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Abstract. Hydraulic hybrid vehicle is developed from the traditional vehicle by installation of
the hydraulic system and disassembly of the mechanical transmission system, which influences
the handling stability by changes of the centroid. Three layout schemes of the hydraulic system
in hydraulic hybrid vehicle were proposed in this study, which were based on available space
of the vehicle and size of the major hydraulic component. According to virtual prototype model
of the vehicle constructed in ADAMS/Car software, simulations of the three layout schemes on
steering angle step input test, steering angle pulse test and snake formation test were conducted.
Scores of the steering angle step input test, steering angle pulse test and snake formation test of
the T-type layout were 82, 80.72 and 93.42. Meanwhile, these of the postposition layout were
76, 79.46, and 91.11, and these of the parallel layout were 86, 82.19 and 95.55. Therefore, the
final scores of these three layout schemes were 256.14, 246.57, and 263.74, respectively.
Simulation results indicated that the parallel layout exhibited the best handling stability, which
would be propitious to improve comprehensive performance of the hydraulic hybrid vehicle.

1. Introduction

Fuel economy and dynamic performance of the vehicle were important influence factors to evaluate its
comprehensive property [1]. The classical vehicle takes the internal combustion engine as the power
supply, and the power is transmitted by mechanical transmission system [2]. There exists an optimal
workspace for the internal combustion engine, which can obtain a better fuel economy [3]. However, it
cannot work in this optimal workspace most of time, because driving condition of the vehicle changes
frequently [4]. Therefore, how to keep the internal combustion engine works in the optimal workspace
is focus of research in the fields of vehicle kinematics and dynamics [5].

Hybrid vehicle is vehicle includes two or more power supplies, which has been developed with the
aim of improvement of the fuel economy and dynamics performance [6]. It can take full advantage of
each kinds of power supply and obtain their optimal match by the energy control strategy [7], which
makes it a promising vehicle type [8]. Relative to other hybrid vehicle, hydraulic hybrid vehicle has
the advantages of a strong power, easy controllability, low cost, and so on, which is considered as an
ideal vehicle type for the large-scale construction machinery and special vehicle [9].

The studied hydraulic hybrid vehicle is developed from the traditional vehicle by installation of the
hydraulic system and disassembly of the mechanical transmission system, which affects the handling
stability by change of the centroid [10]. Virtual prototype model of the vehicle was constructed in the
ADAMS/Car software, and three layout schemes of the hydraulic system in hydraulic hybrid vehicle
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were proposed, which includes the T-type, postposition type, and parallel type. According to the test
requirement of the handling stability in the national standard, steering angle step input test, steering
angle pulse test, and snake formation test of the three schemes were conducted respectively, and each
test was scored. Based on comprehensive scores of each scheme, the optimal layout can be concluded.

2. Layout scheme design

For the studied hydraulic hybrid vehicle, the available space includes three parts: below the back row
seats (1460mm*1290mm*600mm), the trunk (1345mm*963mm*1400mm), and the original area for
the gearbox (500mm*216mm*355mm), which is achieved by disassembly of mechanical transmission
system. The hydraulic pump should connect the engine through the coupling, so it must be installed at
the original area for the gearbox. Meanwhile, except the hydraulic pump and the accumulator, size and
weight of the other hydraulic components are small, and their installations have few influences to the
centroid. Therefore, installation of the accumulator is the major influence factor to handling stability.
Size and weight of the accumulator are 1185mm*351mm*351mm and 140kg respectively, and those
of the hydraulic pump are 477mm*200mm*349mm and 90kg respectively.

The T-type layout, postposition type layout, and the parallel type layout were shown in Figure 1. In
the T-type layout in Figure 1(a), one hydraulic accumulator was installed in the central bottom of the
vehicle, and the other one was installed into the trunk next to the back row seats. Meanwhile, for the
postposition type layout, the two hydraulic accumulators were installed symmetrically in the trunk, as
shown in Figure 1(b). For the parallel type layout in Figure 1(c), the two hydraulic accumulators were
installed symmetrically in the area below the back row seats.
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Figure 1. Schematic diagram of the three layout schemes of the hydraulic system.

3. Modeling and simulation

Virtual prototype model of the vehicle was constructed in the ADAMS/Car software, which includes
body system, power system, transmission assembly system, front suspension system, steering system,
back suspension system, tire system, and so on, as shown in Figure 2. Each system was modeled in the
standard mode and constructed by existing subsystem module, and their parameters could be modified
by the actual data. Critical parameters of the vehicle were summarized in Table 1.

Figure 2. Virtual prototype model of the vehicle constructed in the ADAMS/Car software.
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Table 1. Critical parameters of the studied hydraulic hybrid vehicle

Parameters Values
Weight of the whole vehicle 2350kg
Front track 1540mm
Spring stiffness of front suspension 12.5N/mm
Caster angle of the kingpin 10°
Anterior beam angle 0.2°
Wheelbase 2800mm
Back track 1540mm
Spring stiffness of back suspension 12.5N/mm
Inclination angle of the kingpin 2.5°
Camber angle of the wheel -0.5°

Simulation of the handling stability was conducted based on the GB/T6323 [11]. The steering angle
step input test [12], steering angle pulse test [13], and snake formation test [14] of the three schemes
were conducted respectively in the virtual prototype model.

3.1 Steering angle step input test
The steering angle step input test is analysis of the transient response of the whole vehicle, and its
evaluation indexes include steady state value, response time, peak response time, and the maximum
response value of the yaw rate. Among these evaluation indexes, response time of the yaw rate is the
major one. Therefore, the steering angle step input test was conducted as shown in the Figure 3(a). The
vehicle was going straight with speed 60km/h. At time of 3s, a step input of 0.3s was given to drive
the steering wheel angle to 100°. Afterwards, the steering wheel was kept steady and the speed was
kept constant. The corresponding evolution of response time of yaw rate was shown in Figure 3(b).
100.0 o 250

___________________________ O
Q
—1 0
o 200
- ol
2 500 S 150
z 2
P 5 100
o T
g W= ] > 50
S o
£
-50'%.0 10 20 30 40 50 60 70 80 90 100 " -5'%_0 10 20 30 40 50 60 70 80 90 100
Time (sec) Time (sec)
(a) Evolution line of the steering wheel angle (b) Evolution line of response time of yaw rate

Figure 3. The steering angle step input test of the three schemes.

From the Figure 3(b) it could be calculated that the response time of yaw rate of the T-type layout,
postposition type layout, and the parallel type layout were 0.19s, 0.22s, and 0.17s, respectively. For
the purpose of scientific evaluation of score of each scheme, data of the response time was normalized
based on the national standard GB/T13047-91, and the normalization was realized by Eq. 1.

40 )

Ni=60+_—T(T60-7;) i=1,2,3 (1)
60 ~ £100

Here N, is the normalized score of each scheme; 7, is the lower limit value of response time of

yaw rate, 0.30s, which is fixed by the GB/T13047-91 [11]; T}, is the upper limit value of response

time of yaw rate, 0.10s, which is also fixed by the GB/T13047-91; T, is the response time of yaw rate

of each scheme. Therefore, the normalized scores of T-type layout, postposition type layout, and the
parallel type layout were 82, 76, and 86, respectively.
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3.2 Steering angle pulse test

The steering angle pulse test was conducted by frequency response characteristics of the yaw rate, and
the evaluation indexes include the resonant frequency, resonance peak level, and phase lag angle.
Therefore, the steering angle pulse test was conducted as shown in Figure 4(a). The vehicle was going
straight with speed of 60km/h. Afterwards, a pulse input with width of 0.5s was given to the steering
wheel for maximum angle of 140°. The corresponding yaw rate was shown in Figure 3(b).
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(a) Evolution line of the steering wheel angle (b) Evolution line of yaw rate with angle pulse

Figure 4. The steering angle pulse test of the three schemes.

Frequency response characteristics of the yaw rate G( jkwo) can be calculated by the Eq. 2. Here

r(t) is the yaw rate; @(t) is the steering wheel angle; wo is the calculation interval of the frequency,

0.1Hz. According to the national standard GB/T13047-91, the obtained resonant frequency, resonance
peak level, and the phase lag angle of the T-type layout were 0.62Hz, 3.28dB, and 26.10°, respectively.
Meanwhile, those of the postposition type layout were 0.65Hz, 3.36dB, and 26.81°, and those of the
parallel type layout were 0.58Hz, 3.21dB, and 25.30°.

Jor r(t)cos kwotdt — J.O’ r(t)sin kwotdt
jo 0(t ) cos kowotdt - | 0’ O(t ) sin kwotdt

In order to scientifically evaluate the score of each scheme, data of the resonant frequency,
resonance peak level, and the phase lag angle was normalized, and the applied equations were shown

G( jkwo) =

2

in Eq. 3, Eq. 4, and Eq. 5. Here N s 1s the normalized score of each scheme for the resonant frequency;
Jeo 1s the lower limit value of the resonant frequency, 0.7Hz; f,,, is the upper limit value of resonant
frequency, 1.30Hz; f; is the resonant frequency of each scheme; N, is the normalized score of each
scheme for the resonance peak level; Dy, is the lower limit value of the resonance peak level, 5.00dB;
D,, is the upper limit value of the resonance peak level, 2.00dB; D, is the resonance peak level of
each scheme; N, is the normalized score of each scheme for the phase lag angle; ay, is the lower
limit value of the phase lag angle, 60° a,,, is the upper limit value of the phase lag angle, 20°; o, is
the phase lag angle of each scheme. The final score N of each scheme for the steering angle pulse
test could be calculated by the Eq. 6, which was average of the N s> Np ,and N, , and it was 80.72,
79.46, and 82.19 for the T-type layout, postposition type layout, and parallel type layout, respectively.

N, =60+ (7~ 1) 3)
g fso'floo Lo
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3.3 Snake formation test

The snake formation test is used to evaluate the steady state performance of the vehicle in condition of
the continuous steering, which is suitable for the comprehensive evaluations of driving stability and
ride comfort. The major evaluation indexes are the peak value of yaw rate and average steering wheel
peak angle. Thus, the snake formation test was conducted by driving the vehicle with snake formation
at the speed of 65km/h, and the simulation results were shown in Figure 5.
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Figure 5. The snake formation test of the three schemes.

The peak value of yaw rate and average steering wheel peak angle of T-type layout were 13.7deg/s
and 50°, respectively. Meanwhile, those of the postposition type layout were 15.0deg/s and 50°, and
those of the parallel type layout were 12.5deg/s and 50°. Data of the two indexes were normalized by

Eq. 7 and Eq. 8. Here N, , and N, are the normalized score of each scheme for the peak value of yaw
rate and average steering wheel peak angle; y, and 6, are the peak value of yaw rate and the average
50 and 0, are 25deg/s, 10deg/s, 180°, and 60°,
which are fixed by the QC/T480-1999 [15]. The final score N of each scheme for snake formation

test average of the N , and N, . Therefore, the final scores of snake formation test for the T-type

steering wheel peak angle of each scheme; y¢,, 7,40 0

layout, postposition type layout, and the parallel type layout were 93.4, 91.1, and 95.5, respectively.
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Y60 =100
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Summarized simulation results were shown in Table. 2 and it could be found that the parallel type
layout exhibited the best handling stability.

Table 2. Summarized simulation results of the three layout schemes

Layout schemes T-type layout Postposition type layout Parallel type layout
Steering angle step input test 82.00 76.00 86.00
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Steering angle pulse test 80.72 79.46 82.19
Snake formation test 93.42 91.11 95.55
Total 256.14 246.57 263.74

4. Conclusions
Handling stability of hydraulic hybrid vehicle for T-type layout, postposition type layout, and parallel
type layout was analyzed based on ADAMS/Car simulation. The following conclusions were obtained.
(1) Virtual prototype model of the vehicle was constructed in the ADAMS/Car software, and three
layout schemes of the hydraulic system in hydraulic hybrid vehicle were proposed.
(2) The steering angle step input test, steering angle pulse test, and snake formation test of the three
schemes were conducted respectively, and the final scores of these three layout schemes were 256.14,
246.57, and 263.74, which indicated that the parallel type layout exhibited the best handling stability.
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