficiency ranges of S-QT-JF, S-TJ-QF, C-TQ-JF, and C-JT-QN.
The reflux transmission mode is applied to the starting stage of the vehicle to avoid engine
stalling and increase the torque at low speeds, whereas the split transmission mode is
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applied to the high-speed driving conditions to widen the high-efficiency range of the
system. The orderly combination of reflux and split transmission modes can ensure the
power performance of construction vehicles without increasing the number of vehicle gears,
improve the transmission efficiency, widen the high-efficiency range, and compensate for
the shortcomings of the low transmission efficiency of the torque converter.

6. Conclusions

To significantly improve the transmission efficiency of the vehicle while ensuring the
power performance in order to enhance the construction vehicle’s performance, this study
applies the power reflux hydro-mechanical transmission system (PHTS) to the starting
of a construction vehicle and investigates the PHTS configurations. By analyzing the
internal relationship between the configuration and the power-flow transmission form,
transmission characteristics, and energy loss mechanism, the following conclusions can
be drawn:

(1) The PHTS exhibits a similar transmission performance to the hydrodynamic trans-
mission system, which not only ensures that the engine maintains high-speed operation
at zero vehicle speed and avoids stalling, but also improves the vehicle’s ability to start
and to overcome obstacles. Reasonable configurations can enable the PHTS to significantly
improve the efficiency of the construction vehicle transmission system while ensuring
power performance. Expanding the displacement ratio control range of the hydraulic
speed regulation mechanism and combining the power reflux transmission mode with the
power split transmission mode in an orderly manner can widen the high-efficiency range
of the vehicle transmission system without increasing the number of vehicle gears, and can
compensate for the shortcomings of the low transmission efficiency of the torque converter.

(2) When the connection forms of the DGT are identical, the C-PHTS exhibits higher
transmission efficiency in the mechanical–hydraulic reflux transmission form, whereas
the S-PHTS exhibits higher transmission efficiency in the hydraulic–mechanical reflux
transmission form. Although the S-PHTS always shows a larger torque ratio and speed
ratio upper limit compared with the C-PHTS, it has a higher power requirement for the
CLHS owing to the influence of its structural form.

(3) From the analysis results of PHTS transmission characteristics, the four configura-
tions, i.e., S-QT-JF, S-TJ-QF, C-TQ-JF, and C-JT-QN, are considered to have better transmis-
sion characteristics and to be suitable for construction vehicles.

This paper proposes a new method of using a hydrostatic external reflux transmission
system to replace a hydrodynamic internal reflux transmission system, and provides a
guide for a new research direction in the field of hydro-mechanical composite transmission.
However, it is limited by page length restrictions for the article. This paper has not yet
discussed issues such as matching, optimization, and control methods between PHTS and
the vehicle. In the future, based on real prototype vehicles, we plan to further analyze the
cooperative operation methods between PHTS and the shifting mechanism, research the
design methods for hydrostatic reflux automatic transmission, and explore the dynamic
characteristics of PHTS under various starting conditions so as to lay the foundation for
the development of control strategies.
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Nomenclature

HMTS Hydro-mechanical transmission system
PHTS Power reflux hydro-mechanical transmission system
S-PHTS Split-shaft power reflux hydro-mechanical transmission system
C-PHTS Combined-shaft power reflux hydro-mechanical transmission system
CLHS Closed-loop hydraulic system
DGT Differential gear train
PSTM Power split transmission mode
PRTM Power reflux transmission mode
ε Displacement ratio
nV Actual rotation speed of the variable-displacement hydraulic components, rpm
nF Actual rotation speed of the fixed-displacement hydraulic components, rpm
VP-FM Variable displacement pump-fixed displacement motor closed-loop system
FP-VM Fixed displacement pump-variable displacement motor closed-loop system
ne Rotation speed of the power source, rpm
ns Rotation speed of the sun wheel, rpm
nr Rotation speed of the gear ring, rpm
np Rotation speed of the planetary carrier, rpm
i1,i2 Transmission ratios of fixed-axis gears
k Characteristic parameter of the planetary gear
ib System speed ratio of the PHTS
iab Ratio of the rotation speed of elements a and b in the PHTS
ia
bc Ratio of the rotation speed of elements b and c relative to element a in the PHTS

ηP-M Transmission efficiency of the CLHS
∆p System differential pressure of the CLHS
φX Power loss coefficient of the DGT when the planetary carrier is fixed
ηg Total transmission efficiency of fixed-axis gears i1 and i2
Pls1 Power loss in the S-PHTS in the mechanical–hydraulic reflux transmission form, kW
Plc1 Power loss in the C-PHTS in the mechanical–hydraulic reflux transmission form, kW
Ptm Total power input to the mechanical transmission path in the mechanical–hydraulic

reflux transmission form, kW
Pls2 Power loss in the S-PHTS in the hydraulic–mechanical reflux transmission form, kW
Plc2 Power loss in the C-PHTS in the hydraulic–mechanical reflux transmission form, kW
Pth Total power input to the hydraulic transmission path in the hydraulic–mechanical

reflux transmission form, kW
b Power reflux ratio, defined as the ratio of the reflux power to the total power

input to the DGT
Pd1 Difference in power loss between the S-PHTS and C-PHTS in the mechanical–hydraulic

reflux transmission form, kW
Pd2 Difference in power loss between the S-PHTS and C-PHTS in the hydraulic–mechanical

reflux transmission form, kW
Pr Power transmitted by the gear ring, kW
Pe Input power of the power source, kW
Ps Power transmitted by the sun wheel, kW
Ts Torque of the sun wheel, Nm
Tr Torque of the gear ring, Nm
Tp Torque of the planetary carrier, Nm
K Torque ratio, expressed as the ratio of the output torque to the input torque of the system
ηpm Transmission efficiency of the CLHS when the displacement ratio of the CLHS is

maximum or minimum (|ε| = |ε|max)
ηpmmax Maximum transmission efficiency of the CLHS
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