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Abstract. The power reflux hydraulic transmission system (PRHTS), which is a new continuously
variable transmission system, is put forward to enhance the efficiency of the torque converter.
This study shows that the basic structure and operating principle of the PRHTS. Because the
six-cylindered diesel engine’s operation range is between 40 Hz and 150 Hz, resonance point of
the PRHTS should not exist in resonance region of engine. In order to study the resonance
characteristics of the PRHTS, the dynamic model of the PRHTS is established by merging the
planetary gear train dynamic model and torque converter dynamic model. This study also
researches the amplitude-frequency characteristic curves of the PRHTS with different speed ratio
and the effect of the torsional stiffness and damping coefficient to the amplitude-frequency
characteristic of the PRHTS. The simulation result shows that the resonance frequency of the
PRHTS could be excluded from engine’s operation range and the amplitude will decrease by
changing the torsional stiffness and damping coefficient of the coupling.

Keywords: automatic transmission, amplitude-frequency characteristic, dynamics, transmission
system, resonance frequency.

Nomenclature

A

Cross-sectional net torus flow area

AT Automatic transmission

ATF Automatic transmission fluid

Csh Shock loss coefficients

Ctc Steady state capacity

ch Dynamic capacity

f(itc) Steady state torque ratio function

g(itc) Steady state capacity function

IC Input coupled

itc Speed ratio of the torque converter

Jc,Jr,Js,Jn Moment of inertia of the carrier, ring gear, sun gear and nth (n = 1,..., N)
planet gear, respectively

Jp, Jt, Jst Moment of inertia of pump, turbine and stator, respectively

Ktc Steady state torque ratio

K2 Dynamic torque ratio

krn Mesh stiffness between the ring gear and the nth planet gear

ksn Mesh stiffness between the sun gear and the nth planet gear

Lf Equivalent fluid inertia length

mpl Mass of a planet gear. It is assumed that the mass of the planet gears are same

N Total number of the planet gears

np, nt, nst Angular speed of pump, turbine and stator, respectively

oc Output coupled

P Pump

PGT Planetary gear train

PRHTS Power reflux hydraulic transmission system
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Q Volumetric flow rate
r,c,s Ring gear, carrier and sun gear
Rc Length between the geometrical center of the planet gears and the geometrical

center of the planetary gear train
Rp, Rt, Rst Radius of pump, turbine and stator, respectively

Rr,Rs,Rn Radius of base circle of the ring gear, sun gear and nth planet gear, respectively

Sp, St, Sst Design constants of pump, turbine and stator, respectively

Sty, St, Stators

T Turbine

TC Torque converter

Tp, Tt, Tst Torque of pump, turbine and stator, respectively

Tpf, Ttf Fluid torque of pump and turbine

us, uc, ur, un Torsional displacement of the sun gear, carrier, ring gear and nth planet gear,
respectively

ap,at,a st  Blade angles at pump, turbine and stator exits, respectively

ar Mesh angle between the ring gear and the planet gears

as Mesh angle between the sun gear and the planet gears

Bp, B t, B st Blade angles at pump, turbine and stator entrances, respectively

dsn Displacement between the sun gear and the nth planet gear

orn Displacement between the sun gear and the nth planet gear

p Fluid mass density

1. Introduction

In the last few decades, automatic transmission (AT) has gained widespread use in a large
percentage of vehicles due to its easy drive-ability, torque amplifying and torsional damping
characteristics [1]. In the torque converter, automatic transmission fluid (ATF) is media which
transmits power, so automatic vehicle has the ability to de-couple the engine from wheels.
Moreover, the engine can work in the best economic zone by AT’s continuously variable
transmission. Meanwhile, the torque fluctuation of engine is attenuated by torsional damping
characteristics of the torque converter, thereby AT can prolong service life of the engine and
transmission. But the efficiency of torque converter is lower than gears due to twice energy
conversion in the torque converter. The overall transmission efficiencies of manual transmission
and AT are 96.7 % and 86.7 %, respectively [2]. Therefore, improving the efficiency of AT has
the vital significance. At present, the automatic vehicle improves the efficiency of the torque
converter by the lock-up clutch system [3]. When the lock-up clutch is engaged, the engine
connects with transmission directly, thus the efficiency of AT will be enhanced. Meanwhile,
torsional vibration of automatic vehicle will be serious and comfortableness will be worse,
because there is no torsional damping of torque converter between the engine and transmission
system [4]. For the construction vehicle (such as wheel loader), torque converter usually has not
the lock-up clutch, because the construction vehicle’s work condition is very terrible and external
load is constantly changing. This paper presents the power reflux hydraulic transmission system
(PRHTS), which is a new continuous variable transmission system, to improve the fuel economy
and enhance the efficiency [5].

When the PRHTS is used in construction vehicle which has a six-cylindered diesel engine, the
engine’s operation range is between 40 Hz and 150 Hz (800-3,000 rpm) [4], so the resonance
frequency of the PRHTS should not exist in resonance region of engine. It is a complex issue to
calculate the amplitude-frequency characteristic of the PRHTS, because there are two power flow
in the PRHTS and the PRHTS both has the planetary gear train’s rigid transmission and the torque
converter’s flexible transmission. In order to study the amplitude-frequency characteristic of the
PRHTS, the dynamic model of the PRHTS is established by proposing the dynamic models of the
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planetary gear train and torque converter. At present, there are two dynamic models of the torque
converter. For studying the influence of the two dynamic models of the torque converter to
simulation result of the PRHTS’s amplitude-frequency characteristic, this paper establishes two
dynamic models of the PRHTS by using two dynamic models of the torque converter, then the
amplitude-frequency characteristic of the PRHTS is calculated. The amplitude-frequency
characteristic of the PRHTS with different speed ratio is studied by simulation, and the effect of
the torsional stiffness and damping coefficient to the amplitude-frequency characteristic of the
PRHTS is studied, respectively.

2. The basic structure and operating principle of the PRHTS

For the low efficiency variator (such as CVT, hydraulics and hydro-dynamics), their efficiency
can be enhanced by using the power reflux transmission [6-9]. Because the system’s input power
of the power reflux transmission will be divided into two part power to transmit. One part of the
input power transmits by the high efficiency gears, the other part of the input power transmits by
the low efficiency variator. Thus, the power which transmits by the variator will decrease.
Therefore, the efficiency can be enhanced by using the power reflux transmission.

The PRHTS consists of a planetary gear train and a variator, wherein the variators have many
types (such as mechanical, electric and hydraulic) [10]. The torque converter which has excellent
shock absorption and cushioning is elected as the variator of the PRHTS. The other important
component unit of the PRHTS is the planetary gear train. Planetary gear train consists of sun gear,
ring gear, planet gears and carrier as shown in Fig. 1. The planetary gear train is commonly used
by locking one component of sun gear, ring gear and carrier. Then the other two component motion,
and one of those is used as the input shaft and the other is used as the output shaft. However, the
planetary gear train of the PRHTS has two degrees of freedom, and the planetary gear train is used
as the coupling device. The rotational speed of third moving component is depended on the
rotational speed of other two moving components in the planetary gear train.

Ring gear

Carrier

Sun gear

Planet geal

Fig. 1. Structure diagram of the planetary gear train

According to the location of the planetary gear train, the power reflux transmission has two
basic structures. The power reflux transmission is called as the input coupled (IC) system when
the planetary gear train locates at output shaft as shown in Fig. 2. The power reflux transmission
is called as the output coupled (OC) system when the planetary gear train locates at input shaft as
shown in Fig. 3. The simulation result shows that the efficiency of input coupled is higher than
output coupled [11]. So, the input coupled is used in the PRHTS.

Fig. 4 shows the schematic of the PRHTS. A major characteristic of the PRHTS is the torque
converter which anti-places the reflux power path, namely, the turbine of the torque converter
connects with the input shaft of the transmission system and the pump of the torque converter
connects with the sun gear of the planetary gear train. In the PRHTS another characteristic is the
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torque converter which has two stators. The prominent characteristic of the double stator torque
converter is the wide high efficient range which efficiency is more than 80 %, because the working
condition of the double stator torque converter consists of two converter conditions and a coupling
condition. It can amplify transmission ratio range of the PRHTS in high efficient range by using
the double stator torque converter.

(1)
N

R e 12, S ) ®

r 4 7

Fig. 2. Schematic picture of the Input Coupled. Fig. 3. Schematic picture of the Output Coupled.

Arrows show the direction of the power flow. Arrows show the direction of the power flow.
TC: torque converter; PGT: planetary gear train; TC: torque converter; PGT: planetary gear train;
1: input shaft; 2: output shaft 1: input shaft; 2: output shaft

The power flow of the PRHTS is shown in Fig. 4 and is described as follows. First, the power
of the engine enters the input shaft of the PRHTS (at the left side of Fig. 4). 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. 4), 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 continuous variable transmission system.

gy
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:: ==

:: s
Input Output
—— — —

N

N

N

:: L
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F!H

Fig. 4. Schematic and power flow of the PRHTS. T': turbine; P: pump;
S¢1, Sgp: stators; r: ring gear; c: carrier; S: sun gear

3. Dynamic modeling of the PRHTS
3.1. Dynamic modeling of the planetary gear train

Fig. 5 shows the dynamic modeling of the planetary gear train [12]. Anti-clockwise is assumed
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as the positive direction. Newton’s law is utilized to obtain the equations of motion of the planetary
gear train, as follows:

N N
(Jc + NmplRc?)
Tuc — Z ksndsncosas — krnérncosar = 0,
n=1 n=1
N
Jr .
mur + Z krnérn =0,
n=1
N
1 s . (D
Wus + Z ksnésn =0,
n=1
j1 .
Eul — kr1érl + ks1és1 = 0,
JN |
WuN — krN6rN + ksNSsN = 0,
among them:
dsn = us — uccosas + un, 2)
érn = ur — uccosar — un. 3)

carrier ring

Fig. 5. The dynamic modeling of the planetary gear train
3.2. Dynamic modeling of the torque converter

The torque converter is a fluid dynamics element. At present, there are two dynamic models
to describe the torque converter dynamic characteristics. One is the quasi-static model by using
steady-state characteristics of the torque converter. The other one is the transient model by
one-dimensional flow path theory.

3.2.1. Quasi-static model of the torque converter

The quasi-static model can describe the transient characteristics of the torque converter based
on the 1-D look-up table of the torque converter characteristics. The fluid torque of pump and
turbine will be obtained by using steady state torque ratio (turbine fluid torque divided by pump
fluid torque) and steady state capacity data (pump speed divided by the square root of pump fluid
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torque). The acceleration of the pump and turbine can be calculated by the torque and moment of
inertia of pump and turbine. The general framework for the quasi-static model is as follows:

itc = :—;, 4)

Ktc = f(itc), (5

Ctc = g(itc), (6)
np\2

Tof = (52) - ™

Ttf = Ktc - Tpf, (3)

. _Tp—Tpf

np = T ©

ar =1 T (10)
jt

where 1np denotes the acceleration of the pump. 71t denotes the acceleration of the turbine.
3.2.2. Transient model of the torque converter

An alternative method to simulating the torque converter is to use the transient model. The
transient model is based upon the work published by Tobler [13]. The transient torque converter
model consists of four energy first-order nonlinear differential equations to describe the dynamic
characteristics of the torque converter in four state variables. The four state variables are the
volumetric flow rate of the torque converter and the angular speed of the pump, turbine and stator,
respectively. The inputs of the transient model are the pump torque and turbine torque. The three
equations are the pump, turbine and stator inertias follow from the moment-of-momentum
equation (Egs. (11-13)). The fourth equations are conservation of energy equations of the torque
converter (Eq. (14)). The four first-order nonlinear differential equations are represented as
follows:

Jphp + pSpQ = —p (npsz + Rp%tanap — nstRst? — Rst%tanast) Q+Tp, (11)
Jtnt + pStQ = —p (nth2 + Rt%tanat — npRp? — Rp%tanap) Q +Tt, (12)
Jstnst + pSstQ = —p (nstRst2 + Rst%tanast — ntRt? — Rt%tanat) Q + Tst, (13)

Lf .
p(Spnp + Stit + Sstist) + %Q = p(Rp*np? + Rt?nt? + Rst’nst? — Rst’npnst
—Rp?ntnp — Rt?nstn t) + np%p(Rptanap — Rsttanast) (14)

+nt %p(Rttanat — Rptanap) + nst %p(Rsttanast — Rttanat) — PL.

In the conservation of energy equations, PL which consists of the shock losses Psh and the
flow losses Pf is the power loss of the torque converter:

Psh+ P
= rsh Py

1
0 (15)
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[(Rst(nst —np) + % (tanast — tanﬂp))z]

Csh
Psh = % +(Rp(np —nt) + % (tanap — tanBt))? | (16)
[ +(Rt(nt —nst) + % (tanat — tanfst))? |
2
pf =P9TE 5 1 (anap)? + (tanat)? + (tanast)?). 17

3.2.3. The difference between the two dynamic modeling

According to Egs. (11-12), the dynamic torque ratio and dynamic capacity of the torque
converter can be obtained, as shown in Egs. (18-19). The dynamic torque ratio and dynamic
capacity may be divided into three parts. The first part is the steady state terms. The second part
is the transient annular fluid terms which is directly proportional to the rate of volumetric flow
rate. The third part is the transient inertia terms, namely, inertial force of the pump and turbine.
When the torque converter is in a steady state condition, both second and third parts of
Egs. (18-19) are zero, only the first part is not zero. So, the first part represents the steady state
torque ratio and steady state capacity. The third part is expressed by Egs. (8-9) in the quasi-static
model. Thus it can be seen that the difference between quasi-static model and transient model is
the transient annular fluid terms.

The formulas of the quasi-static model are simple than the transient model, so the calculation
of the quasi-static model is more easy. Moreover, the transient model needs many parameters of
the torque converter, but the quasi-static model only needs the steady state torque ratio and steady
state capacity data. Most of the transmission control units use the quasi-static model to control AT
[14-17]. On the other hand, though the calculation of the transient model is complicated, the
transient model contains the transient annular fluid terms. Therefore, the transient model can
describe the transient characteristics of the torque converter more accurately. In a word, both the
quasi-static model and the transient model have benefits:

A

b _ —Tt —p (nth2 + Rt%tanat — npRp? — Rp%tanap) Q — pStQ — Jtnt .
tc = . = . )
Tp o (npRp2 + Rp %tanap — nstRst? — Rst%tanast) Q + pSpQ + Jpnp
o =P _ np
tc — -
[ . 19
Tp Jp (npRp2 + Rp Q tanap — nstRst? — Rst%tanast) Q + pSpQ + Jpnp (19)

3.3. Dynamic modeling of the PRHTS

Fig. 6 shows the dynamic model of the PRHTS. There is a coupling between the input shaft
and the carrier. By merging the equilibrium equation of the planetary gear train dynamic and the
torque converter dynamic, the equilibrium equation of the PRHTS dynamic is established.

4. Amplitude-frequency characteristic of the PRHTS

4.1. The amplitude-frequency characteristic of the PRHTS by using two dynamic models of
the torque converter

In order to study the influence of the two dynamic models of the torque converter to simulation
result of the PRHTS’s amplitude-frequency characteristic, the dynamic models of the PRHTS are
established by using the quasi-static model and the transient model, respectively. Then the
amplitude-frequency characteristic curves of the PRHTS are obtained, as shown in Fig. 7. It is the
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engine’s operation range (40 Hz-150 Hz) in the dashed frame. It can be seen that the difference
between the curves is so small. So, the effect of transient annular fluid terms to the
amplitude-frequency characteristic of the PRHTS is minimal, which can be ignored. For ease of
calculation, the quasi-static model is used to establish the dynamic model of the PRHTS.

L]
Cd |_| I
ka jii I

__M_ I

Input ki kp Output

e

Fig. 6. The dynamic model of the PRHTS: kt denotes the torsional stiffness between the
input shaft and the torque converter; kp denotes the torsional stiffness between
the sun gear and the torque converter; Cd denotes the damping coefficient
of the coupling; kd denotes the torsional stiffness of the coupling

————— quasi-static model
10 F —— transient model

Output Torque/Input Torque

10 10°
Frequency (Hz)
Fig. 7. The amplitude-frequency characteristic curves of the PRHTS
by using two dynamic models of the torque converter

4.2. The amplitude-frequency characteristic of the PRHTS with different speed ratio

The PRHTS is a continuous variable transmission system, so its speed ratio range which likes
the torque converter is zero to one. When the PRHTS is used in construction vehicle, the different
speed ratio of the PRHTS will be applied. For this reason, it is essential to study the
amplitude-frequency characteristic curves of the PRHTS with different speed ratio. When the
speed ratio of the PRHTS is 0.1, 0.5, 0.7 and 0.9, Fig. 8 shows the amplitude-frequency
characteristic curves. It can be seen that the speed ratio will not affect the resonance frequency of
the PRHTS. But the amplitude increases with speed ratio in the engine’s operation range, which
is the effect of the torque converter. It is validated that the amplitude of the torque converter
increases with speed ratio [18]. So, the torsional damping of the PRHTS is better when the vehicle
starts.

Because the resonance frequencies of the PRHTS with different speed ratio are same, studying
a certain speed ratio is sufficient to represent the resonance frequency of the PRHTS. When the
resonance frequency of the PRHTS with a certain speed ratio is excluded from engine’s operation
range, the resonance frequency with all speed ratios are not in engine operation range.
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Output Torque/Input Torque

10 10°
Frequency (Hz)
Fig. 8. The amplitude-frequency characteristic curves of the PRHTS with different speed ratio

4.3. Changing the amplitude-frequency characteristic of the PRHTS

According to the dynamic model of the PRHTS, amplitude-frequency characteristic curves can
be obtained, as shown in Fig. 7. There is a resonance point in the engine’s operation range. In
order to exclude the resonance point from engine’s operation range, the parameters of PRHTS
components need to be changed. Because the PRHTS must match the engine, it should not change
the transmission performance of the torque converter and the planetary gear train.

It has been studied that the effect of the torque converter parameters (such as flow area, pump
radius, turbine radius, stator radius, pump blade angle, turbine blade angle and stator blade angle)
to the steady state torque ratio and steady state capacity data, respectively [19]. It can be seen that
the torque converter parameters are important to the transmission performance. Once a parameter
of the torque converter is changed, the PRHTS will not match the engine. Therefore, the
parameters of the torque converter should not change. In order to guarantee the transmission
performance of the planetary gear train, its parameters also can’t change. Therefore, only the
parameters of the coupling can be considered to change. It is studied the effect of the torsional
stiffness and damping coefficient of the coupling to the PRHTS amplitude-frequency
characteristic.

4.3.1. Changing the torsional stiffness of the coupling

For the mechanical system, the torsional stiffness is very important to the resonance frequency.
Therefore, the torsional stiffness needs to be analyzed. Fig. 9 shows the amplitude-frequency
characteristic curves of the PRHTS which the torsional stiffness of the coupling is 8x10%, 4x103,
2x10° and 1x107 N-m-rad!, respectively. In Fig. 9, it can be seen that the resonance frequency of
the PRHTS increases with the torsional stiffness in engine’s operation range. When the torsional
stiffness is less than 1x10° N-m-rad! or greater than 1x107 N-m-rad™!, the resonance frequency of
the PRHTS will be excluded from engine’s operation range. In consideration of the torsional
stiffness should not be too small, so the torsional stiffness of the coupling should be greater than
1x107 N'm-rad.

4.3.2. Changing the damping coefficient of the coupling

For the PRHTS, the damping coefficient of the coupling is another important parameter.
Fig. 10 shows the amplitude-frequency characteristic curves of the PRHTS which the damping
coefficient of the coupling is 10° 10!, 10? and 103 N-m-s-rad’!, respectively. It can be seen that
the resonance frequency of the PRHTS will not change while the damping coefficient changes.
However, the amplitude of the resonance point decreases with the damping coefficient in engine’s
operation range. This is due to the attenuation characteristic of damping. Therefore, the coupling
should use a certain value damping.
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Fig. 9. The amplitude-frequency characteristic curves of the PRHTS
with different torsional stiffness of the coupling

107
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Output Torque/Input Torque

10 10”
Frequency (Hz)
Fig. 10. The amplitude-frequency characteristic curves of the PRHTS
with different damping coefficient of the coupling

5. Conclusions

A new transmission scheme (PRHTS), which is a continuous variable transmission system, is
introduced in this paper to improve the fuel economy of construction vehicle. It is analysed that
the basic structure and operating principle of the PRHTS. The dynamic model of the PRHTS is
established by proposing the dynamic models of the planetary gear train and torque converter.
Then the main conclusions are:

1) The influence of the two dynamic models of the torque converter to the simulation result of
the PRHTS’s amplitude-frequency characteristic is small. Therefore, the effect of transient annular
fluid terms to the amplitude-frequency characteristic of the PRHTS is minimal, which can be
ignored.

2) The simulation result shows that the speed ratio will not affect the resonance frequency of
the PRHTS, but the amplitude increases with speed ratio in the engine’s operation range. Therefore,
the torsional damping of the PRHTS is better when the vehicle starts.

3) The resonance frequency of the PRHTS increases with the torsional stiffness and the
amplitude of the resonance point decreases with the damping coefficient in the engine’s operation
range. In a word, the resonance frequency of the PRHTS could be excluded from engine operation
range and the amplitude will decrease by changing the torsional stiffness and damping coefficient
of the coupling.
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