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Abstract—An active hunting stability scheme is proposed for the high-speed trains

based on frame lateral vibration control. The stability of the vehicle is improved

by exerting active control force on the front and rear frames of the bogie. First, a

simplified lateral vibration model of a single bogie is established to the control system

design. The feedback gain matrix is obtained according to the linear quadratic

optimal control theory. Then, the multibody dynamics model of the vehicle is built

using SIMPACK, and the linear stability and straight running performance are analyzed

under different working configurations. Finally, the active control effects are verified

by a scaled roller rig. The results show that this active control scheme to improve

the stability performances of vehicles through the feedback of frame vibration state is

feasible.

B Various ACTIVE CONTROL systems have been
researched in the last two decades to influence
the vehicle’s dynamic behavior under different
working conditions, with the goals of improving
the lateral stability or curving performance of
the vehicle, meanwhile attenuating the vibration
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energy of the carbody, etc.!? At present, the
design of control systems for high-speed
vehicles mainly focuses on primary and second-
ary suspensions. Many scholars have studied
the active control schemes on primary suspen-
sion, which has a significant impact on the vehi-
cle stability. Pearson studied the effect of
optimal control and classical control strategies
on actively stabilized wheelsets of a high-speed
vehicle. A roller rig was used to compare the
lateral stability of vehicles with active control
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and passive suspension at 300 km/h, indicating
that active control can reduce wheelset lateral
displacement.® Bideleh et al. designed a robust
controller applying a yaw torque to the wheelset
for a high-speed train bogie and corrected the
delay output of the actuators using a second-
order polynomial extrapolation.4 Mei et al. pro-
posed a control method based on the concept of
absolute stiffness (skyhook spring) to improve
the wheelset stability. The simulation results
show that the control effect is proportional to
the yaw movement of the wheelset.’

However, there are certain risks in the actual
process due to the direct application of active
control onto a wheelset. If the control system is
abnormal, the dynamic behavior of the vehicle
may be deteriorated or even unstable. There-
fore, there are also control schemes combined
with the secondary suspension. Conde Mellado
et al. proposed an active lateral suspension
including pneumatic actuators connected to the
secondary suspension air springs, which effec-
tively reduces the lateral acceleration of the
vehicle body in curve negotiation and improves
the ride comfort.® Orukpe studied the applica-
tion of model predictive control technology
using hybrid H2/Hoo method on railway vehicles,
aiming to improve their ride quality.” Anneli
et al. used a full-size rail vehicle model to study
how to improve the lateral comfort of the vehicle
by implementing Hoo and skyhook damping con-
trol strategies.® Zhou et al. proposed a control
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Figure 1. Frame lateral vibration model.
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method for high-speed tilting train combining
tilting with active lateral secondary suspension.
The active lateral secondary suspension was
used to attenuate the vehicle lateral vibration
energy on straight track, while compensating
the tilting motion of the vehicle on curve.® Qazi-
zadeh et al. conducted on-track tests of running
comfort for high-speed vehicle with active verti-
cal secondary suspension.!’ There were also
other active control methods applied to the rail-
way vehicle. Yao et al. proposed some indirect
control methods for high-speed motor trains
using different control strategies to improve
vehicle dynamic performances.''™'* Three differ-
ent frame vibration control configurations were
compared in terms of their performances in
improving the lateral stability of a high-speed
train bogie and two active control methods by
applying a lateral force to the traction motor
were proposed and their effects on vehicle
dynamics were analyzed.

In this paper, an optimal control scheme is
proposed for high-speed trains based on
frame lateral vibration control. This scheme
regards the front and rear bogies of the vehi-
cle as a whole, and changes the motion state
of the bogie by applying active control force
to the front and rear two frames, which avoids
a significant modification of the bogie struc-
ture. The control objective is to improve the
lateral stability, meanwhile reducing the track
shift force on straight track. In the simulation,
the influence of optimal control theory on
improving vehicle linear stability and straight
running performance is analyzed under four
different cases. Finally, a scaled roller rig is
used to verify the effect of optimal control on
improving stability.

FRAME LATERAL VIBRATION MODEL
In fact, the vibration state of the front and
rear bogies is similar. In this and next section,
the vibration of a single bogie is discussed.
The lateral vibration model consisting of two
wheelsets, one bogie frame is considered for the
optimal control design, is shown in Figure 1.
The bogie frame is connected to the intrinsic
coordinate system of the vehicle body by the
secondary suspension consisting of longitudinal
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Table 1. Bogie model parameters.

Symbol Definition Value
my Mass of bogie frame 2328 kg
Iy Yaw inertia of bogie frame 4080 kg-m?
i Longitudinal stiffness of 0.92 kN/mm
pe primary suspension per axle ’
i Lateral stiffness of primary 0.92 kN/mm
ka4 suspension per axle ’
Longitudinal stiffness of
kw secondary suspension per 0.133 KN/m
axle
Lateral stiffness of secondary
Koy suspension per axle 0.133 kN/m
Csr Yaw damper damping 0.33 MN:s/m
. Lateral damper damping of 15 kN-s/m
"'“ secondary suspension
2, Lo.ngltudmal spaFlng of 2000 mm
primary suspension
91 Longitudinal spacing of 9900 mm
“ actuator
21 Wheel base 2500 mm
2, I;al';eral s_pacmg of primary 2000 mm
pension
2b, Lateral s.pacmg of secondary 1900 mm
suspension
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and lateral springs and dampers, where the lat-
eral displacement of the vehicle body is prede-
termined. The frame is connected to the solid
wheelsets by the primary suspension consisting
of longitudinal and lateral springs. The frame
and wheelset have two degrees of freedom in the
model, including yaw and lateral movements.
Due to the difficulties in lateral displacement
measurement of the wheelset and controllability
and observability of the entire control system, in
this study, the lateral and yaw motions of the
wheelset are not set as the state variables of the
system and the wheel-rail force caused by those
is considered as the external excitation of the
system.

The equations of motions of the bogie are
given as follows:

mir + csyys + (2kpy + ksy)ys 1)
=y + Uz + kpy (Y1 + Yu2)

Isjps + byca@p + (205 kpy + 26T ke + b3kea)@f
=1, (ul - UZ) + llkpy(yu;l - yw2) (2)
+ b%kpx ((/)wl + §0w2).

Rewrite the above equations into a matrix
form

Mi + Ck+ Kx=FEu+T 3)

where (1) and (2) represent the lateral and yaw
movements of the bogie, respectively. for
x = [yy, (pf]T, the states y;, ¢, are the lateral dis-
placement and yaw angle of frame. The matrices
M, C, and K, are the mass, damping, and stiffness
components of the system, respectively. The
matrix T is the external excitation of the system
caused by the lateral and yaw motion of the wheel-
sets. The control force matrix u represents the
output force generated by the actuator and
applied to the front and rear end beams of frame.

The state equation of the bogie control sys-
tem can be written as

%(t) = Ax(t) + Bu(t) + F(¢)
v(t) = Dx(t). S

The state vector is defined as

x=[yr o5 9 o] ®)

The matrices and vectors of the frame motion
equation are listed

022 Lo 02x2
A= B =
[—M”K —M*c] {M“E}

O4x1 1 1
F == E =
{M‘lT} [la -1,

Yuw1 + Yuw2
T =k, , \ :
ll (ywl - wa) + bl ((pwl + (pr)

The values and definitions of system parame-
ters are listed in Table 1.

OPTIMAL CONTROL DESIGN

Optimal control is the control method that
optimizes system performance under specific
constraints and control requirements, which is
one of the most widely used methods in active
control of mechanical engineering.">!® In this
paper, the above model is controlled by the lin-
ear quadratic optimal control theory. According
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Figure 2. Dynamics model of inertial actuator.

to the theoretical analysis, the control vector u
can obtain the optimal solution by the following
formula:
1 o0

J :5/0 (xTQx + u' Ru)dt ©)
where Q and R are matrices of weight coeffi-
cients, which represent the contribution of
system vibration energy and actuator input
energy to the control system, respectively. In
order to achieve the desired system perfor-
mance such as smaller lateral displacement
of the bogie frame, the matrices Q, R need

to be continuously debugged. Here, Q, R
matrices are

led

The output force of the actuator is obtained
by the following equations:

u=-K,;-x=—-R 'BP )

PA+A"™P-PBR 'B'"P+Q=0 ®

where P is the solution of Riccati equation and
the state equations are used to solve (6)-(9)
through MATLAB.

According to the paper by Benassi et al.,'” an
idealized inertial actuator is applied to control
the lateral vibration of the bogie. The actuator
dynamics model is shown in Figure 2. Inertial
actuators are widely used components in the
field of active control of vehicles which are
mainly composed of moving mass, permanent
magnets, coils, and springs.
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Figure 3. Vehicle dynamic model.

The equations describing the dynamics of the
moving mass and base structure are given by

Jomav, + co(ve — vp) + & (Vo — vp) = —Fi
jw
€))
Fout — a(va —m) — ﬁ (va —wp) = Fiy
jw
(10)

where v, and v, are the vibrational velocity of
the moving mass and the base structure, respec-
tively. Fi, and F, are respectively the reaction
force generated by the actuator and the control
force applied to the base structure.

Substituting (9) into (10)

Fouh = 7.jwmava‘ (11)

It is shown that the control force applied to
the base structure by the inertial actuator is
equal to the inertial force of the moving mass.
Considering the magnitude of the output control
force applied to the real bogie and the natural
frequency of the inertial actuator, a new inertial
actuator may need to be redesigned for meeting
the actual control requirements.

SIMULATION RESULTS

In this section, a high-speed train including
a car body and two power bogies fitted with
actuators is modeled in SIMPACK and analyzed
different simulation results.

Vehicle Dynamics Model

As shown in Figure 3, the model consists of
17 rigid bodies and includes 50 degrees of free-
dom. The carbody and the bogie are connected
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Figure 4. Root locus of the vehicle in different cases (new wheel). The four subgraphs correspond to the vehicle root
curves in four cases and the circled part indicates the bogie hunting motion. The horizontal axis represents the damping
ratio of the motion mode. When the damping ratio is greater than 0, the corresponding motion is considered unstable. (a)
Uncontrolled. (b) Control. (c) Uncontrolled and yaw damper fault. (d) Control and yaw damper fault.
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by the secondary suspension, which includes
two air springs, four yaw dampers, two lateral
dampers, and two vertical dampers. The frame
and the wheelsets are connected via the primary
suspension, which includes the coil springs and
vertical damper. The parameters of the vehicle
dynamics model are derived from Table 1.
In order to highlight the effect of optimal
control on improving vehicle dynamics perfor-
mance, four cases are considered in this section:
1) Uncontrolled and normal operating condition;
2) optimal control and normal operating condi-
tion; 3) uncontrolled and fault condition (yaw
dampers fault in the front and rear bogies);
4) optimal control and fault condition.

Linear Stability

To verify the impact of optimal control on
vehicle stability, the root locus method is used
to analyze the motion modes of the vehicle at

different speeds. During the calculation, the line-
arized wheel profiles are adopted to include the
new and the worn wheel. Figures 4 and 5 show
the results of the root locus curve of the vehicle
with different wheel profiles, in which the speed
ranges from 20 to 1000 km/h (20 km/h steps) and
each “+” represents a corresponding eigenvalue.
For the above-mentioned root locus curve, the
vertical axis represents the frequency of the
motion mode, and the horizontal axis represents
the damping ratio of the motion mode (the
smaller the damping ratio is, the more stable
the motion mode is). When the damping ratio is
greater than 0, the corresponding motion is con-
sidered unstable. Since the damping ratio of the
bogie hunting mode is relatively close to 0, the
vehicle instability determined by the bogie hunt-
ing motion (low-frequency mode, less than 5 Hz).

In Figure 4, subgraph (a) shows the root
locus of the vehicle in case (1), where the linear

Computing in Science & Engineering
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Figure 5. Root locus of the vehicle in different cases (worn wheel). The four subgraphs correspond to the vehicle root
curves in four cases and the circled part indicate the bogie hunting motion. The horizontal axis represents the damping
ratio of the motion mode. When the damping ratio is greater than 0, the corresponding motion is considered unstable.

(a) Uncontrolled. (b) Control. (c) Uncontrolled and yaw damper fault. (d) Control and yaw damper fault.

critical speed of the vehicle is 640 km/h and sub-
graph (b) shows the root locus of the vehicle in
case (2). When the speed is inferior to a certain
value, the damping ratio of the bogie hunting
mode decrease improves the linear stability
compared with case (1) with increasing speed.
Subgraph (c¢) shows the root locus diagram of
the vehicle in case (3). Due to the failure of the
yaw damper, the hunting motion of the bogie
cannot be effectively suppressed and the stabil-
ity of the vehicle is significantly lower than case
(1), where the linear critical speed of the vehicle
is 480 km/h. Subgraph (d) shows the root locus
of the vehicle in case (4). The output force of
the actuator effectively suppresses the bogie
hunting motion, which significantly improves
the linear stability compared with case (3).

The results of the root locus curve of the
vehicle with worn wheel profiles under four
cases are shown in Figure 5, which reflects

May/June 2019

a similar behavior compared with Figure 4.
Subgraph (a) shows the root locus of the vehicle
in case (1). Due to the increment of the equiva-
lent conicity of the wheelset, the linear stability
is significantly worse compared to the vehicle
with new wheel profile, where the linear critical
speed of the vehicle is 520 km/h. Subgraph (b)
indicates that the linear stability of the vehicle is
improved after the optimal control. Subgraph
(c) shows the root locus of the vehicle in case
(3), where the linear critical speed of the vehicle
is 400 km/h. Subgraph (d) shows that the opti-
mal control effectively suppresses the bogie
hunting motion and improves the stability of the
vehicle. At this time, the linear critical speed of
the vehicle is 880 km/h.

Comparing the above root locus curve, when
the running speed of the vehicle is in a lower
range, the damping ratio of bogie hunting mode
is basically the same before and after control,
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Figure 6. Contact point connections wheel and rail. The two subgraphs correspond to the two kinds of wheel treads

including new wheel and worn wheel. (a) New wheel. (b) Worn wheel.
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which indicates the optimal control does not
work. However if the speed is in the higher
range, the damping ratio will reduce after
the control, which demonstrates the optimal
control effectively suppresses the bogie hunting,
thereby improving the vehicle stability. It should
be noted that the control effect is more obvious
under high speed and fault conditions.

Running Performances on Straight Track

The running performances on straight track
of the vehicle with two kinds of wheel treads at
350 km/h are investigated in nonlinear analyses.
The wheel and rail profile information are shown
Figure 6, and the real measurement data from
Wu-Guang high-speed line is applied to the
model as track irregularity.

In Figure 7, subgraph (a) shows the track shift
force of the rear wheelset of rear bogie in new
wheel which is the largest in four wheelsets.
According to the simulation results shown in case
(1) and (2), the optimal control does not work. In
case (3), due to the failure of the yaw damper, the
track shift force is significantly increased com-
pared with case (1). In case (4), the track shift
force is significantly reduced and is close to the
case (1) since the optimal control suppresses the
bogie hunting. Subgraph (b) shows the track shift
force of the rear wheelset with worn tread in four
cases, which reflects the behavior similar to sub-
graph (a). Due to the rise of the equivalent conic-
ity, the track shift force is increased compared
with the new wheel tread and is significantly
reduced after the optimal control under the fault
condition. Subgraph (c) shows the output force

of the first actuator of the rear bogie with new
wheel, which outputs the maximum control force
in the four actuators. In case (2) and (4), the out-
put force of the actuator is basically within 10 kN.
Subgraph (d) shows the output force of the corre-
sponding actuator, which reflects the behavior
similar to subgraph (c).

Further, starting from an initial value of
200 km/h, the vehicle speed is increased by
50 km/h wide discrete steps and the track shift
force of the vehicle is studied (shown in
Figure 8). The track shift force shows the same
trend, which means that the optimal control has
similar effects on vehicle with the new or the
worn wheel. When the vehicle is running under
normal condition and the speed is lower than
400 km/h, the track shift force of the vehicle
before control is less than that after control, and
the difference of the track shift force is reduced
with the increase of the speed. When the speed
is higher than 400 km/h, the optimal control can
reduce the track shift force. It can be seen that a
similar pattern to the track shift force under fault
condition. When the speed is higher than 300
km/h, the optimal control can effectively reduce
the track shift force and the control effect is
obvious as the operating speed increases.

The optimal control does not play a role in
reducing the track shift force in the low speed
range. The possible reason is that the vehicle sus-
pension parameters are optimized mainly for the
low speed. At this time, the control is equivalent
to increasing the original stiffness and the damp-
ing value, resulting in no improvement or even
deterioration in vehicle dynamics behavior. When

Computing in Science & Engineering
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the vehicle is running at high speed, the optimal
control can suppress the hunting movement of
the bogie compared with the original suspension,
thus, improving the vehicle dynamic performance.

TEST RESULTS

In order to verify the improvement of vehicle
dynamics performance under optimal control, in
this section, a scaled roller rig is applied for test-
ing in Southwest Jiaotong University.'® Figure 9
shows the configuration of the scaled roller rig,
which includes the mechanical structure and the
control module. The mechanical
includes a bogie frame, rollers, solid wheelsets,
lateral excitation, primary, and secondary sus-
pensions. The control module includes two
draw-wire displacement sensors, two straight
rod displacement sensors, a controller, two driv-
ers, and two inertial actuators. The draw-wire
displacement sensors and the straight rod

structure

displacement sensors are used to measure the
lateral displacement of the bogie and actuator,
respectively, which are placed on the front and
rear beams of the bogie. The control signal is
emitted by the controller and passed through
the driver to the actuator. When the rotational
speed of the wheel increases, the bogie loses sta-
bility with the increase of the frame displace-
ment. At this point, the control starts, and the
vibration of the bogie is stable with the recipro-
cating linear motion of the inertia actuators.
Figure 10 shows the lateral displacement of the
bogie before and after control. Considering that
there may be deviations in the spring stiffness,
the lateral displacement of the bogie is not sym-
metrically distributed. After optimal control, the
bogie displacement is significantly reduced and
consistent with the simulation results.

CONCLUSION

1. In this study, a control scheme is proposed for
improving the active hunting stability of high-
speed train through the linear quadratic optimal
control theory, in which inertial actuators act on
the front and rear end beam of frame and exert
active control force on the front and rear bogies.
Considering controllability and observability of
the control system, only four measurements of
motion of bogie frame are set as the state varia-
bles including the lateral displacement and yaw
angle and their first derivatives of frame. Simula-
tion and experimental results show that the con-
trol scheme can effectively improve the hunting
stability and the dynamic behavior.

2. Comparing the linear stability of the vehicle in
four cases including yaw dampers fault in the
front and rear bogies, it is found the root
locus of bogie low-frequency hunting mode
determining the vehicle critical speed is differ-
ent. When the speed in the higher range, the
active control can effectively suppress the
bogie hunting motion as the speed increases.
When the speed in the lower range, the root
locus of the bogie movement are basically the
same before and after the control, which indi-
cates the optimal control does not work at
this time. Optimal control is more effective in
high-speed and fault conditions.

Computing in Science & Engineering



3. Comparing the running performances on
straight track of the vehicle in four cases, the
track shift force is basically the same before
and after the control under normal condi-
tion. Under the fault condition, the optimal
control can effectively reduce the track shift
force and in addition, the effect of optimal
control on reducing the track shift force is
related to the running speed of the vehicle.

ACKNOWLEDGMENTS

The author would like to thank Song Yadong,
Wu Guosong, Luo Yun, and Yao Yuan for their
help. They also thank the anonymous referees
for their valuable comments regarding improv-
ing the presentation of this paper. This work was
supported by the National Natural Science Foun-
dation of China under Grant 51675443 and Grant
51735012 and was supported by Sichuan Science
and Technology Program 18YYJC0530.

B REFERENCES

1. S. Bruni et al, “Control and monitoring for railway
vehicle dynamics,” Vehicle Syst. Dyn., vol. 45, no. 7/8,
pp. 743-779, 2007.

2. R. M. Goodall, S. Bruni, and T. X. Mei, “Concepts and
prospects for actively controlled railway running gear,”
Vehicle Syst. Dyn., vol. 44, no. sup1, pp. 60-70, 2006.

3. J. T. Pearson et al., “Active stability control strategies
for a high speed bogie,” Control Eng. Pract., vol. 12,
no. 11, pp. 1381-1391, 2004.

4. S. M. M. Bideleh, T. X. Mei, and V. Berbyuk, “Robust
control and actuator dynamics compensation for
railway vehicles,” Vehicle Syst. Dyn., vol. 54, no. 12,
pp. 1762-1784, 2016.

5. T. X. Mei and R. M. Goodall, “Stability control of railway
bogies using absolute stiffness: Sky-hook spring
approach,” Vehicle Syst. Dyn., vol. 44, no. sup1,
pp. 83-92, 2006.

6. A. Conde Mellado et al., “A lateral active suspension
for conventional railway bogies,” Vehicle Syst. Dyn.,
vol. 47, no. 1, pp. 1-14, 2009.

7. P. Orukpe et al., “Model predictive control based on
mixed H2/Hoo control approach for active vibration
control of railway vehicles,” Vehicle Syst. Dyn., vol. 46,
no. sup1, pp. 151-160, 2008.

8. A. Orvnas, S. Stichel, and R. Persson, “Active lateral
secondary suspension with Hoo control to improve ride

May/June 2019

comfort: Simulations on a full-scale model,” Vehicle
Syst. Dyn., vol. 49, no. 9, pp. 1409-1422, 2011.

9. R. Zhou, A. Zolotas, and R. Goodall, “Integrated tilt
with active lateral secondary suspension control for
high speed railway vehicles,” Mechatronics, vol. 21,
no. 6, pp. 1108-1122, 2011.

10. A. Qazizadeh, R. Persson, and S. Stichel, “On-track tests
of active vertical suspension on a passenger train,”
Vehicle Syst. Dyn., vol. 53, no. 6, pp. 798-811, 2015.

11. Y. Yao et al., “Hunting stability analysis of high-speed train
bogie under the frame lateral vibration active control,”
Vehicle Syst. Dyn., vol. 56, no. 5, pp. 1-22, 2017.

12. Y. Yao, X. Zhang, and X. Liu, “The active control of
the lateral movement of a motor suspended under a
high-speed locomotive,” Proc. Inst. Mech. Eng., F, J.
Rail Rapid Transit, vol. 230, no. 6, pp. 1509-1520,
2016.

13. Y. Yao et al., “The motor active flexible suspension and
its dynamic effect on the high-speed train bogie,” J.
Dyn. Syst., Meas., Control, vol. 140, 2018, Art. no.
06450.

14. Y. Yao, G. Li, Y. Sardahi, and J.-Q. Sun, “Stability
enhancement of a high speed train bogie using active
mass inertial actuators,” Vehicle Syst. Dyn., vol. 57, pp.
389-407, 2018, doi: 10.1080/00423114.2018.1469776.

15. V. T.Vu et al., “Enhancing roll stability of heavy vehicle
by LQR active anti-roll bar control using electronic
servo-valve hydraulic actuators,” Vehicle Syst. Dyn.,
vol. 55, no. 5, pp. 1-25, 2016.

16. V. F. D. Poggetto and A. L. Serpa, “Vehicle rollover
avoidance by application of gain-scheduled LQR
controllers using state observers,” Vehicle Syst. Dyn.,
vol. 54, no. 2, pp. 191-209, 2016.

17. L. Benassi, S. J. Elliott, and P. Gardonio, “Active
vibration isolation using an inertial actuator with local
force feedback control,” J. Sound Vib., vol. 278, no. 4,
pp. 705-724, 2004.

18. Y. Yapeng, The Study Of Bogie Active Stability And
Development Of Test Platform. Southwest Jiaotong
Univ., Chengdu, China, 2018.

Hou Yue is currently working toward the M.S. degree
at the State Key Laboratory of Traction Power, South-
west JiaoTong University, Chengdu, China. His
research interests include vehicle dynamics and active
control. Contact him at houyue_1@gg.com.

Song Yadong is currently working toward the M.S.
degree at the State Key Laboratory of Traction Power,
Southwest JiaoTong University, Chengdu, China. His

31


http://dx.doi.org/10.1080/00423114.2018.1469776.
mailto:

IEEE
@ COMPUTER
. | SOCIETY

82

Optimal Control Improves Vehicle Stability

research interests include vehicle dynamics and active
control. Contact him at 1176262508@qqg.com.

Wu Guosong is a working toward the Ph.D. degree
at the State Key Laboratory of Traction Power, South-
west JiaoTong University, Chengdu, China. His
research interests include vehicle dynamics and wheel
polygonalization. Contact him at 401649252@qqg.com.

Luo Yun is a Fellow with the State Key Laboratory
of Traction Power, Southwest JiaoTong University,

SUBMIT IEEE TRANSACTIONS ON

Chengdu, China. Her research interests include
locomotive dynamics. Contact her at luoyun@home.
swjtu.edu.cn.

Yao Yuan is an Associate Professor with the State
Key Laboratory of Traction Power, Southwest
JiaoTong University, Chengdu, China. His research
interests include vehicle dynamics, multiobjective
optimization, and active control. Contact him at
yyuan@swijtu.edu.cn.

gorvg SUSTAINABLE COMPUTING

P> SUBSCRIBE AND SUBMIT

For more information on paper submission, featured articles, calls for papers,
and subscription links visit: www.computer.org/tsusc

IEEE
COMMUNICATIONS
» SOCIETY

EmA <$IEEE

lectronic Design Automation

Computing in Science & Engineering


mailto:
mailto:
mailto:
mailto:
mailto:


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


