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Semi-active Hoo control of high-speed railway vehicle
suspension with magnetorheological dampers
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Mechanics, University of Science and Technology of China (USTC), Hefei 230027,
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In this paper, semi-active Hoo control with magnetorheological (MR) dampers for railway vehicle
suspension systems to improve the lateral ride quality is investigated. The proposed semi-active con-
troller is composed of a Hoo controller as the system controller and an adaptive neuro-fuzzy inference
system (ANFIS) inverse MR damper model as the damper controller. First, a 17-degree-of-freedom
model for a full-scale railway vehicle is developed and the random track irregularities are modelled.
Then a modified Bouc—Wen model is built to characterise the forward dynamic characteristics of the
MR damper and an inverse MR damper model is built with the ANFIS technique. Furthermore, a Hoo
controller composed of a yaw motion controller and a rolling pendulum motion (lateral motion + roll
motion) controller is established. By integrating the Hoo controller with the ANFIS inverse model, a
semi-active Hoo controller for the railway vehicle is finally proposed. Simulation results indicate that
the proposed semi-active suspension system possesses better attenuation ability for the vibrations of
the car body than the passive suspension system.

Keywords: railway vehicles; semi-active suspension; Hoo control; magnetorheological fluid damper;
ANFIS inverse model

1. Introduction

Nowadays, many countries have been devoted to develop the high-speed railway vehicle tech-
nology because it has been proved to be an efficient and economical transportation method.
However, the increase in the train’s speed will amplify the train’s vibrations significantly,
which will induce an obvious decrease in the ride stability and ride quality. Thus, it is cru-
cial to suppress the vibrations of railway vehicles to improve the ride comfort and safety.
There are three types of suspension systems, including passive, semi-active, and active sus-
pension. Among them, the magnetorheological (MR) damper-based semi-active suspension
has attracted increasing attentions, due to its better performance than passive suspension and
its low power requirements and inexpensive hardware in comparison with active suspension.
The MR damper-based semi-active controller usually works via a two-step progress [1]. First,
a system controller determines the desired control force according to the responses; then a
damper controller adjusts the command current applied to the MR damper to track the desired
control force. Thus, the successful application of the MR damper-based semi-active controller

*Corresponding author. Email: gongxl@ustc.edu.cn

© 2013 Taylor & Francis



Downloaded by [China Science & Technology University], [Xing-Long Gong] at 02:32 24 January 2013

2 L.-H. Zong et al.

is determined practically by two aspects: one is the selection of an appropriate control strategy
and the other is the establishment of the accurate damper controller.

The performance of a semi-active control system is highly dependent on the control strategy,
which is the core of the system controller. Various control strategies, such as skyhook, ground-
hook and hybrid control [2], linear optimal control [3], gain scheduling control [4], adaptive
control [5], Hoo control [6,7], preview control [8], sliding mode control [9], fuzzy logic
control [10], neural network control [11], and human-simulated intelligent control [12] have
been proposed to improve the performance of automobile vehicles and structures. However,
researches dealing with active or semi-active control of rail vehicle suspension are relatively
few. O’Neill and Wale [13] first adopted skyhook control to suppress the lateral vibrations of
railway vehicles. Atray and Roschke [14] proposed a neuro-fuzzy controller for a two-degree-
of-freedom (DOF) quarter car model of the railway vehicle. Yang et al. [15] built an adaptive
fuzzy controller based on the acceleration feedback. Orukpe et al. [16] investigated model pre-
dictive control technology based on the mixed H2/Hoo control approach for active suspension
control to suppress the vertical vibrations of a railway vehicle. Liao and Wang [1] designed
a semi-active linear quadratic Gaussian (LQG) controller using the acceleration feedback for
a nine DOF railway vehicle. Later, they enlarged the controller to a 17-DOF model [17,18].
With faster speed and lighter bodies introduced to the high-speed train, the controller should
be designed to be more robust, i.e. to operate effectively through a full range of operational
conditions. Hoo control has been proved to be an effective way in the automobile vehicle
suspensions [6,7] and railway vertical suspension [16]. Here, it is adopted to attenuate the
lateral vibration of the high-speed train.

Another important part of a semi-active controller is the damper controller, which is used
to determine the input current to track the desired force. The damping force generated by the
MR damper is decided by the input current, the piston relative velocity, and displacement
of the MR damper, among which only the input current can be directly controlled. Thus,
it is important to build an accurate damper controller to generate the appropriate input cur-
rent. For data, some force feedback methods were proposed to build the damper controller
[19-21]. Although these methods are simple, the extra force sensors will increase the cost of
the system. In this sense, some inverse-model-based methods have been proposed to build the
damper controller.

Inverse MR damper models are always derived from forward models, so it is necessary to
establish the forward models first. During the past decades, both nonparametric and parametric
models have been developed to describe the forward behaviours of MR dampers. The para-
metric models include the Bingham model [22], nonlinear hysteretic biviscous model [23],
viscoelastic—plastic model [24], phenomenological model [25], LuGre model [26], Dahl
model [27], and hyperbolic tangent function-based model [28]. The nonparametric models
include polynomial model [29], neural network model [30], and neuro-fuzzy model [31].
Among them, the phenomenological model is one of the most accurate models in describing
the forward behaviour of MR dampers. However, the corresponding inverse model is difficult
to obtain due to its nonlinearity and complexity. For some other forward models, including
the polynomial model [29], sigmoid function-based model [32], modified LuGre model [33],
and simplified phenomenological model [34], their inverse dynamic model can be analytically
determined. Moreover, neural networks [35] and the adaptive neuro-fuzzy inference system
(ANFIS) [36] are also used to develop the inverse MR damper models because of their strong
nonlinearity disposing ability. Among these methods, the neural networks and ANFIS methods
can accurately predict the command current of the MR dampers. For this reason, the ANFIS
method is applied to build the damper controller in this paper.

This paper first combines the Hoo control strategy with the ANFIS technology and proposes
arobust MR damper-based semi-active controller for high-speed railway vehicle suspensions.
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This semi-active system is easy to design as only the car body motions are considered in
the Hoo controller and costless in practical use as it only needs four accelerometer sensors
and does not need any force sensors. First, a 17-DOF model of a full-scale railway vehicle
integrated with MR dampers in its secondary suspension system is developed, and the random
track irregularities are modelled. Then a modified Bouc—Wen model is built to characterise
the forward dynamic characteristics of the MR damper and an inverse MR damper model is
built with the ANFIS technique. Furthermore, a Hoo controller of the car body composed of a
yaw motion controller and a rolling pendulum motion controller is established to generate the
active force. By integrating the Hoo controller with the ANFIS inverse model, a semi-active
Hoo controller is proposed finally and its performances are evaluated by simulation.

2. Analytical model of the railway vehicle

2.1. Railway vehicle dynamics

The high-speed train studied in the paper is composed of one car body, two bogies, and four
wheelsets. The two bogies, which are identified as the front and rear bogies, are connected
to the car body by the secondary suspension. Each of the two bogies is also connected to
two wheelsets (identified as the leading wheelset and the trailing wheelset) by the primary
suspension. Figure 1 shows the analytical model of the full-scale railway vehicle integrated
with MR dampers. The motions of the car body, bogies, and wheelsets of the railway vehicle
involved in the modelling are listed in Table 1. The train system contains 17-DOFs in total.
The governing equations of the railway vehicle dynamics are presented as follows.

(a) Car body dynamics:
McFe + Koy (e + lgpe — 16 — ya — h36u1) + Coy G + g — habe — $u1 — hsbhr)
+ Koy (Ve — 19 — h16c — yo — h36) + Coy e — 19 — b — Yo — hsba)
=u+uz (1)
Jee + Kyl (e + Ipe — hibe — yu — h36) + Coyl (e + Ige — habe — Ju — hsbu)
— Koyl (ve — lgpe — h1Be — yo — 362) — Coyl (e — lge — habe — $io — hsbi)
+ K23 (gc — @) + Coib3 (@ — ¢u1) + Kab3(0c — 012) + Coib3 (@ — $r2)
=ul — ul ()
Jeble = Kayhy (e + lpc — e — yu — h3b1) — Coyha (e + I — hab — ju — hsber)
— Kayhi (ye — lge — 116 — Yo — 1362) — Cayha (§e — e — habe — Y12 — hsbia)
+ K2:b3 (6 — 6u) + Cocb3 (6 — 6u) + Ka:b3 (6 — 62) + Co:b3 (6 — 612)
= —urhy — urhy 3)
(b) Bogie dynamics (i = 1 ~ 2):
M — Kay(ve = (=1)lgec = hib = yi = h36) = Coy (e — (= D'lgpe — hable = $ui — hsby)
+ Kiy i + Lo — habhi — yweiz) + CryGui + Lig — habi — weie1))

+ K1y — Lo — habi — yweiy) + CryGi — Ligy — habhi — Fweiy)
S “4)
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Figure 1.

Analytical model of a full-scale railway vehicle integrated with MR dampers.
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Table 1. Lateral motions of the 17-DOF railway vehicle model.

Motion
Component Lateral Yaw Roll
Car body Ye Pc 0c
Bogie Front bogie frame yu @ 61
Rear bogie frame Yo (%3 2
Wheelset Front bogie leading wheelset Ywl Owl -
Front bogie trailing wheelset Yw2 Pw2 -
Rear bogie leading wheelset w3 w3 -
Rear bogie trailing wheelset Ywa Dwa -

T — Koxb3 (@0 — i) — Coub3 (@ — @u) + Kiyh 0 + Lipy — habi — yweie1))

+ Ciyli G + i — habi — Fweie1y) — Kiyli i — i — haby — Ywin)

— Ciyli G — i — habhi — Swian) + Kich? (91 — @wiioy) + Crb? (@i — Gwi-1y)

+ K1:b}H(pu — @wii) + Cribt (@i — ¢weiy) = 0 ®)
Jubhi — Koyhs (ye — (= 1)l — hi6e — yii — haby;)

— Cayhs (e — (=)'l — hob — 3 — hsby)

— Ko b3 (6 — 6) — Cob3(0c — 0) — Kiyha(v + Ligi — habhi — ywei1)

— Ciyha G — higni — haby — Ywaiony) — KiyhaGi — Lo — haby — ywen)

— Ciyha G — higu — habui — Ywan) + 2K1:b10y + 2C1.b10y; = —uihs (6)

(c) Wheelset dynamics (i =1 ~ 2 whilej = 1,i = 3 ~ 4 while j = 2):

My $wi — KiyOy — (=1L — habyj — ywi) — Cry Gy — (=1l — hably — i)

Vi or or or?.
+2f» [yi (1 + —O) - ‘Pwii| + Kgyywi = 2f22 ( %5 + —09c1i>

% b VBT W
+ Kgy (yai + rﬂecli) (7)
. ) b b b
JwzPwi + Kixbi (0wi — @y) + 2f11 —wi + v Pi| = Kopowi = 2f11 . (Vai + 108c1i), (8)
0 0

where K,, is the lateral gravitational stiffness and K, is the yaw gravitational stiffness, which
are given by [37]

Whe
Ky = T €))
Ky = —Wba.. (10)

The other symbols in Equations (1)—(10) are defined in Table Al.
Let q be defined as the following vector:

q=[ @ O yu @u Ou Yo 92 O Yui Pul Yz Pw2 Va3 Pus Yws Pwal s
then the governing equations (1)—(10) can be rewritten in the following matrix form:

Mi + Cq + Kq = Fou + Fyw, (11)
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where M(e R'7*!7) C(e R'*!7), and K(e R'7*!7) are the mass, damping, and stiffness
matrixes of the train system; u(= [u; u,]7) is the vector of the damping forces generated by
the MR dampers; w(e R!%*!) is the vector that represents the track irregularities functioned on
the wheels of the wheelsets; and F, (€ R'"*?) and F,,(¢ R'"* 16) are the coefficient matrixes
that are related to the installation of the MR dampers and the track irregularities.

Letw = [wy wa]T, then wy and w, which will be defined in Section 2.2, can be expressed as

Wi = [Ya1 Ya2 Va3 Yaa Octi Oc2 Oci3 Ocal”s (12)
W2 = [Va1 a2 Va3 Va4 et B2 Bt Baal” (13)

According to Equations (1)-(10)and the definitions of the vectors q, u, and w, the coefficient
matrixes in Equation (11) can be determined.

2.2. Random track irregularities

Track geometrical variations are the primary causes of the vibrations of the railway vehicles.
The geometrical track irregularities include the vertical profile, cross-level, lateral alignment,
and gauge irregularities [37]. The lateral vibration of the train system is mainly induced by
the lateral alignment (y,) and cross-level () of the track irregularities (Figure 2), which can
be expressed as [38,39]
_y1+yr 9 _Zl_Zr

ya - 2 £ cl — 2[7 £
where y; and y, represent the lateral track irregularities of the left and right rail, respectively;
71 and z; represent the vertical track irregularities of the left and right rail, respectively.

(14)

(a)

(b)

i »
Bia =
I
: 2b Oa !
i‘"-l — r;

v 2

I
Figure 2. Definitions of the track irregularities: (a) the lateral alignment and gauge and (b) the vertical profile and
cross level.
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The random track irregularities are usually described by their power spectral densities
(PSDs), which are determined from the measured data. The one-sided density functions of the
lateral alignment and cross-level are given by the following equations, respectively [40]:

S.(2) = Aty 15

2(82) = Q2+ QH(Q2+ Q) (1)
2 202

5.(Q) = A /b2 (16)

(Q2 + Q)(Q2 + Q) (2 + Q)

where €2 is the spatial frequency (rad/m); €2, €2;, and €2 are truncated wavenumbers (rad/m);
b is the half of the reference distance between the rails; and A, and A, are scalar factors of the
track irregularities [40]. The values of the constants are listed in Table A1.

The PSD functions of the lateral alignment and cross-level can be rewritten as follows:

S _ AV3Q? 17

(O = VR (Ve a7
2 302,,2

5.0 = A/PP)V3Q2w )

(@? + (V2 (@? + (VQ)H) (@0? + (V24)?)

where V is the train velocity and w equal to V2 is the angular frequency.

The frequency domain method, proposed by Guo and Ming [41], is used to calculate the track
irregularity in time domain. The main processes of the method are as follows: First, change the
unilateral PSD function of the track irregularity into bilateral function. Then calculate discrete
samples of the bilateral function through discrete sampling processing. Third calculate the
frequency spectrum of the track irregularity on the basis of the sampling results and random
phases. Lastly implement inverse fast Fourier transform for the frequency spectrum and obtain
the time series of the track irregularity. Figures 3 and 4 show the time series of the lateral
alignment and the cross-level of the track irregularity, respectively. From Figures 3(b) and 4(b),
it can be found that the PSDs of the simulated time series agree well with the analytic solution.

3. Dynamics of MR fluid dampers

3.1. Foreword dynamics of MR fluid dampers

The prototype MR damper used in this study was designed and manufactured by our group
(Figure 5). The damper has a £57 mm stroke with 510 mm length in its extended posi-

(a) (b)
£
1E-5 -

E10 5
55 % 1
£ o g 1E-7
w5 3 1E-8
(] ) - :
:';.-‘10 1E-9 E= J\_ﬂalytl_csolutlun
3_1g 1E-10- Simulation value

0 2 4 6 8 10 1 10

Time (s) Frequency(Hz)

Figure 3. Time series of the lateral alignment of the track irregularity: (a) time series and (b) comparison of the
PSD of analytic solution and simulation value.
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(a)

8

E

Ea

s

2 0

@

92-4

3 1E-9 1 Analytic solution
-8 1E-101 = = Simulation value

0 2 4 6 8 10 1 10
Time (s) Frequency(Hz)

Figure 4. Time series of the cross-level of the track irregularity: (a) time series and (b) comparison of the PSD of
analytic solution and simulation value.

Figure 5. Photograph of the MR damper.

tion and 396 mm length in its compressed position. The maximum input current to the MR
damper is 1.2 A.

The MTS809 TestStar Material Testing System is used to test the MR damper. In each test,
the excitation is a sinusoidal-varying displacement of fixed frequency and amplitude, and the
input current to the MR damper is maintained at a constant level. The displacement amplitudes
are 15, 20 and 25 mm when the excitation frequency is 1 Hz. While the excitation frequency
is 2 Hz, the displacement amplitudes are 10, 15 and 20 mm, respectively. The applied input
current are from 0 to 1.2 A with increment of 0.2 A. The damping force and displacement are
measured and fed to a computer. The velocity is obtained by differentiating the displacement.

The phenomenological model, proposed by Spencer et al. [25], can accurately predict the
behaviour of the MR damper over a broad range of inputs. Considering there is no gas accu-
mulator in the prototype used for trains, the spring terms in the phenomenological model
could be ignored. Thus, a modified Bouc—Wen model (Figure 6) is proposed based on the
phenomenological model, which is described by the following five nonlinear differential
equations (19)—(23):

F = cyy, (19)

y= [az + cox], (20)
co+ ¢

= —ylk —ylzlz" = BG = D)l +AG — P), (21)

where F is the damping force; ¢ represents the viscous damping at low velocities; ¢y represents
the viscous damping at high velocities; x is the piston relative displacement; y is the inter-
nal displacement and z is the evolutionary variable; « is a scaling value for the Bouc—Wen
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Figure 6. Schematic of the modified Bouc—Wen model for the MR damper.

hysteresis loop; and y, 8, A, and n are parameters used to adjust the scale and shape of the
hysteresis loop.

The parameters y, B, A, n, and ¢, are considered as constants, and the parameters ¢y and o
are assumed to be functions of the applied current / as follows:

o = oy + apl + ad?, (22)
€o = Coa + Copl. (23)

Eventually, there are 10 parameters co,, Cob, ®a, ¥, Qc, C1, ¥, B, A, and n for the modified
Bouc—Wen model. The experimental data of 1 Hz frequency at 20 mm amplitude of excitation
and every single input current are used to estimate the parameters. The assessment criterion
is the error between the model predicted force (Fp) and the experimental force (F.) over one
complete cycle. The error in the model is represented by the objective function E;, which is
given by

E = 5 24)
Of
T
£ = / (Fe— Fy)?d1, 25)
0
T
O’g = / (Fe - /’LF)Z dt’ (26)
0

where up is the average value of the force obtained in experiment (F,) over one complete
cycle. Optimum values of the 10 parameters have been obtained using genetic algorithm tool
available in MATLAB® Toolboxes. The optimum values are listed in Table 2.

In order to validate the obtained modified Bouc—Wen model, the measured damping force
and the predicted damping force are compared (Figure 7), where the excitation condition is
1 Hz frequency, £20 mm amplitude and 2 Hz frequency, =15 mm amplitude, respectively. It

Table 2. Parameter values of the modified Bouc—Wen model.

Parameter Values Parameter Values
Coa 8.4Nsmm™! 1 91.6Nsmm™!
Cob 11.23Nsmm~'A~! B 0.15mm™2
o 40N mm™! A 45

ap 2036.8 Nmm~' A~! y 0.15mm™2

o —535.95Nmm~' A2 n 2
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&= = n4

20 9 &0 9
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Figure 7. Comparison of the modified Bouc—Wen model predicted results and experimental results: (a) force
versus displacement (1 Hz, £20 mm); (b) force versus velocity (1 Hz, £20 mm); (c) force versus displacement (2 Hz,
415 mm); and (d) force versus velocity (2 Hz, 15 mm).

is clearly observed that the damping forces predicted by the modified Bouc—Wen model agree
well with the experimental forces, which indicates that the mode can accurately describe the
forward dynamics of the prototype damper and can be used in simulations.

3.2. Inverse dynamics of MR fluid dampers
3.2.1. Training of the inverse model

Inverse MR damper models are used to obtain the command current according to the desired
force in actual application. In this section, the ANFIS technique, which possesses universal
approximation ability to nonlinear system [42], is applied to build the inverse MR damper
model. As an example, Figure 8 illustrates the architecture of a two-input two-rule ANFIS [42].
The ANFIS contains five layers. Each layer carries out one kind of calculation and the node
functions in the same layer are of the same function family.

Given input/output data sets, ANFIS constructs fuzzy inference system whose membership
function parameters are adjusted using a hybrid algorithm. Generally speaking, with increasing
number of the input date sets, the accuracy of the inverse model increases. However, the inverse
model will become very complex and the training time will increase enormously. To balance
the model accuracy and time consumption, the inputs of the inverse model are chosen as
current velocity, previous velocity, velocity before previous moment, current desired damping
force, and previous desired damping force, while the output is the current command current.
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Figure 8. Architecture of a two-input two-rule ANFIS.

A J

inverse
model < fo

b
. flk-1) -

Figure 9. Scheme of the ANFIS for modelling the inverse dynamics of the MR damper.

Figure 9 shows the scheme of the ANFIS for modelling the inverse dynamics of the MR
damper. The velocity input is a Gaussian white noise signal with frequency between 0 and 3 Hz
and amplitude +40 mm. The command input current is generated by Gaussian white noise
ranging from O to 1 A with frequency 0-3 Hz. The desired damping force is produced by the
modified Bouc—Wen model, which is built in Section 3.1, according to the displacement and
command current inputs. The data are collected for 20 s and sampled at 1000 Hz, so 20,000
points of data are generated. The first 10,000 points of data are chosen to be the training data
while the later 10,000 points of data are used as checking data.

3.2.2. Validation of the inverse model

Three data sets are discussed to valid the inverse dynamic neuro-fuzzy model. The first and
second validation case is the training data and the checking data, respectively. The third
validation case is the application of the ANFIS model in semi-active control for train suspension
system, which will be discussed in the Section 6. The training data validation case is shown in
Figure 10. It can be found that the predicted command current can track the target command
current reasonably well from Figure 10(a), and the damping force produced by the predicted
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Figure 10. Validation of the ANFIS inverse model of the MR damper for training data: (a) the command current
predicted by the ANFIS model and (b) the force predicted from the command current.

command current coincides well with the damping force produced by the target command
current from Figure 10(b).

The checking data validation case is shown in Figure 11. From Figure 11(a), it can be found
that the accuracy of checking data is not as good as that of training data. Fortunately, from
Figure 11(b) we can see that the damping force generated by the predicted command current
can track the damping force generated by the target command current well. This indicates that
the inverse model of MR damper can satisfy the needs of applications, because the inverse
model is mainly used to track the desired damping force.

4. Semi-active controller design

4.1. Schematic of the MR damper-based semi-active control system

The semi-active control system integrated with MR dampers consists of a system controller
and a damper controller. The system controller generates the desired damping force accord-
ing to the dynamic responses of the suspension, and the damper controller adjusts the input
current to track the desired damping force. In this study, an MR damper-based semi-active
Hoo controller for the railway vehicle suspension is proposed. This controller is made up of
a Hoo controller (system controller) and ANFIS inverse MR damper models (damper con-
troller). The structure of the semi-active controller for railway vehicle suspensions with MR
dampers is depicted in Figure 12. First, the active control forces are calculated by the Hoo
controllers according to the measured outputs. Then, the desired damping forces are gen-
erated by the force limiters based on the active control forces. Third, the ANFIS inverse



Downloaded by [China Science & Technology University], [Xing-Long Gong] at 02:32 24 January 2013

Figure 11.

Vehicle System Dynamics

13

(@) 1.0
<
b
0.5
£
5
o
00 T T T T T T X T 1
0 1 2 3 4 5
(b) Time (s)
-
=
o 10-
o ]
o
M 0 —
=)
= l
& —10
8 T T Y T ¥ T ¥ T
0 1 2 3 4 5
Time (s)
- === Target Predicted

Validation of the ANFIS inverse model of the MR damper for checking data: (a) the command current
predicted by the ANFIS model and (b) the force predicted from the command current.

Ve

(2

l Track
A irregularities
| | Front Fal
£ 4, High-speed train
E | l Rear F;:climl
9
° )
= T Relative velocity
ol |5
‘E Elr'——“—__-\ lr——‘——‘\
ANFI | | [, |
=N inverss; | Front| | Force | Front| *
E : model :F“l"-“"r‘d: filter : Factive| +
|
= I I |
g | I I |
“ I [DANFS] ' [Froreel ! . [+]
| R | Rear | S 1 Rear
: Seoiek Ji de-m,ll filter J Faive| —
Figure 12. Structure of the semi-active controller for railway vehicle suspension with MR dampers.

models of MR dampers adjust the command currents according to the desired damping force
and the vehicle suspension responses. Finally, the desired damping forces are approximately
realised by MR dampers with appropriate input currents calculated by the ANFIS inverse

models.
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Figure 13. Lateral control model of the car body for the railway vehicle.

4.2. System controller based on Hoo control law

With faster speed and lighter bodies introduced to the high-speed train, the controller should
be designed to be more robust. Hoo control has been proved a successful and thorough way to
solve the robust control problem. Thus, in this section the Hoo control is adopted to establish
the system controller to attenuate the lateral vibration of the high-speed train.

In practical applications, it is important to build a simplified control model, which can
reveal the influence from the controller to the controlled system but does not contain all of the
details, because more complex control model will induce a more complex controller. Figure 13
shows the lateral control model of the railway vehicle, which contains the lateral, yaw, and roll
motion of the car body [43]. This model only considers the lateral motion of the car body with
secondary suspension, because the vertical motion and lateral motion of the railway vehicle
are relatively independent [37]. The governing equations of the control model are presented
as follows.

Car body lateral motion:

Mcyc + KZy(YC + lgoc - hlgc - ytl) + CZy()')C + l% - hZéc - j’tl)
+ Koy (e — lge — hi6e — y2) + CoyGe — Ige — habe — $r2) = uy + us. 27

Car body yaw motion:

ch(ﬁc + K2yl(yc + lfﬂc - hlec - ytl) + C2yl®c + l¢c - hZéc - j’tl)
— Koyl(ye — lgpe — O — y2) — Coyl (e — I — habe — $12) = url — ual. (28)
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Car body roll motion:

Jexbe — Kayhi e + 19 — h16e — ya) — Coyha Ge + lge — habe — u1)
- Kthl e = loc — 0. — yp) — C2yh2@c - l(pc - hZéc - }.)tZ)
+ 2K2.b360, 4 2Co.b360. = —u1hy — uzhs. (29)

Assume that the lateral displacements of the connection points on the car body between the car
body and the MR dampers are y; and y, (Figure 13), where y; represents the lateral displace-
ment of the front connection point on the car body and y, represents the lateral displacement of
the rear connection point on the car body, respectively. The lateral (y.) and yaw (¢.) motions
of the car body can be rewritten as follows:

Nty 1=

Ve T e 27 (30)

Moreover, it is also important to choose appropriate weight function to optimise all aspects of
performance of the controller. More complex control model contains more controlled variables,
then the choice of the weight functions for all controlled variables will become more difficult.
For this reason, the Hoo controller is further simplified and divided into two parts, including
the controller of the yaw motion and the controller of the rolling pendulum motion (lateral
motion + roll motion). The two controllers can be established separately because the lateral
and yaw motions are not strongly coupled.

(a) Hoo controller of the yaw motion

Pertaining to the yaw motion of the car body, define: yy. = (v1 — ¥2)/2, ¥yt = Oa — y2)/2,
AYy = Yyec — Yy, Uy = (U1 — up)/2, where yy; and yy, represent the displacements of the front
bogie and rear bogie, respectively. u; and u, represent the front and rear control force generated
by the MR dampers. The system variable of the controller xy is defined as xy = [Vy¢, Ayy 1T and
the evaluation vector is chosen as zy = [Jye, y]T. The measurement output is yy = ¥y, and
the disturbance input is wy = yv;. Then the yaw Hoo controller can be written in state-space
form as

Xy = Ayxy + Biywy + Bavuy,
zy = Ciyxy + Dyiywy + Diayuy, (31)

vy = Coyxy + Darywy + Dyyity,

where
_ 2 _ 2 2 2
Ay = |: 2C2;<l Hez 2K281 /J‘Z] , Biy= |:2czﬁ]/10{| , By = [l /OJCZ:| )
_ 2 _ 2 2 2
Ciy = [ 2C2(y)l Hex ZK%Z /JCZ] , Dny = |:2C2y(l) /ch:| , Dpy= |:l /1ch] ,

Coy = [-2C 2 /Je;  —2Kyyl /)], Duy = [2Cy* /U], Duy = [I*/Je].

The design objective of the controller is aimed to suppress the lateral vibration of the car body
in the very frequency range where the influence on the ride comfort is the greatest; at the
same time avoiding the frequency band of the control force to be too wide. The frequency
range of the vibration with the biggest impact on the ride comfort is 0.5-10 Hz, so a band-
pass transfer function oy, Wy, (s) ranging from 0.1 to 10 Hz, centring at 0.8 Hz (approximate
natural frequency of the car body) is introduced to weight yy. The control force with high
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Figure 14. Design structure of Hoo controller of the yaw motion.

frequency could not be easily tracked by an MR damper because of the time delay, thus a
low-pass transfer function ay, Wy,(s) is introduced to weight uy, which would decrease the
control force up 10 Hz. The design structure is shown in Figure 14, where Gy is the yaw
motion system of the car body, Ky is the Hoo controller of the yaw motion, Wy, (s) and Wy,(s)
are the transfer functions with static gain equal to 1, and ay, and oy, are the static gains of
the transfer functions

24+ 1.17s 4+ 25
52 +15.54s5 +25°

s + 1325 + 507,400
2052 + 35325 + 507,400

Uyy = 1, WYy = (32)

aye =1x107% Wy, =

(33)

(b) Hoo controller of the rolling pendulum motion

For the rolling pendulum motion of the car body, define: y . = (v +y2)/2, yu = Ou +
V12)/2, AyL = YLec — Yo, U, = (u1 + up)/2. The system variable of the controller xi is defined
asxy = [Ve, Ay, éc, 0.]T and the evaluation vector is chosen as z;, = [YLes ur]T. The measure-
ment output is yp = ¥; . and the disturbance input is wi, = yp;. Then the rolling pendulum Hoo
controller can be written in state-space form as

XL =Avrxy + Biuwr + BaLug,
7z = CiLxy + Diiwwr + DiaLug, (34)

yL = Corxp + Dyjuwr + Doppug,

where
[—2Cyy /M. —2Ksy /M, 2Cayha /M 2Kayhi /M,
A — 1 0 0 0
L= 2C2yh2/-]cx 2K2yh1/~]cx 2(C2vh% + CZZbg)/ch 2(K2yh% + KZzb%)/ch ’
0 0 1 0
2Cy, /M, 2/M.
B = -1 By = 0
YT 20yl |0 T T | 2l |
i 0 0
Co [—2Cy /M. —2Ksy/M. 2Cohy /M. 2Kyyhi /M. .
TTLo0 0 0 0 ’
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Figure 15. Design structure of Hoo controller of the rolling pendulum motion.

2C,, /M, 2/M
DllL:[ 2“0/ c], D12L=|:/1 c],

Cy = [—2C2y/MC —2K2y/MC 2C2yh2/Mc 2K2}-h1/Mc] )
Dy = [2Cyy/M.],  DiL = [2/M.].

As stated previously, the frequency range of the vibration with the biggest impact on the ride
comfort is 0.5-10Hz, so a band-pass transfer function ay, Wy ,(s) ranging from 0.1 to 10 Hz,
centring at 1 Hz (approximate natural frequency of the car body) is selected to weight y; . A
low-pass transfer function oy, Wy ,(s) is used to weight u; in order to make the frequency of
control force concentrate below 10 Hz. The design structure is shown in Figure 15, where G,
is the rolling pendulum motion system of the car body, Ky is the Hoo controller of the rolling
pendulum motion, Wy, (s) and Wy,(s) are the transfer functions with static gain equal to 1, and
ayy and og, are the static gains of the transfer functions

§2+277s+23
=1, Wy=—-—""= 35
HLy b T 2 1 15.54s + 23 (33)
s2 + 132s 4+ 507400

20s2 4 35325 + 507400

o, =1x10"% Wy, = (36)
(c) Integration

The Hoo controller of the railway vehicle is composed of the yaw motion controller Ky and
the rolling pendulum motion controller K . The two controllers are independent and can be
designed separately. The ‘hinf’ function in MATLAB® is used to calculate the Hoo controllers.
The front control force u; and the rear control force u, can be expressed as

auy + Buy
“=—a
(37
aup, — Buy
uz = —7
2

where up, is obtained by the rolling pendulum motion controller Ky, and uy is obtained by the
yaw motion controller Ky. « and § are weighting coefficients of the u;, and uy, respectively.
After comparing the control effects for a series of weighting values, the values are confirmed
asae =8and g = 1.

The inputs of the Hoo controller are the lateral accelerations of the connection points on the
car body between the car body and the MR dampers, so two acceleration sensors are needed
to measure these accelerations. The outputs of the controller are the front control force u; and
the rear control force u,, respectively.
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4.3. Damper controller for MR damper-based semi-active systems

From Equation (37), the active control forces of the railway vehicle can be determined. How-
ever, not all of these forces can be tracked by the MR dampers because of two intrinsic
constraints: the passivity constraint and the limitation constraint (Figure 16). The damping
force could be tracked by MR dampers only when the control force satisfies the two con-
straints. Otherwise, the damping force is set as either the lower or upper level by setting the
input current at either zero or the maximum achievable level, respectively. Thus, a force limiter
is designed to calculate the desired damping force according to the active control force and
the suspension velocity, which is governed by

F max» F. active = F max»
Faesited = { Factives Fmax > Factive > Frmin (38)

Fmins Faclive = Fmin’

where Fax and Fi, are the maximum and minimum forces that can be generated by the MR
damper at the present moment, respectively. Fy.ive 1S the active control force calculated by the
active control algorithm, Fyesireq 1S the desired damping force that can be tracked by the MR
damper.

The ANFIS inverse models of the MR dampers (built in Section 3.2) are adopted to generate
the command currents to track the desired damping forces. Both the Force Filter and the ANFIS
inverse model need the MR damper’s piston relative velocity. Hence anther two acceleration
sensors are used to measure the lateral accelerations of the two bogies. Then the relative
velocities can be obtained according to the measured outputs.

5. Simulation parameters

In order to evaluate the performance of the semi-active controller with MR dampers, two types
of suspensions are considered, including passive and semi-active suspension. Passive suspen-
sion means the secondary suspension system of the railway vehicle is integrated with traditional
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passive viscous dampers and the optimal damping coefficient is equal to 26,000 N s/m accord-
ing to reference [44]. Semi-active suspension means that the secondary suspension system is
integrated with MR dampers.

The structure of the full-scale railway vehicle model with 17 DOF is given in Figure 1.
The symbols, their definitions, and parameter values of the full-scale railway vehicle model
are listed in Table A1 [44]. The parameters for the MR dampers used in the simulations are
given in Table 2. The Hoo controllers are calculated offline by adopting the ‘hinf’ function in
MATLAB® and the parameter values are given in Section 4.2.

In the simulation, the ‘Bogacki—Shampine’ solver is adopted and a fixed time step size of
le—5is used. The time delay of the whole system is 50 ms and the total simulation time is 10's.

6. Simulation results

6.1. Car body accelerations

In order to clarify the effects of the semi-active suspension system on the accelerations of the
car body, the PSDs of the car body accelerations under the random track irregularities with the
passive and semi-active suspension systems are shown in Figure 17. Their corresponding time
histories are shown in Figure 18. The root-mean-square (RMS) and peak-to-peak values of
the corresponding car body accelerations with the passive and semi-active suspension systems
under the random track irregularities are given in Tables 3.
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Figure 17. PSDs of the car body accelerations of the railway vehicles with different suspension systems under the
random track irregularities: (a) lateral accelerations, (b) yaw accelerations, and (c) roll accelerations.
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Figure 18. Time histories of the car body accelerations under the random track irregularities: (a) lateral
accelerations, (b) yaw accelerations, and (c) roll accelerations.

Table 3. RMS and peak-to-peak values of the car body accelerations of the railway vehicles with different suspension
systems (unit: lateral — m/s?; yaw — rad/s?; roll — rad/s?).

RMS values Peak-to-peak values
Passive Semi-active Reduction (%) Passive Semi-active Reduction (%)
Lateral ¥ 0.1924 0.1307 32.1 1.0743 0.8024 25.3
Yaw ¢@c 0.0571 0.0415 27.4 0.2915 0.2087 28.4

Roll 6, 0.0778 0.0537 30.9 0.4342 0.3452 20.5
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Figure 19. Time histories of the damping forces and the command current of the front MR dampers: (a) the desired
and actual damping forces and (b) the command current.

From Figure 17, it can be found that the lateral and roll vibrations of the car body using
semi-active suspension are lower than that of the car body using passive suspension, and the
yaw vibrations using semi-active suspension are also lower than that using passive suspen-
sion except in the frequency range 0.7-1 Hz, where the yawing vibrations using semi-active
suspension are a little bigger than that using passive suspension. The results indicate that the
vibration attenuation ability of the semi-active suspension system is better than that of the
passive suspension system.

Moreover, the semi-active suspension system shows better attenuation ability for the
vibrations of the car body than the passive suspension system in the time histories (Figure 18).
According to Tables 3, it can also be seen that the RMS and peak-to-peak values of the car
body accelerations with the semi-active suspension system are lower than those with the pas-
sive suspension system, the reduction percentage of the RMS values is about 30%, and the
reduction percentage of peak-to-peak values is near 25%. These also indicate that the ride
quality of the railway vehicle with the semi-active suspension system is superior to that with
the passive suspension systems.

Figures 19 and 20 show the time histories of the desired and actual damping forces of the
front and rear MR dampers (1) and u,) and the corresponding command currents, respectively.
From Figures 19(a) and 20(a), it can be found that the actual damping force generated by the
MR damper can well track the desired damping force, which further demonstrates that the
ANFIS inverse model of the MR damper is effective in controlling the damping force. From
Figures 19(b) and 20(b), it can be seen that the control currents change continuously in a low
level, which indicate that the energy consumption of the semi-active suspension system is not
too large.
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Figure 22. PSDs of the front bogie leading wheelset accelerations of the railway vehicles with different suspension
systems under the random track irregularities: (a) lateral accelerations and (b) yaw accelerations.

Table 4. RMS values of the bogies and wheelsets accelerations of the railway vehicles with different suspension
systems (unit: lateral — m/s”; yaw — rad/s?; roll — rad/s?).

RMS values
Passive Semi-active Reduction (%)

Bogies Front Yu 1.6758 1.7160 —2.40
@1 0.4155 0.4136 0.47

B 0.1009 0.1106 —9.63

Rear Yo 1.9142 1.9493 —1.83

%) 0.4568 0.4496 1.59

b 0.1045 0.1114 —6.64

Wheelsets Lateral Ywi 1.7625 1.8015 —2.21
Vw2 1.5636 1.5906 —1.73

Vw3 2.0121 2.0646 —2.61

Vwa 1.7871 1.8157 —1.60

Yaw Pwl 0.7507 0.7537 —0.40

Dw2 0.9660 0.9633 0.29

Dw3 0.7773 0.7751 0.29

Pws 0.9925 0.9846 0.80

6.2. Bogies and wheelsets accelerations

The PSDs of the accelerations of the front bogie and the front bogie leading wheelset of
the railway vehicles with the passive and semi-active suspensions under the random track
irregularities are shown in Figures 21 and 22, respectively. The vibrations of the rear bogie
are similar to that of the front bogie, and the vibrations of the other three wheelsets are similar
to that of the front bogie leading wheelset, so they are not repeated here. The corresponding
RMS values of the accelerations of the bogies and wheelsets are given in Table 4, respectively.

From Figures 21 and 22, it can be found that the vibrations of the bogie and wheelset in the
first peak value with semi-active suspension system are lower than that with passive suspension,
while situations are opposite in the second peak value. The first and second peaks represent the
bogie lateral motion in the same direction and bogie lateral motion in the opposite direction,
respectively. In the semi-active suspension system, the damping forces generated by the front
and rear MR dampers are not always consistent not only on the magnitude but also on the
phase, so the bogie lateral motions in the opposite direction are motivated more significantly,
which causes the deterioration on the second peak compared with the passive suspension. In
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Figure 23. Schematic of the practical implementation for the MR damper-based semi-active controller.

general, the vibrations with the semi-active suspension system are almost similar to that with
the passive suspension except for a little deterioration. According to Table 4, it can also be
seen that the RMS values of the accelerations of the bogies and the wheelsets with the semi-
active suspension system are nearly equal to those with the passive suspension system except
for a little deterioration. In general, the semi-active suspension system does not suppress the
vibrations of the bogies and wheelsets in comparison with passive suspension system, because
the semi-active controller does not consider the dynamics of the bogies and wheelsets in order
to simplify the design process and the number of the sensors.

Based on the above analysis, it can be concluded that the vibration of the high-speed train is
reduced obviously by using MR dampers. These also indicate that MR dampers dissipate more
energies compared with the ordinary dampers, namely they have higher energy dissipation
efficiency.

7. Practical implementation

Figure 23 illustrates the schematic of the practical implementation for the proposed MR
damper-based semi-active control system. The convenience in designing and less cost for
practical use are the advantages of the proposed controller. In practical implementation, the
whole control system works via five steps.

(1) First, the lateral accelerations of the connection points on the car body and the lateral
accelerations of the bogies are measured by four acceleration sensors.

(2) Then, the Hoo controllers calculate the active control forces according to the measured
outputs.

(3) Third, the force limiters generate the desired damping forces according to the active control
forces.

(4) Fourth, the ANFIS inverse models of the MR dampers calculate the command currents of
the MR dampers.

(5) Finally, the actual currents are generated by a current driver and inputted to the MR
dampers to approximately track the desired damping forces. At the same time, the mea-
sured data and calculated data are also inputted into a computer to monitor the control
system and record data.
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8. Conclusions

This paper proposed an MR damper-based semi-active railway vehicle suspension system
which is composed of a Hoo controller as the system controller and an ANFIS inverse model
as the damper controller. After constructing the 17-DOF model of the railway vehicle, the
forward and inverse dynamic models of the MR dampers and the Hoo controller made up of
a yaw motion controller and a rolling pendulum motion controller, simulations are conducted
to investigate the lateral, yaw, and roll accelerations of the car body, bogies, and wheelsets
of the full-scale railway vehicle integrated with MR dampers under the random track irregu-
larities. According to the simulations and analyses, the following conclusions can be drawn:
(1) compared with the passive suspension system, the MR damper-based semi-active suspen-
sion system used for the railway vehicles can attenuate the lateral, yaw, and roll accelerations
of the car body significantly (about 30%). (2) The vibrations of bogies and wheelsets with
semi-active suspension system are almost similar to that with passive suspension except for
a little deterioration. (3) The damper controller with the ANFIS inverse MR damper model is
effective in tracking the desired damping force.
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Table Al. Parameter values and definitions of the 17-DOF railway vehicle model.

Symbol Value Unit Definition
Wheelset My, 1750 kg Mass of wheelset
Jwz 1400 kg m?2 Yaw moment of inertia of wheelset
w 1.117 x 10° N Load per wheelset
Bogie mg 3296 kg Mass of bogie
Jiz 2100 kgm®>  Yaw moment of inertia of bogie
Jix 1900 kgm? Roll moment of inertia of bogie
Car body me 32,000 kg Mass of car body
Jez 2.24 x 109 kg m? Yaw moment of inertia of car body
Jex 75,000 kg m? Roll moment of inertia of car body
Primary suspension Kix 2.9 x 107 N/m Double of primary longitudinal stiffness
K1y 1.5 x 107 N/m Double of primary lateral stiffness
Ki: 1.33 x 10° N/m Double of primary vertical stiffness
Cix 0 Ns/m  Double of primary longitudinal damping
Ciy 0 Ns/m  Double of primary lateral damping
Ci; 3.0 x 10* Ns/m  Double of primary vertical damping
Secondary suspension Koy 3.4 % 10° N/m Double of secondary longitudinal stiffness
Kay 3.5 % 10° N/m Double of secondary lateral stiffness
Ko, 6.8 x 10° N/m Double of secondary vertical stiffness
Cox 5.0 x 10° Ns/m  Double of secondary longitudinal damping
Cyy 52 x 10* Ns/m  Double of secondary lateral passive damping
Co; 1.6 x 10° Ns/m  Double of secondary vertical damping
Size hy 0.763 m Vertical distance from car body centre of gravity
to secondary spring
hy 0.78 m Vertical distance from car body centre of gravity
to secondary lateral damper
h3 0.0245 m Vertical distance from bogie frame centre of
gravity to secondary spring
hy —0.2085 m Vertical distance from bogie frame centre of
gravity to primary suspension
hs 0.2175 m Vertical distance from bogie frame centre of
gravity to secondary lateral damper
1 9 m Half of bogie centre pin spacing
A 1.25 m Half of wheelbase
b 0.7465 m Half of wheelset contact distance
by 1 m Half of primary suspension spacing (lateral)
223 1 m Half of secondary spring spacing (lateral)
b3 1 m Half of secondary vertical damper spacing
(lateral)
) 0.4575 m Wheel rolling radius
Vv 300 km/h Vehicle speed
Wheel rail parameters  fi; 1.12 x 107 Longitudinal creep coefficient
f2 9.98 x 10° Lateral creep coefficient
Ae 0.05 Effective wheel conicity
o 0.05 Wheelset roll coefficient
Track irregularities Qe 0.438 rad/m  Truncated wavenumber
Q; 0.8246 rad/m  Truncated wavenumber
Qg 0.0206 rad/m  Truncated wavenumber
Aa 10.80 x 1077 Scalar factor of lateral alignment
Ay 6.125 x 1077 Scalar factor of cross-level






