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Modeling and control of a simplified high-speed vehicle
moving in reduced-pressure conditions

In times of rapidly progressing globalization, the possibility of fast long-distance
travel between high traffic cities has become an extremely important issue. Cur-
rently, available transportation systems have numerous limitations, therefore, the idea
of a high-speed transportation system moving in reduced-pressure conditions has
emerged recently. This paper presents an approach to the modelling and simulation of
the dynamic behaviour of a simplified high-speed vehicle that hovers over the track as
a magnetically levitated system. The developed model is used for control system de-
sign. The purpose of passive and active suspension discussed in the text is to improve
both the performance and stability of the vehicle as well as ride comfort of passengers
travelling in a compartment. Comparative numerical studies are performed and the
results of the simulations are reported in the paper with the intent to demonstrate the
benefits of the approach employed here.

1. Introduction

Rapid development in economics and technology, resulting in a globalization
process, has heightened the need for a fast, reliable transportation system between
high-traffic cities. Existing solutions, i.e., road, rail, air, and maritime transport, pos-
sess significant disadvantages which could be potentially overcome by a high-speed
transportation system moving in reduced-pressure conditions — the Hyperloop sys-
tem [1]. Hyperloop capsules are considered in two versions: passenger and cargo
systems, which may vary in dimensions and internal equipment. A vehicle moves
inside low-pressure tubes using magnetic levitation [1]. In order to decrease energy
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consumption, a passive Inductrack levitation system is implemented [2, 3]. This
is an alternative solution to Maglev trains, where many active systems are used
simultaneously [1, 4].

In this paper, we investigate the stability and dynamic performance of a pre-
liminary design of a vehicle with different suspension variants. The concept of
this work comes from the research and development activities conducted at the
Warsaw University of Technology for the last few years. The dynamic response of
a system is extremely important in several practical aspects: safety and ride quality,
guideway design, and system costs [5, 6]. Track roughness may induce random
vibrations which are perceived by passengers in the vehicle. Vibrations can cause
many physiological effects; hence, ride quality is a serious constraint in suspension
system design. Ride comfort can be enhanced by introducing a control scheme into
the suspension design.

In recent years, extensive research into the active and semi-active suspension
systems of automotive vehicles has been conducted [7]. A variety of control ap-
proaches can be found in the literature. Usually, authors conduct their research on
a quarter-suspension model which significantly simplifies the analysis while pro-
viding the results easily transferable to the full vehicle model. In [8-10], classical
methods such as PID controller were proposed. Some authors, on the other hand,
investigate the performance of the more complex techniques, such as optimal con-
trol methods [11] or sliding mode control [12]. In [5] and [13], suspension control
is implemented on the high-speed Maglev train.

In our study, we also propose a control system design for a magnetic suspen-
sion, however, unlike in [5, 13], our study focuses on a passive electrodynamic
levitation system, which introduces an element of novelty into our research. This
study identifies the basic stability characteristics of the system through the use of
simplified models that capture various phenomena important in the determination
of ride quality and vehicle stability. The multiloop control system for a quarter-
suspension model is proposed in this paper aiming at increasing passengers’ ride
comfort. The theory and simulation-based results are collected for a planar three
degree of freedom vehicle, which is composed of two one-dimensional suspension
modules (i.e., quarter-suspension systems). Conclusions and future research plans
are also addressed at the very end of the paper.

2. Simplified vehicle model

2.1. Quarter-suspension model

For control system design purposes, it is desirable to consider low-order linear
dynamic models [5]. Thus, a two-degree-of-freedom quarter-suspension model has
been selected for the analysis. The developed low-order model consists of a primary
and secondary suspension. As a result, only the vertical motion of the vehicle is
considered. Still, such simplified analysis is sufficient and of very practical value in
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terms of vehicle dynamics and ride comfort examination [5, 14]. Moreover, such a
linear time-invariant system allows one to use a variety of control design techniques
for this kind of system.

The simplified model used in control synthesis is presented in Fig. 1. Quarter-
suspension consists of two lumped masses m,, and m,, which together equal 1/4
of the vehicle body mass, one linear spring kg, one viscous damper by, and one
Halbach array [2], employed as a magnetic levitation system. The forces induced in
the magnets are non-linear functions of vehicle longitudinal velocity and levitation
height, however, it can be proved that for high speeds, the force is constant with
respect to velocity. Therefore, by linearizing the magnetic lift about the equilibrium
condition at which the suspension is at a levitation height, the magnetic force can
be modelled as a linear spring (spring constant &, ). The quantities with subscripts
p and s refer to primary and secondary suspension systems, respectively. The
symbols z,, and z; are used to define the position of lumped masses with respect
to their equilibrium positions, respectively. The z; symbol describes a disturbance
induced from track irregularity.
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Fig. 1. One-dimensional 2 DOF quarter-suspension model of a vehicle

Some advantages of such model simplifications can be pointed out. Firstly,
the basic concept of a suspension system can be easily grasped. Secondly, the
developed model allows one to capture the essential behaviour of the system.
The coupling effects of primary and secondary suspension, which may affect ride
comfort significantly [5], are not ignored in the model. Last but not least, the model
is similar to some extent to the developments used in the examination of dynamics
and control of Maglev vehicles [5]. This feature may partially confirm the validity
of the approach proposed in the paper. It should be pointed out that the official
literature on Hyperloop vehicle dynamic performance is very modest so far.
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Itis assumed in this paper that a Hyperloop suspension system may levitate over
a track equipped with Halbach arrays provided that the critical speed is achieved.
The magnetic levitation force induced in the system (i.e., between a track and a
vehicle) can be divided into two components: lift and drag forces. The quantities
can be represented by the following expressions [2]:

v: oo,

Fr(V,h) = ALme & [N], (la)
v -

Fp (V.h) = Ap s e "IN, (1b)

where Ar, Ap, @, B are constant values dependent on the levitation system ge-
ometric and magnetic properties such as Halbach array dimensions, number of
magnets in the array, remanent field of the magnets, etc., 4 is an air-gap between
the magnets and the track (levitation height), and V is a longitudinal velocity of
a system. The levitation system parameter values used in this study are provided
in Table 1.

Table 1.
Levitation system parameters
Parameter Value Unit
AL 3.0712x 10° Tm3/H
Ap 16.5620 x 10° T’ m*Q/H?
a 104.7199 1/m
B 5.3927 Qm/H

It can be observed that both lift and drag forces decay with an increasing
air gap. For small air gap values, a decrease in lift and drag force is rapid and
approaches zero when the levitation height increases. The graphical representation
of this relation is presented in Fig. 2.

On the other hand, a linear velocity increase saturates the lift force but causes a
sharp decrease of the drag force, which is undoubtedly an advantage of Inductrack
magnetic levitation. Fig. 3 provides the profile of forces Fr and Fp in terms of
velocity at constant levitation height at several different air gaps.

Closer inspection of the graphs can lead to the conclusion that passive levitation
is the most efficient process at high operating speeds when the lift force reaches its
asymptotic maximum value for a given air gap, while drag remains significantly
smaller at the same time.

The lift force (1a) is a nonlinear quantity. One can linearize the expression
about the operating point: travel velocity and equilibrium (levitation) height:

OFr (Vo, hO)AV N oFL (W, hO)Ah.

Fr.(V,h) = Fr(W, ho) + v ah

(2)
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Fig. 2. Lift (a) and drag (b) forces as an air gap function for constant velocity values
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Fig. 3. Lift (a) and drag (b) forces as velocity function for a constant air gap values

Please note that at high speeds the influence of velocity can be neglected, hence,

motions in the horizontal and vertical direction are decoupled, which is proven
below:

OFL (Vo, h a v 2v B
L( 05 0) — ALe—ah_— — ALe—ah—ﬁ . (3)
oy vV V24 B2 (V2 + B2)?

For sufficiently small values of 8 and high velocity, part of the expression for the
lift force (see Eq. (1a)) associated with velocity tends to a constant value of 1,
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which means that the function given in Eq. (3) tends to zero. Therefore, Eq. (2) can
be reduced to the following expression:

aﬁmwA

Fr.(h) = Fr.(ho) + ah

h. “4)
Moreover, in the case of quarter suspension considered in this paper, an air gap &
is expressed by two independent variables z,, and z;. Thus, expression (4) can be
written as:

OF; (20, 2 OFL(2p0, 2
L(Zpo tO)AZp N L(Zpo lO)Azt.
6Zp 62;

&)

Fr.(zp0, 2:0) +

In the equilibrium point z,,0 = 0 and z;o = 0. Consequently, Eq. (5) transforms into:

AFL(0,0) IFL(0,0)

F; = F, 0,0) + z Zts 6
L = Fr.(0,0) bz, 9z, t (6)
which yields: .
Fr=20- ALa/e_a'hOzp +Apae @Mz, (7
The final formula for the linearized lift force is given as:
Fp = -Apae™™(z, - z,). (®)

By comparing expression (8) with the Hooke’s law, one may observe that the lin-
earized lift force can be represented as a “magnetic spring”. Under the assumption
that k,, = A rae~ ¥ the orce generated by the “magnetic spring” is:

F; = —kp (zp — 21). )

Similar reasoning may be performed for the expression associated with the
drag force. Such representation of the magnetic forces thoroughly simplifies the
further analysis of the vehicle dynamic properties. Fig. 4 provides the relationship
between air gap deviations from equilibrium and relative error of the linearized lift
force. The results were obtained with the parameters presented in Table 1 and 2.

[eoli )

Linearisation error, %

Az, mm

Fig. 4. Relative error of the linearized lift force
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Table 2.
Suspension parameters
Parameter Value Unit
primary suspension mass, 11, 0.05 x 103 kg
secondary suspension mass, mg 1.325 x 103 kg
secondary suspension stiffness, kg 8.125 x 10° N/m
secondary suspension damping, bs 5.040 x 10* Ns/m
magnetic levitation “stiffness”, k,’; 7.405 x 10° N/m

The final form of the equations of motion for the vehicle quarter-suspension model
can be written in the following way:

mp'Z'p = bs(Zs — Zp) + ks(zs — 2p) — k;*n(Zp —zt), (10a)
msZs = —bs(Zg — Zp) —ks(zs — Zp)- (10b)

Let us assume that s is the Laplace transform operator and Z,, (s), Z,(s), Z;(s)
are the Laplace transforms of z,,(¢), z,(t) and z,(¢), respectively. The following
transfer functions can be found from (10) by taking into account (9):

Zp(s) _

GO=76 "

k;, (mss2+bss+ks) (1)

mpmgst + (my + mg)bgs® + [(mp + mg)k + kyyms | 5% + Kjubys + kiyks

Zs(s) _

G =70 "

k (bss + ks) (12)

mpmgs* + (my + my)bys3 + [(my + my)ks + kjymg | $2+ kiybys + kiks

Now, the expressions (11) and (12) are exploited to build a block diagram of
the passive suspension system, which is presented in Fig. 5.

2t +7 X MpZp
m

1 Zp f\zp — Zs Zs
my,s2
Zt— 2p v +

A\ bSS + k’S o mss?
MsZs h

k*

Ne
O

Fig. 5. Block diagram for two-degree-of-freedom suspension model
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Please note that the upper branch of the block diagram indicates that the motion
of the mass m,, is dependent on the motion of the mass my. This feature has some
implications when control design is considered. The block diagram in Fig. 5 will
be extensively used in subsequent chapters.

2.2. Transient response of suspension system

Transfer functions, introduced in Eq. (11) and Eq. (12), can be further utilised
to obtain transient response of primary and secondary suspension. Fig. 6 shows
the dynamic responses of the components when the system is triggered by unit-
step input of signal associated with track perturbation. The results presented here
and further in this paper were obtained with data provided in Table 2. It can be
easily observed that secondary suspension has greater overshoot and its response
is delayed with respect to a primary suspension.

1.75¢
Rats —Zp
SN -y

Unit-step response, mm

0 02 0.4 0.6 03 I 12 T4
Time, s

Fig. 6. Transient response of primary and secondary suspension with a unit-step input
of track perturbation

2.3. Stability of passive suspension system

G, and G, have identical denominators, therefore, their respective eigenvalues
—tworeal and two conjugated, i.e. 112 = =3.54+19.2j, 13 = -23.6, 14 = -1015.4
— are the same.

Due to the control quality issues, damping ratio for a second-order system
should be between 0.4 and 0.8 [5]. The damping ratio for the analyzed suspension
is 0.182 and is below that range. It can be noted that all poles are placed in the left-
half complex s-plane, thus, both open-loop systems are naturally stable. One real
pole is placed far from the imaginary axis compared to the remaining eigenvalues,
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which means that its influence on the system performance is minimal. Ultimately,
the difference between G, and G responses is associated with the numerator of
each transfer function. G, has two conjugated zeroes: z;> = —19 + 15.9j, while
G, has only one real zero: z; = —16.1.

It can be observed that there is no need for an active control system to provide
stability. However, passengers’ ride comfort requires substantial improvements.
Hence, it is highly recommended to implement some kind of control system in
order to enhance suspension performance.

Next, the system behaviour under uncertainties was investigated. We assumed
that the actual values of the following parameters: mass of the primary suspension
m,,, mass of the secondary suspension mg and Halbach array parameter A; may
deviate from the nominal values used in this study by £20%. Secondary suspension
response to the step input was obtained for the given range of parameters. It can be
found in Fig. 7. One can notice that uncertainties do not cause unstable behaviour of
the system. Various parameter values mainly influence time that the system needs
to obtain the steady-state.

1.8
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Unit-step response of z;, mm
e o
‘
‘
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0 0.4 0.8 1.2 1.6 2 9.4 2.8
Time, s

Fig. 7. Transient response of secondary suspension with uncertainties to a unit-step input
of track perturbation

2.4. Three-degrees-of-freedom vehicle model

Three-degrees-of-freedom vehicle model is presented in Fig. 8. In this case,
the vehicle can move in longitudinal x-direction and vertical z-direction. Simul-
taneously, it is able to rotate through a pitch angle 6 about the z-axis. The model
represents half of the vehicle with two independent suspension systems placed at
the front and rear of the vehicle body. Therefore, the secondary suspension mass,
which represents the mass of the main vehicle body, equals m; = 2.650 X 10° kg.
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The rotational moment of inertia I, = 268.8 kg-m?. Primary suspension parameters
for each system are the same as for quarter-suspension model and were provided
earlier in this paper in Table 2. The control system of the suspension is exactly the
same as the one used for the quarter-suspension model.

A kr
L2 Z
vehicle 0
(O—
COM i
kl(t) 1% Zz(t)I
——- AAS

Fig. 8. Three-degree-of-freedom vehicle model

Equations of motion for 3-DOF vehicle moving at a velocity V() at z;(¢) and
72(¢) levitation height can be formulated as [5, 15]:

mX(t) = P— Fp1(z1,V,t) — Fpa(z2,V, 1),
m

5 |21 + 2] = ~mg + FLi(21.V.1) + Fra(za. Vo).

(13)
Iy - . L
720 - 2] = S 1FLi@. VD) = Fra(za V.0
+ H [Fpi(z1,V,1) + Fpa(z2, V, 1)1,

where m is the vehicle mass, Iy is the rotational moment of inertia about the
y-axis of the vehicle centroidal frame, P is the propulsion force, Fr;, Fr, are
the magnetic lift forces and Fpi, Fpy are the magnetic drag forces. Coordinates
Z1 and Z, denote the rear and front secondary suspension position along z-axis,
respectively, while X is the vehicle COM position along x-axis. The vehicle should
move in the vacuum. Therefore, the aerodynamic drag force is not taken into
account because of its marginal influence on the system behaviour in the low-
pressure conditions.

Linearized equations of motion for a 3-DOF vehicle moving at a velocity V (¢)
at 71 (¢) and z,(¢) levitation heights can be formulated as follows [13]:

mX(t) + Kxz121 + Kxz222 = 0,
m
2

21y 7 - ..
2 |20 - 60 - Kz + Kenza =0,

(210 + 22D + Kearzi + K222 = 0, (14)
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where Ki;1, Ky;2, K;;1, K;;» are partial derivatives of lift and drag forces with
respect to the vehicle position defined as follows:

0Fpi; _OFL;

szi = ? zzi — 9z s
i i

i=12. (15)

Note that the drag force disappeared from the torque equation in (14). Such
a simplification can be made because partial derivatives of the drag force are
approximately zero at high speeds and have little influence on the vehicle rotational
dynamics when compared to the lift force.

A 3-DOF vehicle model was employed in a series of simulations presented
further in this paper.

3. Control system design

In the suspension system control design process, several goals can be distin-
guished, e.g., passenger comfort, road handling, etc. Optimized suspension should
be able to meet all those objectives, however, usually one of them is of the greatest
weight. In this study, passenger ride comfort was chosen as the dominant target.

Track roughness induces random vibrations which are perceived by the pas-
sengers. Vibrations can cause many physiological effects, hence, ride quality is
a serious constraint in suspension system design. Identification of the perception
levels of the human body is based on experimental data. Results obtained in multi-
ple studies prove that the critical range of whole-body vibration depends on organs
resonant frequencies which could be placed between 1 and 20 Hz [6]. Passen-
ger ride comfort can be quantitatively measured by the acceleration output power
spectral density (PSD) of the secondary suspension [6].

Assuming that V is the vehicle velocity, A is the roughness amplitude and w
is the disturbance frequency, surface roughness of the track can be approximated
by the PSD of surface profile:

AV
S(w) = — (16)

Then, the acceleration output PSD is defined as [14]:
. . o 2m
O(w) = AV|jw - Gs(jw) 2 [Hz], (17)

where g is the gravitational acceleration and multiplication by 27 converts the
result to per-Hertz basis.

Nowadays, for the evaluation of ride comfort a guideline proposed by the
US Department of Transportation is widely used. It is known as Urban Tracked
Aircushion Vehicle (UTACV) criterion [6]. This criterion has been established
after conducting an extensive experimental research on the influence of the certain



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S
POLSKA AKADEMIA NAUK

366 Natalia Strawa, Pawet Malczyk

vibration frequencies on a human body. The criterion restricts the maximum value
of PSD in the given frequency spectrum that can be reached in the vehicle while
transporting people.

3.1. Active control of a primary suspension

The first concept for ride comfort improvement is an implementation of active
control in a primary suspension system. This could be realized by adding an electro-
pneumatic or electro-hydraulic actuator between the package of levitation magnets
and a primary suspension module (see Fig. 9a). Such a system would provide
a constant air gap between magnets and track as well as attenuate oscillations,
which should result in enhanced ride comfort.

Zs Zs
msg ms

3 3 l
.3 .3
ks b3 bs ks 3
3 3
fd

f f
(a) Active control system, primary (b) Semi-active control for secondary
suspension suspension

Fig. 9. Control system schematics for vehicle suspension

Among multiple control system design architectures, the one with a controller
in inner feedback path was chosen by taking into account that acceleration feedback
gain can modify both the natural frequency and damping of the suspension while
the position feedback gain can modify nothing but the natural frequency [5, 6, 15].
The controller is placed so that its reference input signal is a primary suspension
displacement whilst output is proportional to the force generated by an actuator
(see Fig. 13). Note that acceleration of primary suspension is naturally dependent
on the acceleration of secondary suspension. Consequently, the control feedback
loop input signal is proportional to the lift force and the forces transmitted through
the spring and damper. Lead compensator was chosen for a primary suspension
control unit with coefficients found by means of the loop shaping method [16].

The main goal of the loop-shaping method is to find controller parameters that
provide the desired shape of an open-loop system with proper disturbance rejection
and noise attenuation [16]. For the suspension system, the loop of interest is the
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main (outer) feedback loop while the controller itself is placed in the feedback
path of the inner loop. Consequently, expressions for transfer functions used in
the loop-shaping method become fairly complicated if delivered explicitly with
the controller transfer function. To make the problem more transparent, the whole
feedback inner loop will be represented as C;. It can be assumed that in the
considered case, the reference signal always equals zero as we want to maintain
constant levitation height. The graphical representation of the described system
can be found in Fig. 10.

; L
ro+ {L+ + X= Mip “p
r+d—z, G ~ G

Fig. 10. Primary suspension control design block diagram

The following notation is assumed: G| = k,, — transfer function of primary
suspension forward path from input r to m,Z, and C; — transfer function of the
inner feedback loop. Moreover, r is a reference signal, d — track disturbances, n
— sensor measurement noise and dg — disturbances from secondary suspension
coupling mZs.

Therefore, expression for an output signal Z, (s) can be obtained as:

G1C1 G1C1 1 GICI
Z = + d-C - 18
p(S) 1+G1C1r 1+G1C1 ! 1+G1C1 y 1+G1C1n ( )
——— ———
T S

Function T is a complementary sensitivity function while § is a sensitivity
function [16]. Moreover, an open-loop transfer function is defined as: L = G C;.
Assuming that the reference signal r is zero, the output signal Z,(s) can be writ-
ten as:

Zy,(s)=Td - CSds —Tn. (19)

It can be observed that complementary sensitivity function should have low
values for the frequencies where disturbances and noises are expected. Controller
parameters obtained with loop-shaping method yields the results presented in
Fig. 11 and Fig. 12.

The final values for the controller parameters are shown in Table 3, where the
lead compensator is given by:

+
Klead = Kcs Alead (20)

S + biead
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Fig. 11. Sensitivity, complementary sensitivity and open-loop system magnitude plots
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— Loop shape
- Target loop shape
20
=)
R
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—20
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1071 10° 10! 102

Frequency, Hz

Fig. 12. Loop shape goal vs. actual loop shape for primary suspension control design

Table 3.
Lead compensator parameters
Parameter Value
Ke 1.887 x 10°
Alead 0.0095
Diead 24.1

3.2. Semi-active control of secondary suspension

Secondary suspension performance can be improved by introduction of semi-
active control, i.e., damper with adjustable viscous damping coefficient used in
parallel with passive spring [5]. The proposed system is illustrated in Fig. 9b.

Again, similarly to active control in primary suspension, a controller is imple-
mented in the inner feedback path. This time, displacement of secondary suspension
bogie is taken for an input reference value whilst the controller output is propor-
tional to the damping force of active damper. In this case, PD controller was chosen
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and its parameters were obtained with the loop-shaping approach similar to that
presented in the previous section. Block diagram of the suspension system with
both active and semi-active control is provided in Fig. 13. Transient response of the
secondary part of the suspension for a unit-step input of 1 mm track perturbation
is depicted in Fig. 14 for various control systems involved in the solution.

z 2=z 4 N (- 1 zp 2p — Zs +. M f g
-—0 K O0—0 s D bys + ks e
+ _ ‘ + _ ‘
— % —|%s
P -
S »
K.o=% PD

Fig. 13. Block diagram for suspension model with active control in primary suspension and
semi-active control in secondary suspension

T T T
~ — Primary and secondary feedback control
L6 1% --+ Primary feedback control 1
: ---Passive system

o0
T

Unit-step response of zy, mm

02K
09 05 i 5 ) 75 3
Time, s

Fig. 14. Transient response of secondary suspension

Please note that the response of the system due to track irregularity is oscillatory
for a passive system. Nevertheless, the proposed control scheme allows attenuating
the vibrations to provide an overdamped step response at a price of additional
control systems implemented on-board the vehicle. The tuned gains of the PD
controller can be found in Table 4. Note that 7 is the time constant of the first-
order derivative filter.

Table 4.
PD controller gains
Parameter Value
Kp 510
Kp 7% 107
Ty 0.004
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Finally, robustness of the control system was analysed. The quarter-suspension
response to the unit-step input perturbation was investigated for the uncertain model
introduced in Section 2.3. Results for both control schemes described above are
presented in Fig. 15. It can be concluded that the uncertainties do not have any
negative influence on the control performance.

1.2
£ 1
208 1
o
206 1
2
Z04 1
7
5 0.2 ]
0 0.1 0.3 12 16 2 2.1 2.3
Time, s
(a) With active control in primary suspension

1.2
£ 1
2ost 1
o
g
2 067 1
8
£ 04t 1
7
S 0.2} ]

0 0.1 0.3 12 16 2 2.1 2.3

Time, s

(b) With active control in primary suspension and semi-active control
in secondary suspension

Fig. 15. Transient response of secondary suspension with uncertainties to a unit-step input
of track perturbation

In order to evaluate passengers’ ride comfort, the ride comfort criterion has
been chosen [6], which was specifically defined for Maglev trains. As can be
observed in Fig. 16, despite the significant decrease in acceleration output power
spectral density (PSD) for an active system, the criterion is still exceeded but it is
nicely met for the frequencies up to 4 Hz. Further work is needed in this regard.
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Fig. 16. PSD of secondary suspension acceleration, velocity V = 150 m/s,
track roughness amplitude A = 10 m

4. Simulation results

A number of simulation scenarios were implemented for quarter suspension
and planar 3-DOF system. The simulations were run in the Matlab/Simulink envi-
ronment. A variable-step Dormand-Prince (ode45) solver was used.

First, let us consider a one-dimensional system. A 5 mm half-period sine bump
was chosen as an input signal in the first test case. Disturbances of such a large
amplitude are not expected to occur in real track conditions, however, in this study,
such irregularities can be considered as a worst-case scenario. Parameters of the
suspension system assumed for the analysis are presented in Table 2. Moreover, we
assume that the vehicle travels at the speed of V = 150 m/s.

It can be noticed (see Fig. 17) that for passive system bump amplitude is ampli-
fied, resulting in an excessive displacement of a vehicle bogie which is inherently
connected with a high value of acceleration output. When active control in a pri-
mary suspension is implemented, the influence of the bump is much smaller from
the perspective of passengers’ disturbance perception.

Much more satisfactory results are obtained for a suspension with feedback
control in the primary and secondary system implemented simultaneously. In this
case, displacement of the upper part of the suspension is negligible compared to
the bump amplitude.

In the next test case, a white noise signal simulating track surface roughness was
implemented. Similarly to the previously discussed example, peak noise amplitude
of 1 mm is excessively bigger than actual roughness of the aluminium plates used
in the track construction.
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Fig. 17. Quarter-suspension response to sinusoidal bump track disturbance

The most straightforward observation from suspension performance analysis in
a vibrational environment is that hybrid active and semi-active suspension system
displacement is much smaller than input signal amplitude. At the same time,
passive suspension displacement can be approximated by a sinusoidal wave of
the 0.4 s period, which may not be visible in Fig. 18a due to the scale used
in the graph. On the other hand, acceleration output is small for all suspension
configurations.

The last simulation scenario of the quarter-suspension system aimed at investi-
gating how the developed control schemes perform when the non-linear suspension
model is considered. The secondary suspension displacement of the non-linear
model is compared with the response of linearized suspension in Fig. 19. One can
observe that the secondary suspension displacement of the non-linear model has
slightly bigger amplitude. Nonetheless, it can be concluded that there are minor
differences in the performance of both control approaches between linearized and
non-linear models.

Similarly to the one-dimensional case, a 3-DOF model response for a sinusoidal
bump was investigated and presented in Fig. 20. Pitch angle reaches marginally
small values below 0.04° for passive system and below 0.01° for active and active
plus semi-active configuration. With the action of the controllers employed, the
system is stabilized very quickly; after approx. 0.2 s, the pitch angle is reduced
to zero.

The last test case is considered in order to evaluate the vehicle response to
the input signals which possess diverse frequency content. Two sinusoidal input
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Fig. 18. Suspension response to track roughness
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to the track disturbance
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Fig. 20. 3-DOF suspension response to sinusoidal bump track disturbance

signals were defined: a sine wave of frequency of 0.05 Hz and an amplitude of
2 mm together with a sine wave of 9 Hz frequency and 1 mm amplitude. The
sample numerical results of the simulations are presented in Fig. 21. It can be
observed that the vehicle pitch angle is proportional to the track slope, while high-
frequency low-amplitude oscillations are induced due to the track roughness. The
most important conclusion is that the vehicle remains stable when influenced by
the combined signals of high and low frequencies.
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Fig. 21. 3-DOF vehicle response to low frequency changes of track topography
and high frequency disturbances

5. Discussion and conclusions

The main aim of the study described in this paper was to develop a simplified
model of the system and analyze the dynamic performance of a preliminary concept
of a high-speed vehicle suspension system with particular emphasis on passengers’
ride comfort. Moreover, a methodology for control system design was proposed
in order to improve ride stability and comfort by adopting a frequency-based loop
shaping method.

First important finding is that electrodynamic suspension in the vehicle guar-
antees stability without the support of any active control system. Nonetheless, the
dynamic response of the vehicle has a highly oscillatory character which, in conse-
quence, results in high vertical acceleration values and implies poor ride comfort
quality. Hence, the application of an active control system, which would properly
compensate track disturbances, is highly recommended.

Implementation of the active element in a primary suspension system clearly
improves its performance reducing oscillations about equilibrium point and exten-
sive overshoot of system response due to a unit-step input. Simultaneously, the ride
comfort is slightly enhanced this way. On the other hand, semi-active control of sec-
ondary suspension improves ride comfort considerably. Regardless of the selected
control system configuration, the UTACYV criterion is met up to 4 Hz but slightly
exceeded for higher frequencies. Sensitivity analysis and overall optimization of
vehicle dynamics and ride comfort through the use of generalized optimization
techniques, such as the adjoint-based methods [17, 18], might be a solution to im-
prove the results in this case. Further research is needed in modelling and control
design of a system in order to gain understanding of dynamic performance of the
vehicle under varying conditions.
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