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1. Introduction

With the development of cities, urban traffic prob-
lems become more and more serious, which needs to adopt
new transportation systems. The straddle-type monorail sys-
tem, as a unique urban rail transit system, has a lot of ad-
vantages such as strong climbing ability, small turning ra-
dius, fast running speed, small occupied area, safety and
comfort, low noise and low cost, so that it is widely applied
[1-2]. At present, Chongging Rail Transit Line 3 is the strad-
dle-type monorail transportation line with the highest trans-
portation efficiency, the longest single-line operation mile-
age and the most complex topographic conditions in the
world.

Suspension system is an important part of monorail
vehicles, which guarantees ride comfort. However, its fixed
stiffness and damping make it difficult to adapt to complex
road conditions. Compared with passive suspension, active
suspension can generate instantaneous different active con-
trol forces according to the vehicle motion state and road
excitation at each moment, so that the suspension is always
in the optimal vibration reduction state. Therefore, active
suspension has become a hotspot of current research. A lot
of control strategies have been studied for active suspension
by many researchers.

Ha¢ [3] applies the optimal control theory to the
active control of 2-DOF vehicle suspension system, the re-
sults show that driving comfort, vehicle safety and suspen-
sion travel were fully considered. H- control is proposed by
Doyle et al. [4] in 1980s, and then Yamashita et al. [5] de-
sign H-. controller for the 7-DOF vehicle, which improves
the stability of the closed-loop system. Ahmed et al. [6] de-
velop the PID control algorithm for 1/4 car 2-DOF suspen-
sion systems, which improves performance of the system
with respect to design goals compared to passive suspension
system. However, considering the inherent nonlinear of sus-
pension system, such as nonlinear spring and damping, the
above linear control strategy is difficult to achieve better re-
sults, so many nonlinear control algorithms have been pro-
posed one after another. Chen et al. [7] propose an adaptive
sliding controller for controlling a non-autonomous 1/4 car
suspension system with time-varying loadings, the results of
simulation indicate the proposed controller gives significant
performance improvement compared with the pure passive
design from the viewpoint of ride comfort. Based on robust
sliding mode control, Qin et al. [8] use ICA evolutionary
algorithm to optimize the vertical acceleration of passen-
gers. Yoshimura [9-10] has done a lot of research on the

fuzzy control of active suspension and semi-active suspen-
sion and achieves satisfactory results. Moran and Nagai [11-
13] use neural network to identify and control the actual
nonlinear suspension, and compare it with the linear con-
troller, that results show the superiority of neural network
control. Kumar et al. [14] design an adaptive neural fuzzy
inference system (ANFIS) controller, the simulation is car-
ried out for sinusoidal road profile where the body displace-
ment and pitch angle of ANFIS controlled active suspension
system is significantly less compare to PID controlled sus-
pension system. Gandhi et al. [15] use a 1/2 active suspen-
sion mode to compare the controller such as PID, LQR,
FUZZY and ANFIS, the simulation indicates ANFIS con-
troller performed better.

Above of reference, the performance of vehicle
suspension system is improved, but all of them are based on
simplified mathematical models, i.e. 1/4 model, 1/2 model,
7-DOF model which are quite different from the full-scale
model. At the same time, there are few reports on straddle-
type monorail active suspension.

Therefore, based on the 38-DOF full-scale dy-
namic model of straddle-type monorail vehicle, an ANFIS-
PID controller is proposed for the whole vehicle in this pa-
per, which uses the modular control thought and adaptive
neural fuzzy inference system(ANFIS), then vibration re-
duction effect of ANFIS-PID controller is studied.

This paper is organized as follows: the 38-DOF
full-scale dynamic model with active suspension is estab-
lished in Section 2, including longitudinal motions, lateral
motions, vertical motions, rolling motions, pitching motions
and yawing motions. Section 3 designs an ANFIS-PID con-
troller for the whole vehicle, which uses the modular control
thought and ANFIS. Section 4 describes the simulation and
its result of the proposed controller. Section 5 concludes this

paper.
2. Full-scale dynamic model with active suspension
2.1. Monorail vehicle model

The dynamic model of straddle-type monorail ve-
hicle includes 3 parts, i.e. 1 vehicle body and 2 bogies. Each
bogie has 4 driving wheels, 4 steering wheels and 2 stabiliz-
ing wheels, as shown in Fig.1. The central suspension sys-
tem consisting of air spring, shock absorber, rubber traction
equipment, lateral stopper and actuator is connected in the
longitudinal, lateral and vertical direction between the vehi-
cle body and the front and rear bogies, respectively. In the
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dynamic model for monorail vehicles, the 6 freedom of ve- vehicle body front bogie
hicle body and 2 bogies, including longitudinal motions, lat-
eral motions, vertical motions, rolling motions, pitching mo-
tions and yawing motions, and the 1 rotation freedom of
wheel, are taken into consideration. The degree of freedom
of the monorail vehicle is shown in Table 1.

driving wheel

rear bogie track beam
Fig. 2Full-scale dynamics model of straddle monorail

Based on Lagrange Equation, the equations of mo-
tion of the vehicle can be described as follow:

steering wheel
N stabilizing wheel d|oT oT ouU ¢ 8U g
t g il [_] - =Q;, (1)

Fig. 1 Bogie model of straddle monorail dt\ oq; ] oq; aq; an

The degree of freedom of the monorail vehicle is
38. The dynamic model of is illustrated in Fig. 2, which pa-
rameters are shown in reference [1].

where: T is kinetic energy; U¢ is elastic potential energy;

Table 1
The degree of freedom of the monorail vehicle
Vehicle parts(number) Longitudinal Lateral Vertical Rolling Pitching Yawing
Vehicle body (1) Xe Yo Zc Oc dc @c
Front bogie (1) Xt1 Yi1 7 Ou du ot
Rear bogie (1) Xt2 Yeo 7 G2 Y] o
Driving wheel (4) - - - - diij -
Steering wheel (4) - - - - - @dij
Stabilizing wheel (2) - - - - - Odij
U%is damping potential energy; Q; is the generalized forces Equations of kinetic energy, elastic potential en-

. . . . ergy, damping potential energy and generalized forces and
and moments; g; is generalized coordinates; ( ) denotes the  oments are expressed by Egs. (2) — (5).

derivative with respect to time.

mc( + yc +1 )+ Icegz + Ic¢¢ + Ic:p¢c +Z( tl( + ytl +Z ) taiétzﬁi + It¢i¢f¢i + Itgoi¢t2goi )+

1
TZE 2 4 2 2 L ' )
+§ ;( Iz¢u¢z¢u d(olj (pdgnj )+ ; JZ:; qu;ij ¢W¢ij
e 1 L3 I )2 h h\2 v R 2 2 53
ue=2 Z:Z;(K(R) +KKU(RW) +K! ( ))+2§;(KZURZU+Kd,JRd,J)+ZZ;KW,J 2 ©)
i=1 j= i=l j= i=l j=
q 1/&3 | % h (R v (RY Se 2 2 53
U =§ Zl‘lz(ckij(Rkij) +Ckij( kij) +C ( ))+212;4(CZ|]RZU+CduRdu)+Zl:Z;Cwu ij (4)
i=1 j i=l j= i=l j=
4
Q= Z UE (®)
j=1

In Egs. (2)-(5), R' ,R",R" denote the displace-  right, rear-right, front-right wheels, j=1, 2 are the front and
S rear wheels), all the other parameters are shown in Table 2.
The actuator force developed by hydraulic actuator

is expressed by the nonlinear Eq. (6):

ment at spring in longitudinal, lateral and vertical direction,
Rqij, Raij, Rwij indicate the displacement of the track beam at
the position of driving wheel, steering wheel and stabilizing
wheel, fj is the actuator force,subscript i is the bogie position o p2ias —

of the vehicle (i=1, 2 are the front and rear bogies), j is the f=-A1, OK'A‘C‘(AZHFAaX”/PS o) 7 A(6)
wheel position in a bogie (j=1, 2, 3, 4 are the front-left, front-
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Table 2
The other parameters of straddle monorail dynamics model
Descriptions Notations
Mass (vehicle and bogie) Me, Mti, i =1,2

Spring constant of air suspension(longitudinal) K'i=12j=1234
kij

Spring constant of air suspension(lateral) K',i=12j=1234

Spring constant of air suspension(vertical) K" i=12j=1234
kij

Spring constant of driving wheel Kyj,1=1,2,j=1,234

Spring constant of steering wheel Kaij, 1=1,2,j=1,2,34

Spring constant of stabilizing wheel Kwij, 1=1,2,j=1,2

damping constant of air suspension(longitudinal) C',i=12j=1234
Kij

Damping constant of air suspension(lateral) C'i=12j=1234

damping constant of air suspension(vertical) C',i=12j=1234

damping constant of driving wheel Csj,i=1,2,j=1234

damping constant of steering wheel Caij,1=1,2,j=1234

damping constant of stabilizing wheel Cwij,i=1,2,j=12
Massmomentsofinertia Leos Vg Vg Vi Vg Vigio Vi Vi Vi
2.2. Curving track beam model where: (2 is spatial Frequency; n is frequency index.

Considering the transition curve, longitudinal gra-
dient, curve super elevation, indirect track joints and track
turnout structure, a track beam model is established, which According to the modular control thought [17], the
consists of three sections: the 1st section is a 100m straight  vehicle is decomposed into vertical motion, pitching motion
line section, the 2nd section is a curve section with a curva- and rolling motion, which are important evaluation indexes
ture radius of 100 m, an included angle of 60° and asuper  of ride comfort. Then three independent ANFIS-PID con-
elevation of 40.8 mm, and the last section is a 100m straight ~ trollers are established for this three motion, in which the
line section, respectively, as shown in Fig. 3 and Table 3. vertical vibration velocity and acceleration, pitching angular
velocity and angular acceleration, rollingangular velocity
and angular acceleration are taken as inputs and the actuator
forceof active suspensionas outputs.

3. Design of control algorithms of full-scale model

3.1. Pseudo-inverse matrix method

I._—.. In order to realize the coordinated control of the
actuator force of active suspension, the pseudo-inverse ma-

Fig. 3 Curving track beam model trix method is used, and the 38-DOF ANFIS-PID control

structure of the vehicle is obtained, as shown in Fig. 4,

According to the 1SO8608[16], the pavement Where Zand 7 are the vertical vibration velocity and accel-

power spectral density(PSD) can be expressed as follows: eration, #and 4 are the pitching angular velocity and angu-
lar acceleration, ¢ and ¢ are the rolling angular velocity

a 0, - and angular acceleration. Four active suspension control
G, (-Q) To+ 5 7 =G, (-QO) o) (") forces of vehicle system can be obtained by dynamic model:
[ 1 ~ 1 |
2(1,+1,) acos(0)  2(I, +1,)cos(¢)
f, I, 1 3 1
h| 2(1, +1,)  acos(0)  2(1, +1,)cos(¢) I\/II:S ©
f3 - |f 1 1 Ms() .
f,] [2(1,+1,) acos(6)  2(1, +I,)cos(g) S¢
I 1 1
21, +1,)  acos(0) 2(I, +1,)cos(g) |
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Table 3
The parameters of curving track beam model
Parameters Length of straight line Curvature radius of Included angle of |Track width/m| Side track width/m
section L /m curve section R,/m | curve section y /°
Value 100 100 60 0.8 1.5

Therein: fi(i=1, 2, 3, 4) indicates control forces of
four active suspension; Fs is damping force for suppressing
vertical vibration; My is damping moment for suppressing
the rolling motion; Ms, is damping moment for suppressing
the pitching motion.

the input of
front-left wheel -
;3 | the ANFIS-PID
"~—»{ controller of —¥
the input of vertical motion
front-right
wheel the straddle type 0d the ANFIS-PID pseudo
monorail = controller of —» inverse ——
38-DOF model pitching motion matrix
the input of the
rear-left wheel
- = | the ANFIS-PID
(A%
» controller of —
the input of rolling motion
. !
rear-right wheel "
.
(fl’ fZ' f&' f4)

Fig. 4 38-DOF ANFIS-PID control structure
3.2. ANFIS-PID controller
3.2.1. ANFIS theory

The adaptive fuzzy inference system (ANFIS) is a
kind of fuzzy inference system based on Takagi-Sugeno
model which combines the neural network and the fuzzy
logic. According to the information of input-output pairs,
the hybrid algorithm can automatically generate IF-THEN
rules and realize the online adjustment of membership func-
tion.

The ANFIS is comprised of 5 layer architecture, its
typical structure is depicted in Fig. 5. The 1st layer gives the
degree of membership values. For this paper, the member-
ship function is distinguished into 5 variables, i.e. Negative
Big(NB), Negative Small(NS), Zero(ZO), Positive
Small(PS), Positive Big(PB), i.e. Ei, R;, i =1, 2,...,5. The in-
put of the 1st layer is are error x;=e and change in error val-
ues xp=de/dt. The 2nd layer consists of 25 nodes; each node
represents a fuzzy rule. The 3rd layer determines the ratio of
the triggering strength of each rule to the sum of the trigger-
ing strength of all rules. The output is the triggering strength
of each rule after normalization.

©)

where: w, isthe triggering strength of each rule.

The output of each rule is given in the 4th layer.
Yi =W fe = P + 0%, + 1, (10)

where: fi is membership function of output variable; px, g«
and r are coefficient.

The 5th layer is defuzzified layer which calculates
the overall output of this layer.

11)

X1
X2
X1

X2

X1

X2

input

5th layer

1st layer 2nd layer 3rd layer 4th layer output

Fig. 5 Typical structure of ANFIS
3.2.2 Design of ANFIS-PID controller

In order to solve the problem that the control effect
becomes worse because of the large and fast changing range
of the controlled object, ANFIS is used to dynamically ad-
just the three parameters of PID in the control process, so
that the control effect is always in the best state, and its
structure is shown in Fig. 6. In Fig. 6, rin is input value, You
is output value, de/dt represents the derivative with respect
to time, k; is proportional coefficient, ki is integral coeffi-
cient, kq is derivative coefficient.

ANFIS

ks ki

>

PID controller

controlled object

feedback device

Fig. 6 ANFIS-PID control structure

In order to achieve the desired function of the con-
troller, three ANFIS-PID systems are designed, each of
which is a five-layer feedforward neural network. Two var-
iables are selected in the input layer, i.e. error e and change
in error values de/dt; five variables are used in each variable
language, [NB, NS, ZO, PS, PB], i.e., Negative Big, Nega-



tive Small, Zero, Positive Small and Positive Big; the mem-
bership function is Gauss function; the number of design
fuzzy rules is 5x5=25; and three variables in the output
layer, i.e., the parameters Ky, ki, kq that need to be tuned.

4. Simulation and result

The simulation uses A-class road, vehiclevelocities
is 36km/h and the Runge-Kutta method is used for time ad-
vance. The simulation time step is 0.005 s and the total sim-
ulation time is 35 s. The fuzzy-PID controller is developed
for active suspension in order to compare the result of
ANFIS-PID and passive suspension.
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Fig. 7 Response of vertical acceleration, pitching angular
acceleration and rolling angular acceleration

The response of vertical acceleration, pitching an-
gular acceleration and rolling angular acceleration is illus-
trated in Fig. 7. It can be observed from Fig. 7 thatcompared
with passive suspension, the vertical acceleration, pitching
angular acceleration and rolling angular acceleration of
fuzzy-PIDand ANFIS-PID controlled active suspension
system was significantly reduced, and the ANFIS-PID is
better. The results show that the two active suspension sys-
tems can suppress the vibration of the whole vehicle and im-
prove the ride comfort.
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Fig. 8 PSD of vertical acceleration, pitching angular accel-
eration and rolling angular acceleration

The power spectral density(PSD) of vertical accel-
eration, pitching angular acceleration and rolling angular ac-
celeration is represented in Fig. 8. As shown in Fig. 8, the
vibration amplitude below 10Hz frequency range is sup-
pressed of fuzzy-PID and ANFIS-PID controlled active sus-
pension system, which is the human sensitivity frequency.
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Table 4
The RMS of active suspension and passive suspension

Parameter Passive suspension Fuzzy-PID Reduction, % ANFIS-PID Reduction, %
Vertical acceleration 0.1013 0.08463 16.5 0.05995 40.8
Pitching angular acceleration 0.05646 0.04296 23.9 0.03513 37.8
Rolling angular acceleration 0.03248 0.02513 22.6 0.01987 38.8

In order to compare the control effect of active sus-
pension more clearly, Table 4 shows the root mean square
(RMS) value comparison of simulation results of vibration
of active suspension and passive suspension. The results
show that compared with passive suspension, the RMS of
vertical acceleration, pitch angle acceleration and roll angle
acceleration of active suspension controlled by fuzzy-PID
are reduced by 16.5, 23.9 and 22.6%, while the controlled
by ANFIS-PID are reduced by 40.8, 37.8 and 38.8%. The
ride comfort is also improved by means of the reduction of
the acceleration with the help of controller, especially
ANFIS-PID controller.

5. Conclusions

Based on the 38-DOF full-scale straddle monorail
model, combined with modular control thought and ANFIS
control theory, the ANFIS-PID controller is designed to
control the vertical motion, pitching motion and rolling mo-
tion of vehicle. The simulation results show that the ANFIS-
PID controller proposed in this paper is superior to the
fuzzy-PID control and passive control, and can effectively
improve the ride comfort of vehicle.
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L. Xin, Z. Du, J. Zhou

ANFIS-PID CONTROL OF ACTIVE SUSPENSION FOR
THE FULL-SCALE STRADDLE MONORAIL MODEL

Summary

In order to improve the ride comfort straddle-type
monorail, based on the full-scale straddle-type monorail
model with 38-DOF, combined with the modular control
thought and adaptive neural fuzzy inference system
(ANFIS) control theory, the ANFIS-PID controller is de-
signed, in which the vertical vibration velocity and acceler-
ation, pitching angular velocity and angular acceleration,
rolling angular velocity and angular acceleration are taken

(MO
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as inputs and the actuator force of active suspension as out-
puts. The results show that compared with existing passive
suspension, the root mean squared values (RMS) of vertical
acceleration, pitching angular acceleration and rolling angu-
lar acceleration of active suspension is significantly re-
duced, respectively. And the vibration amplitude below
10 Hz frequency range is suppressed, which is the human
sensitivity frequency. Active suspension controlled by
ANFIS-PID can be used as a way to improve the ride com-
fort of straddle monorail vehicles.

Keywords: straddle monorail vehicle, active suspension,
full-scale model, ANFIS-PID.
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