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Abstract
A series-parallel hydraulic hybrid system applied to public buses is put forward, and parameters

of key components are analyzed and determined. Energy management strategy based on logic thresh-

old is designed which is aimed at efficient operation of the overall system considering the operational

characteristic of the components and taking the curves of engine, hydraulic pump/motor and hydrau-

lic pump as the main design basis; regenerative control strategy which makes regenerative brake sys-

tem and frictional brake system work harmoniously is designed to raise recovery rate of regenerative

brake energy. System dynamic modeling and simulation results show that the energy control strategy

designed here is able to adapt system to changes of working condition and switch the operating mode

reasonably. The regenerative braking control strategy is effective in raising the utilization of energy

and improving fuel economy.
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0 Introduction

As energy crisis and environmental problems be-
come more and more serious, hybrid vehicle technology
arouses increasing attention of foreign governments and
automobile research institutes. Hydraulic transmission
hybrid technology which is one of the important bran-
ches of the hybrid vehicle research is widely applied in
mid-sized, heavy vehicles and engineering machinery
taking the advantage of its high power density and low
cost. However the energy-storage component which has
a low energy density in the system is not able to work
as the auxiliary power source for a long time. Besides,
urban buses start and stop constantly and their speed

('] As a result, traditional opera-

changes dramatically
tion control strategy for hybrid vehicle cannot work ef-
fectively.

A novel series-parallel hybrid system configuration
which is soitable for the working condition of urban bu-
ses Is presented aiming at solving the above-mentoned
problems. On the basis of optimization of the basic gear
ratie of planetary gear train and the transmission ratio
of the transfer case, energy management strategy based
on logic threshold' is designed to get the engine work-

ing efficiently and carry out appropriate drive mode se-
lection. Meanwhile regenerative control strategy based
on ideal braking force distribution is put forward to re-
cover braking energy effectively. In light of existing re-
sources , this research is based on the refitment of mod-

el NJ6488.

1 The working principle of the series-par-
allel hydraulic hybrid system

The series-parallel hybrid transmission system is
composed of engine, hydraulic variable pump, hydrau-
lic accumulator, hydraulic variable pump/motor, gear-
box, planetary gear train, driving axle and relative
control system , as shown in Fig.1. In this paper, a
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Fig.1 Series-parallel hydraulic hybrid system
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new configuration is adopted with engine connected to
the sun gear, pump/motor connected to the carrier
gear and drive train linked to the ring gear. This con-
figuration has better speed regulation performance and
better suits the working condition of urban buses in
comparison with Prius *. As shown in Fig. 2, dramatic
speed changes at the driving axle do not cause signifi-
cant changes In the operation state of engine.
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Fig.2 Speed regulation characteristic of the new configuration

The hybrid system selects the following driving
modes' under different driving conditions; pump,/mo-
tor only, engine only, charging mode, series-parallel
mode, pump/motor assist and regenerative braking.

2 Parameter selection of key components

{17 The selection of hydraulic accumulator model
and ils operating pressure range

The maximum operating pressure of a hydraulic
accumulator iz not allowed 10 be higher than that of the
pump/motor.  When selecting the pre-charge pressure
of accumulator, the efficiency of regenerative braking
system needs to be taken into consideration'®!.

The selection of accumulator volume should make
sure that the regenerative system can recover the kinet-
ic energy of the vehicle with 80% of its top speed in its
driving condition as

1-n
n

Acc

_pVor Poyie qy2 1 0.8u,,)
1" "p, 2
(1)

here, u_,. is the maximum speed (m/s) , p, is the pre-
charge pressure (MPa) , V,, is the volume of accumula-
tor under pre-charge pressure, p, is the maximum oper-
ating pressure, n is the polytropic index and m is the
complete vehicle mass.

(2) The optimal selection of the basic gear ratio
of planetary gear train o

The aim of optimal selection of the basic gear ratio
of planetary gear train « is to gain the best comprehen-
sive system performance'® . On geometrical basis, the
function'*! that defines the rotational speeds of the
planetary gear set constitutes a plane in space. As il-
lustrated in Fig. 3, when Section A has the largest pro-
jected area in three coordinate planes, the system gets

the best performance. In order to achieve this, Section
A and Section B determined by G, H, I should be par-
allel, namely the included angle @ between Section A
and Section B should be as small as possible.
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Fig.3 Relation of rotational speed of planetary gear train

As it can be seen from Fig. 4, whena =1, @has
its minimum value. Therefore o takes 1 as its value in
this design.
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Fig.4 The relation between @ and «

(3) The selection of hydraulic pump/motor

When starting up or regenerative braking™’,
pump/motor must be able to provide torque requested
from powertrain. The displacement of pump/motor is
determined by the following expressions ;

Irlil’ll)p/m = maX[Dmul’DmuZ’Dnmﬁ] (2)
p _ (mef+oman) R 14a 1 2n
ml L o Ly, D

(3)

Dmmzo.lrr%g-R_l+a_.L 1 (4)
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(5)

here, a_,. is the maximum acceleration, i, is the final
drive ratio, i, is the ratio between the output shaft of
pump/motor and the carrier gear of planetary gear set,
m is the complete vehicle mass, R is the tire radius,
F is the rolling resistance, F, is the air resistance, F,
is the acceleration resistance, § is the rotational inertia
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conversion factor, « is the basic gear ratio of planetary
gear train, p, is the minimum operating pressure and p,
is the maximum operating pressure.

(4) The selection of hydraulic variable pump

The selection of hydraulic pump should meet the
requirement of engine power regulation. The maximum
power of pump needs to be higher than the maximum
regulation power of demand. The pump must be en-
sured not to be overspeed in the working speed range of
engine since it is directly linked to engine. In the over-
all matching of components, the displacement of pump
is larger than that of pump/motor and is finally deter-
mined by the resulis of simulation and actual product
model.

(5) The selection of transfer case ratio

When the pump is working at 25% ~100% of its
rated speed, its efficiency is relatively high'”'. In ad-
dition, the overall efficiency of pump increases with
current displacement. The influence of pressure on ef-
ficiency is comparatively small, but in practical appli-
cation pressure change is controlled within the range of
20% ~ 80% of the maximum working pressure. For
these reasons, the selection of transfer case ratio
should ensure that the pump operates in a state of mid-
dle or high pressure, large displacement and high rota-
tional speed in order to gain a high overall efficiency.

On the basis of the proposed selection rules, a
backward simulation vehicle model is established with
Simulink to find out optimized matching results. Major
parameters of the vehicle are listed in Table 1.

Table 1 Parameter list for series-parallel hybrid vehicle
Name Value
Tire radius 0.3556m
. . Air drag coefficient 0.6
Basic parameters of vehicle
Frontal area 6m’
Vehicle mass 2500kg
Gearbox Transmission ratio 5.19,3.89,2.26,1.42,1,5.69
Driving axle Final drive ratio 4.875
Volume 25L
Hydraulic accumulator Max working pressure 20MPa
Min working pressure 8MPa
Planetary gear train Basic gear ratio 1
Ratio between pump/motor and carrier gear Transmission ratio 2
Transfer case ratio Transmission ratio 0.3
Hydraulic pump type A4VSG60
Hydraulic pump/ motor type A4VGS5

3 Design of operating control strategy

3.1 Energy management control strategy based
on logic threshold

There are several different driving modes in the
series-parallel hydraulic hybrid system. Thus, its a-
daptability to complex driving condition is better than
parallel configuration. Series-parallel mode can effec-
tively operate the engine in those operating points that
entail minimum fuel vse for a given power request. The
set of operating points that fulfill this critedon is de-
fined as the economy line. Owing to the existence of
planctary gear coupler, the engine has no direet me-
chanical connection with wheels and this contributes to
the complexity of the establishment of simulation mod-
el. To select proper driving mode according to driving

condition is the major task of energy management strat-
egy. The ratio of transfer case has been optimized in
the preceding text, hence pump and pump/motor are
ensured to work with high efficiency, as shown in
Fig.5. On this basis, the essence of energy manage-
ment strategy is to optimize the efficiency of en-
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Fig.5 The efficiency of pump and pump/motor
under ECE-15 driving cycle
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Logic threshold parameters and the rules of driving
mode selection are described below.

In this paper, the area between equipower lines
P, o> P, niand medium speed range in the engine
fuel map is defined as the efficient operation area of
enginem] .

When starting up, if the pressure in the accumu-
lator is above the lowest operating pressure, pump,/mo-
tor only mode is applied. After launch process, when

the power request is lower than P, and if pressure

o_optlo »
in the accumulator is lower than the minimum working
pressure, charging mode is activated. When the re-
quested power is higher than P, and if the pres-
sure in the accumulator is higher than the requested
working pressure, parallel driving mode is adopted. If
the requested power is between P, ., and P, , en-
gine only mode is selected.

Hydraulic accomulator has better workang crele
durability than battery. Therefore in hydranlic hybrd
system, there is no need to take up charge-sostaining
strategy which iz widely used in hybrd electne sys-
tem ='. Shifting the driving mode is realized by evalu-
ating threshold parameters like speed u, requested

power P, , pressure p in hydraulic system. The specif-
ic control strategy is illustrated in the following Fig. 6.
Power request Y
.

Regenerative Breking+
Friction Braking

h J r
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Fig.6 Contral logic for mode swilching

3.2 Regenerative braking control strategy based
on ideal braking force distxibution

Regenerative braking strategy''> is based on such
an idea: when the deceleration is lower than 0. 1g, on-
Iy rear axle provides vegenerative braking force. When
the deceleration is higher than 0. 1g, the braking force
is distributed according to the ideal front/rear axle bra-
king force distibution line.

Regenerative braking control logic is as follows

{1 HZ<0.1 AND p,, <p<pPp Then T =
T i Ts=0;

(2) ¥0.1<Z=<0.7 AND p_;. <P <Ppux
T,+T,=T,;

Then

(3) ¥Z>0.7 AND p_;. <p <Pp Then T, =

T,

Here, Z is braking intensity, T, is requested

req
braking torque, T, is regenerative braking torque, T,

is friction braking torque.

4 Simulation analysis of operation control
strategy

In order to verify the validity of the operation con-
trol strategy mentioned above, a backward hybrid vehi-
cle model is established with Simulink™*"''.
tion is carried out under ECE-15 driving cycle ( shown

Simula-

in Fig.7) which is close to the actual driving condition

of urban buses. Simulation results are shown in Fig. 8,
Fig.9 and Fig. 10.
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As can be seen from Fig. 10, when the pump/mo-
tor gives tractive force to the wheels only, the engine is
kept idle. In this way, fuel consumption is reduced.
When the engine is on, its efficiency is improved in a
way that operating points is shifted towards efficient ar-
ea of fuel map by hydraulic transmission system. The
pressure in the accumulator changing in a wide range
indicates that energy is recovered and reused effective-
ly. Fig. 11 and Fig. 12 shows the distribution of engine
operating points. After the operation control strategy is
applied, most of the operating points of engine fall in
the low fuel consumption area and this proves that the
strategy is effective.
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Fig.11 Operating points of traditional vehicle
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Fig.12 Operating points of hybrid vehicle

In comparison with traditional vehicle with similar
dynamic performance, the operation control sirategy
can effectively reduce fuel consumption without sacrifi-
cing dynamic performance. For this particular driving
cycle, with this operation strategy, a theoretical fuel
reduction of 30% is achieved.

5 Conclusions

A novel series-parallel configuration which is suit-

able for working conditions of urban buses is put for-
ward. And then the selection rules of key components
are proposed. On this basis, energy management strat-
egy is designed according to the fuel consumption map
of engine and overall efficiency maps of pump and
pump/motor. And regenerative braking strategy is de-
signed based on ideal braking force distribution. Simu-
lation results show that energy management strategy can
effectively adjust the working state of engine and imple-
ment proper driving mode in complex driving condi-
tions. Besides, the regenerative braking strategy can
recover braking energy efficiently to raise the utilization
of energy and bring down fuel consumption. This re-
search comes up with a new energy saving solution to
urban buses which has several advantages over electri-
cal hybrd system. Further study will focus on reliabili-
ty of hydranlic system and building hydraulic hybrid
tesl rig.
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