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Abstract
The SPMT construction method is a new rapid construction technology of large urban overpass

with unblocked traffic, and unstability of SPMT construction method equipment cannot be accurately

described due to the concrete beam size, irregular shape and complex transport conditions, which is

called kiloton bridge transporting and laying vehicle. The anti-rollover performance of SPMT suspen-

sion system is studied, and vehicle side slip angle and load transfer rate (LTR) are regarded as the

evaluation indexes. An active suspension adaptive anti-rollover control model of SPMT, in which roll

stability affected by the structural parameters and control parameters, is built based on fuzzy PID,

and the effectiveness of the control method is verified through real vehicle test.

Key words : kiloton bridge transporting and laying vehicle, SPMT construction method, active

suspension, adaptive anti-rollover control

0 Introduction

In the conventional bridge reconstruction, a tradi-
tional method that scaffold built, scrapped beam de-
scent and demolition ,and new bridge erection is adopt-
ed,as a result of which the traffic will be paralyzed.
The SPMT construction method by which old concrete
beams are demolished and transporting monolithically
and then new beam is carried to exact location monol-
ithically, is a new construction technology in beam
monolithic replacement, therefore time occupation of
urban road is reduced greatly. Kiloton bridge transpor-
ting and laying vehicles (1000t BTLV ) by using the
SPMT construction method for bridge construction is
developed in cooperative by author’s team and Beijing
Baishan Heavy Industry Co. , Ltd. The vehicle was ap-
plied in a ring beam construction project of Changping
Xiguan Traffic Island Bridge in November 2011, and
95% of the project duration for occupied road construc-
tion was saved in comparison with conventional con-
struction. The beam monolithic replacement work of
Sanyuan Bridge was also accomplished by the vehicle
in November 2015. And the duration was reduced from

one month to 43 hours. Operation object of 1000t
BTLV have overweight, oversized and irregular shape
characteristics. The vehicle during operation has the
possibility of load barycenter shifi''’, and the result
would be very serious if accident occurs.

Vehicle anti-rollover control has been attracting
more and more attention recently. For example, Kadir,
et al. utilized overturning moment control suspension
system to prevent vehicle rollover'”'. Sampson, et al.
obtained active anti-rollover torque of vehicle suspen-
sion based LQR, and designed anti-rollover controller
of heavy-duty vehicle”’'. Miege, et al. simplified the
rollover model of heavy vehicle, and the load transfer
rate (LTR) of vehicle was reduced by 20% /. Zhao
conducted some theoretical researches and real vehicle
tests for active suspension anti-rollover control of auto-

]

mobile *'. Yu, et al. used the active suspension sys-

tem to replace the passive suspension system for poor

]

roll stability problem'®’. Zhao, et al. put forward

swing axle for suspension electro hydraulic control sys-

tem to solve rollover of self-propelled heavy transport

]

vehicle made by transverse slope'’’. Liu, et al. used

minimum variance self-tuning control algorithm to con-

trol a vehicle active suspension system *'. Yu, et al.
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applied an adaptive control strategy to suspension sys-
tem, so as to ensure the best performance of the vehi-

1. Sun, et al. selected

cle under different conditions
LMS adaptive filtering algorithm that was suitable for
the control of active suspension to improve the vehicle

I_tHO-lH.

handling stability and ride comfo Liu, et al.

put optimal control design based on back stepping
method forward to hydraulic active suspension' "',
Jin Zhilin studied the roll dynamic stability of vehicle
in the case of high speed turning, and the anti-rollover
control strategy based on fuzzy differential braking with

1 o [14415)
early warning .

Zhang, et al. designed semi-ac-
tive suspension system of oil and gas with the function
of anti-rollover fuzzy control'®’.

The adaptive anti-rollover control method of col-
laborative1000t BTLV based on fuzzy PID is put for-
ward, and then suspension system anti-rollover per-
formance mathematical model of 1000t BTLV is built
and analyzed, according to the selected indicators of
performance evaluation. Finally, through real vehicle
tests, the correctness of the control method and the fea-

sibility of engineering application are verified.
1 Dynamic analysis

1.1 The establishment of the dynamic differential
equations

Affected by complex road environment factors
such as slope and crooked road, as shown in Fig. 1 and
Fig.2, vehicles will be in dangerous condition of over-
turn. A 4DOF single-axis dynamic model is established
for 1000t BTLV ’s suspension system, as shown in
Fig. 3.

Fig.1 The vehicle on the slope
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Fig.2 The vehicle on crooked road

Fig.3 A 4DOF single-axis dynamic model is established
for 1000t BTLV’s suspension system

For the modeling below, notations and basic pa-
rameters involved are listed firstly, as shown in Table 1.

Table 1 The explanation of symbols and parameters
. . . Numerical
Symbol Physical significance Unit
value
B Axle spacing mm 2300
The mass of vehicle
M k 1200000
b body and load &
The rotational inertia
Jy of the car body around kg - m>  1.102 x1010

the longitudinal axis

The vertical displace- -
ment of vehicle body variable

Damping coefficient of

left and right suspen-
L, €, o and mEb SuSPENT N m 1,981 x 104

sion cylinder respec-

tively
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Continued Table 1

Active output power of
the left and right sus-

Fo, F, . . N variable
pension cylinder re-
spectively
Left and right side of
M,, M, mass non-suspension kg 1500
respectively
Left and right tire
K,, K. stiffness coefficient re- N/mm 6200
spectively
Axle vertical displace-
7., 7. xle vertical displace m variable
ment
Road hness  dis-
20, 7, oad roughness dis m variable
placement
h, Vehicle body mass m 2000
center
Vehicle turning radius
R, when traveling on a mm 10000
curve
v Vehic.le velocity when kn/h s
traveling on a curve
T, Overturning moment N-mm 1.283 x107
Tire diameter mm 1000

An active suspension dynamical model of 1000t
BTLV is derived by using d’Alambert which is used for
analyzing the kinematic relationship.

Dynamic differential equations of the mass of body

and load M, are

W7 K(2, B8 -7 ) e o+ BE 7+ p,

2 2
88 _ 68 _
+K("(Z 2 Zcr)+C("(Z 2 Zcr)
+F, =0 (1)
T 0 1 0 0
MM M M
0 0 0 1
Ko G KKk G
M, M, M, M
A =
0 0 0 0
KZ CZ
n M, 0 0
0 0 0 0
BK, BC,
0 0 2 2

B+ Ku|Z +%B - Z(,Z)g + Ca,(z +% _ Zﬁ)%
S L
‘Car(Z—%—ZF,)g—F(,,g =0 (2)

Dynamic differential equation of non-suspension
mass of left side is

. B . 2B .
M,Z, - K BB _7)- BB _
el el al(Z + 2 Z‘y[) Cul(Z + 2 ch)
_Fal+Krl(Zcz_Zoz):0 <3)

Dynamic differential equation of non-suspension
mass of right-side is

M. Z —Ku,(z -%B —ZC,A)— CM(Z —%B —Zc,)

cr™er

- Fur + Kcr(Z“- - Z(),) = O <4>

1.2 The establishment of the state equations

The state variables are supposed; x, =Z,x, = Z |

Xy = L%y =Ly x5 = Loy X = L, % =B,05 = .
where x, and x,are the vertical displacement and veloc-
ity of vehicle’s body respectively, x, and «x, are the dis-
placement and velocity of left side non-suspension mass
respectively, x5 and x4 are the displacement and veloci-
ty of right-side non-suspension mass respectively, =,
and x4 are vehicle side slip angle and angular velocity
respectively.

State equation of system can be written as follows ;

X = AX + BX, + CU (5)
.

where X =[x, x, x;, %, x5 x5 %, %] ;
Xo =12y ZOr]T;
Uu=1I1Fr, F1"
0 0 0 0
KZ CZ
W o 0 0
0 0 0 0
BK, BC,
0 0 2M, 2M,
0 1 0 0
K, +K, C, BK, BC,
oM, M, 2M, T 2M,
0 0 0 1
BK, BC, BK, B,
2] 2] 2] 2] -
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_ K .
000 —~0 0 00
B = M,
000 O 0500
L M,
- 1 1 B
0O -— 0 — 0 0 0 -=—=
c- M, M, 2]
1 1 B
0 -Mlo 0 oMlo 57

Eight state variables selected from the above state
equations, are used to describe time-domain response
of active suspension system, which provides fundamen-
tal base for the following researches.

2 Mechanical simulation of active suspen-
sion

2.1 The simulation of independent suspension
The single-axis simulation model of 1000t BTLV is
built using ADAMS/VIEW. The overturning moment
parameters are: STEP(time,0.2,0.0,0.201, -1.0E
+007) , which means the simulation model is acted by
a overturning moment at 0. 2s, and velocity of Skm/h
for simulating 1000t BTLV that encountered detours or
transverse slope. The characteristic curve of vehicle
side slip angle and LTR are observed with setting simu-
lation time 5s. The time domain response curve of ve-
hicle side slip angle B is shown in Fig. 4, and the time
domain response curve of LTR is shown in Fig. 5.

4r

W
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N
n

._.
—

Vehicle side slip angle # (rad)
(8]

0.5

25 3 35 4 45 5
Time (s)
Fig.4 Time domain response curve of vehicle

side slip angle 8

Closer examination of the time domain response
curves of above two evaluation indexes shows it takes
only 2. 4s to stabilize the system. After that, vehicle
side slip angle B is 2. 5 radians, LTR is 0. 61. It is
suggested that the anti-rollover effect of independent
suspension system without any external active-con-
trolled can’t meet the actual requirements. Therefore ,
it is necessary to improve the design of an active sus-

pension anti-rollover system of 1000t BTLV.

LTR

25 3 35 4 45 5
Time (s)

Fig.5 The time domain response curve of LTR

2.2 Simulation of an active suspension system
2.2.1 PID control of active suspension

The active suspension model of 1000t BTLV based
on PID control is built using Matlab/Simulink, which
takes LTR as the control object, reducing LTR as the
goal, the deviation of the actual and reference LTR as
input and the active control force of suspension as out-
put.

The PID control method can yield the system stat-
ic characteristic and dynamic characteristic results,
when some appropriate argument values like proportion
adjustment coefficient K, integral adjustment coeffi-
cient K, and differential adjustment coefficient K, are
adjusted. The expected control performance of the sys-
tem, including the system steady state characteristics
and dynamic characteristics is achieved by the PID
control. According to the relationship between PID
control parameters and the time domain response evalu-
ation index, as shown in Table 2, the three parameters
are determined by trial and error.

Table 2 The relationship between PID control parameters

and the time domain response evaluation index

Control Rise time  Overshoot Trar.lsition Stead'y—.state
parameters time deviation
K, reduce increase slight change  reduce
K, reduce increase increase eliminate
K, slight change  reduce reduce little effect

2.2.2  Fuzzy PID control of active suspension

The structure of the fuzzy controller includes one
dimensional, two dimensional and three dimensional
fuzzy controllers. The one dimensional fuzzy controller
has unstable performance, and the control rules of
three-dimensional fuzzy controller are complex. So, the
two-dimension fuzzy controller is adopted to reflect
more realistic dynamic characteristics of the output un-

der controlled conditions, which is proved in numerous
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actual projects.

(1) The constructions of fuzzy-PID controller

Difference e between the actual value and prede-
termined value of load transfer rate, and change ec of
load transfer rate are used as input variable of fuzzy-
PID controller. The modified value of PID control pa-
,AK, ,AK,, is taken as output variable of
fuzzy controller.

(2) The fuzzy field

The seven language subsets { NB, NM, NS, ZE,
PS, PM, PB/| are used to describe input variables and
output variables of two controllers,

rameters , AK

which are defined
as

e, ec= {NB,NM,NS,ZE,PS,PM,PB|

AK,, AK;, AK, = {NB,NM,NS ZE ,PS,PM,PB|

The actual value range of 1000t BTLV ’s tire load
transfer rate is [ — 0. 65,0. 65]. The basic field of
load transfer change rate is [ = 3,3 ], and the fuzzy
field of error e and error change ec is [ —3,3] . The
fuzzy field of the final PID control parameters is [ — 1,
1]. Accordingly, all the quantitative factors are ob-
tained. Trigonometric function is selected as subordi-
nating degree function of input variables and output
variables of the active suspension system.

(3) The rule of fuzzy control

According to the rule of fuzzy control standards,
as shown in Table 3, the proposed fuzzy control rule of
1000t BTLV’s active suspension system is made, as
shown in Table 4, based on the performance evaluation
index and the experimental results.

Table 3 Standards of the fuzzy control rule

error features of coordination  output
error e -
change ec change principle  control u
. offset the
NB N/A increase PB
error of NB
. diminish eliminate
NM/NS/ZE  positive ) PS
discrepancy  errors
. . increase the
. . error in  stop error
NM/NS/ZE  negative . . . P . amount of
increasing  increasing

control

hold 1

! W%W

Saturation Zeri-Order

Derivative Kec
hold

A

Saturation 1 Zero-Order

The fuzzy control rules of 1000t BTLV ’s active
suspension system can be made,
Table 4

The general expression is;

If e=e;(NB) and ec =ec;(NB) then u =u,(NB)

i=1,2,3--49 (6)

as demonstrated in

Table 4  Fuzzy control rule table

e

NB NM NS ZE PS PM PB

NB PB PB PB PB ZE ZE ZE
NM PB PB PM PM ZE ZE NS
NS PB PM PM PS ZE NS NM
ec ZE PM PM PS ZE NS NM NM
PS PM PS PS NS NM NM NB
PM PS ZE ZE NM NM NB NB

PB ZE ZE ZE NB NB NB NB

(4) The fuzzy inference

According to the maximum and minimum methods
of Mamdani reasoning, the fuzzy reasoning is applied to
study the control set under the rule of fuzzy control.
The relationship between the input and output variables
of the fuzzy controller can be got by MATLAB/Simu-
link.

(5) The fuzzy judgment

Fuzzy judgment adopts a gravity method to judge
deterministic PID parameters for output control varia-
ble.

The single-axis simulation model of 1000t BTLV’s
active suspension based on fuzzy control is established,
as shown in Fig. 6.

M EeE

Memory Ku "

Fuzzy logic
controller E

Scope

Fig.6 The single-axis simulation model of 1000t BTLV’s active suspension based on fuzzy control
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2.2.3 Anti-rollover simulation analysis of active sus-
pension under different control strategy

After the combination of the double vehicles,
there is no inter-vehicle hydraulic line connection, so
the hydraulic system is regulated by each vehicle re-
spectively. The suspension system of each vehicle is
adjusted firstly in the process of anti-rollover, and then
roll prevention control of double vehicles can be done
after ensuring the safety of each vehicle. The anti-roll-
over control flow chart of parallel double vehicles trans-
porting work is shown in Fig. 7.

To prevent anti-rollover accidents, the specific
work of double vehicles parallel transporting bridge
girder are; when No. 1 and No. 2 vehicles encounter in
rough road conditions ( detours, slope) , the inclination
angle of bridge is detected by angle sensors which are
installed on the bridge girder, then a height difference
between double vehicles load platform is calculated and
fed to the main controller. After that, the main control-
ler sends the rise command to lower vehicle suspension
system of load platform, under the principle of keeping
the peaks immovability.

Anti-roll control technology of double
transporting vehicles parallel with bridge

i | ¥

No.1 vehicle joint
simulation model

No.2 vehicle joint
simulation model

v

v

No.1 vehicle control
objectives (81, LTD1)

No.2 vehicle control
objectives (82, LTD2)

v

v

No.1 vehicle active No.2 vehicle active
anti-roll control anti-roll control

v

Height difference of two
vehicles carrying platform

L]

Joint simulation model of double
transporting vehicles parallel with bridge

Control target (8) of
bridge

Fig.7 The anti-rollover control flow chart of parallel
double vehicles transporting bridges

Then all suspension cylinders of the vehicles exe-
cute displacement command to raise lower vehicle
transporting platform in order to reduce and even disap-
pear side slip angle of bridge girder, so that keeps
girder at the horizontal position all the time, which
would prevent bridge from rolling over.

The co-simulation of parallel transporting bridge

girder of double vehicles based on above method is
built in AMESim. The overturning moment is applied
to multi-body model in ADAMS, overturning moment is
set as: STEP (time, 0.2, 0.0, 0.201, -1.0E +
007) , in other words, the simulation model is acted by
overturning moment at 0. 2s, and the velocity of model
is set Skm/h for simulating that 1000t BTLV carrying
bridge on the road when encountered detours or trans-
verse slope.

The time domain response curves of vehicle side
slip angle B8 and LTR based on different control strate-
gies are analyzed, by comparing with the results with-
out any control strategy.

4 e DITY comitrol
-
T... n T Fuzzy control
=P s f\ . __ Fuzzy PID control
Q30 Not add control
)
=]
g 25¢
a | ¥ T TTrmorws T T T T
= 2r
[
2 15|
7]
5
s 1y
=
g 0.5
0 . 1 1 1 1 1 1 ]

0 05 1 15 2 25 3 35 4 45 5
Time (s)

Fig.8 The time domain response curve of

vehicle side slip angle 8

Table 5 The time domain response evaluate indexes

of vehicle side slip angle

Rise Peak Maximum  Steady

time time overshoot  value
Not add control 2.6 0.7 30.67% 2.6
PID control 2 0.7 25.81% 2.3
Fuzzy control 2 0.7 19.64% 2.25
Fuzzy PID control 2 0.7 18.52% 2.2
1r Not add control
- PID control
0.9 -- Fuzzy control
0.8 Fuzzy PID control
07
0.6
é 05
04
03
02
0.1
0 . . . . . . . . )

0 05 1 15 2 25 3 35 4 45 5
Time (s)

Fig.9 The time domain response curve of LTR
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Table 6 The time domain response evaluate of LTR

Rise Peak

time  time

Steady

overshoot value

Maximum

Not add control 2.4 0.5
PID control 2.4 0.5
Fuzzy control 2.4 0.5
Fuzzy PID control 2.4 0.5

35.1% 0.61
39.29% 0.51
31.51% 0.5
30.77% 0.45

Form Fig. 8 and Fig.9, it can be seen that evalua-
tion indexes of the vehicle rollover performance and the
response rate of active suspension, after adding control-
ler, are improved, and the system tends to be stable fi-
nally. In other words, anti-rollover ability of 1000t
BTLV is improved effectively. Specific values for re-
sponse speed via fuzzy PID processing and without fuzzy
PID processing are shown in Table 5 and Table 6. It is
obvious that anti-rollover effect based on fuzzy PID con-
trol strategy is the best, by comparing the evaluation in-
dexes curve of anti-rollover strategy with the PID con-
troller, fuzzy controller and fuzzy PID controller.

2.2.4 Anti-rollover simulation analysis of active sus-
pension on fuzzy PID control

Processing continues in the same way, the over-
turning moment is applied to multi-body model in AD-
AMS, overturning moment is set as; STEP(time,0.2,
0.0,0.201, —1.0E +007) ,in other words, the simu-
lation model is acted by overturning moment at 0. 2s,
and the velocity of model is set Skm/h for simulating
that1000t BTLV carrying bridge on the road when en-
countered detours or transverse slope.

The time response characteristic curves of No. 1
and No. 2 transporting bridge vehicles are illustrated in
Fig. 10 and Fig. 11, vehicle side slip angle B and bridge
roll angle based on fuzzy PID are shown in Fig. 10. And
the time domain response characteristic curves of LTR
based on fuzzy PID are shown in Fig. 11.

3r ereee— Bridge simulation

§ No.1 vehicle simulation
= No.2 vehicle simulation
Q.
o 25F
]
£
7) .................................
]
‘m 2F
Q
2
<=
2
>

1.5 L L L L L L L L L )

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (s)
Fig.10 The time domain response curves of vehicle side slip
angle B and roll angle of bridge of double vehicles

No.1 vehicle simulation

No.2 vehicle simulation

0 05 1 15 2 25 3 35 4 45 5
Time (s)

Fig.11 The time domain response curves of

double vehicles of LTR

In the process of double vehicles under anti-roll-
over control respectively, the vehicle side slip angle
and LTR of No. 1 and No.2 vehicles decrease gradual-
ly, and tend to be stable state, but bridge roll angle
does not change greatly. With vehicle side slip angle
and LTR of the No. 1 and No. 2 vehicles tend to be sta-
ble, the bridge roll angle begins to decrease, reaches
steady state at about 3s, and finally approached the
stable value of 2. 25 radians.

3 Field tests

To verify active suspension anti-rollover perform-
ance of 1000t BTLV, real vehicle tests are conducted.
The tests include one vehicle with bridge and double
vehicles with bridge in parallel driving on the cross-
slope, as shown in Fig. 12.

(a)Single vehicle with bridge driving on the cross-slope

(b) Double vehicles with bridge driving in parallel on the cross-slope
Fig.12 The scene of 1000t BTLV bridge transporting
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The experimental curves of evaluation indexes on
the anti-rollover are obtained from the test by setting
load of one vehicle is 1000t, load of double vehicles in
parallel is 2000t, velocity is Skm/h, road cross slope
is 5% . By comparing with the corresponding co-simu-
lation curves, good active suspension anti-rollover per-
formance of 1000t BTLV is verified.

The time domain response curve of evaluation in-

dexes of one vehicle anti-rollover with bridge driving is
shown in Fig. 13, and the time domain response curve
of evaluation indexes of double vehicles anti-rollover
with bridge in parallel driving is shown in Fig. 14. As
can be seen from Fig. 10 and Fig. 11, there is that the
co-simulation and real vehicle tests results are basically
identical.

Jiont simulation
Real vehicle test

Time (s)
(b) LTR of one vehicle

Fig.13 Time domain response curves comparison of one vehicle anti-rollover with bridge driving

3r Jiont simulation
% """"" Real vehicle test
E 25F
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B 2
= 1
8
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= 15F
3
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2
o 05F
>
0 L N )
0 3 4 5
Time (s)
(a) Vehicle side slip angle # of one vehicle
—————————— No.1 vehicle test
- 3r = ‘= No.2 vehicle test
g Load test
; No.1 vehicle simulation
© No.2 vehicle simulation
s 2.5 Bridge simulation
o
B
@
]
2 2
-
2
g
>
1.5
0 . . 2.5

Time (s)
(a) Vehicle side slip angle B of double vehicles

=

—

0.7r No.1 vehicle simulation
_______ No.2 vehicle simulation
boys % e No.1 vehicle test
osk 1 % AN e T }\10.2 vehicle test
04 r
03
02
0.1
0 1 1 1 1 1 I
0 25 3 35 4 45 5
Time(s)

(b) LTR of double vehicles

Fig.14 The time domain response curves comparison of double vehicles anti-rollover with bridge in parallel driving

In order to ensure that the safety bearing area are
large enough, the distance of double vehicles needs to
take a larger value, which makes 1000t BTLV to ac-
commodate the road cross slope in poor performance.
Based on above issues, slope should be reduced to pre-
vent 1000t BTLV from rollover accident by reconstruc-
ting pavement. Besides, rollover accident probability
of 1000t BTLV could be reduced by reconstructing
pavement, when the distance of double vehicles is lim-
ited for the working environment, namely the safe bear-
ing area of the bearing platform is smaller.

4 Conclusion

An independent suspension system without any ex-
ternal active control can’t meet the anti-rollover effect

actual requirements from the simulation analysis, by
vehicle side slip angle and load transfer rate ( LTR)
regarded as the evaluation indexes.

The actions of all suspensions and the control
force of suspension cylinder are adjusted for reducing
vehicle side slip angle and LTR, by taking anti-rollover
control strategy of active suspension system cooperated
with fuzzy PID control and blending both vehicle side
slip angle and LTR. From the co-simulation of the
mechanism, electron, hydraulic and real vehicle tests,
it is verified that the load barycenter shift of 1000t
BTLV by using the control strategy can be effectively
controlled when 1000t BTLV encountered the circum-
stances of cross slope or curve.

1000t BTLYV rollover accident would be prevented

effectively by maintaining the passive measures and
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adding the anti-rollover control strategy of active sus-
pension cooperated with the fuzzy PID control strategy
as assistant tools. It is significant for expending the ap-
plication range in the field of engineering.
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