
Received April 19, 2019, accepted May 27, 2019, date of publication May 31, 2019, date of current version June 12, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2920245

Hardware-in-the-Loop Simulation for Active
Control of Tramcars With Independently
Rotating Wheels
YE JUN OH 1, JAE-KWANG LEE 1, HUAI-CONG LIU 1, SOOYOUNG CHO 1,
JU LEE 1, (Senior Member, IEEE), AND HO-JOON LEE 2
1Department of Electrical Engineering, Hanyang University, Seoul 04763, South Korea
2Department of Electric Automatization, Busan Institute of Science Technology University, Busan 46639, South Korea

Corresponding author: Ho-Joon Lee (hjlee@bist.ac.kr)

This work was supported in part by the Ministry of Trade, Industry, and Energy, South Korea through the Human Resources Program in
Energy Technology of the Korea Institute of Energy Technology Evaluation and Planning under Grant 20174030201750, and in part by
Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science
and Technology under NRF-2017R1D1A1B03032635.

ABSTRACT The wheelset is an important part that affects the dynamics of railway vehicles. The main
purpose of the wheelset is to solve the problem of stability, curve performance, comfort, and wear.
A conventional railway vehicle adopts rigid-axle wheelset (RW) due to the self-centering mechanism. On the
other hand, independently rotating wheels (IRWs) have not been widely applied in the railway industry, since
they do not generate any self-centering mechanism. It creates excessive wear, and derailment may occur.
However, the IRWs have excellent curving performance compared with the RWs, and it enables realizing a
low-floor structure that is convenient for passengers to get on and off. The recent active control technology
has made it possible to generate a centering force in the IRWs. There are still many obstacles for the practical
use of this technology, and it is necessary to verify the control strategies through various test methods. In this
paper, an analytical model is derived, and an active control strategy is studied. To verify the validity of
the active control strategy, a novel hardware-in-the-loop simulation (HILS) configuration using a real-time
model and a motor–generator set are proposed.

INDEX TERMS Active control, hardware-in-the-loop simulation (HILS), motor control, independently
rotating wheels (IRWs), railway vehicle, rigid-axle wheelset (RW).

I. INTRODUCTION
In the electrical industry, high-voltage conversion is required
for efficient transmission. Tomeet this requirement, there was
‘‘the war of currents’’ between the alternating current (AC)
and direct current (DC) distribution system. The war ended
when the AC distribution system was adopted. The main
reason the AC became victorious was the invention of the
transformer, which could easily convert high-voltage without
additional control [1], [2].

The railway industry also has a similar history as that
of the electrical industry. The wheelset of railway vehicles
requires restoration capability when there is a misalignment
between the wheels and rails, in order to improve safety and
efficiency. Traditionally wheelsets have been categorized as
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approving it for publication was Emanuele Crisostomi.

either rigid-axle wheelset (RW) or independently rotating
wheels (IRWs) [3]. Since the conical wheel of RW made it
possible to generate the self-centering ability, RW have been
adopted in most railway vehicles. It is mainly studied with
regard to traction torque control [4]–[6]. From this perspec-
tive, RW is a fascinating mechanical component. However,
it has several inherent problems such as instability at high
speeds and severe friction in the curved track [7], [8].

IRWs have been studied to solve these problems. Since
IRWs allow for speed difference between the left and right
wheels, the longitudinal creep is removed. This improves
stability and the curving performance. Moreover, since there
is no central axle between two wheels in IRWs, the vehicle
has a lower height, making it convenient for passengers to
get on and off. As a result, IRWs are suitable for low-floor
tramcars that run on tracks with sharp curved tracks in urban
areas. However, it is vulnerable to disturbances on straight
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tracks because the self-centering phenomenon disappears due
to the removal of longitudinal creep. This creates a large
amount of friction and noise between the wheels and the rail,
which may result in derailment [9].

Many studies have been conducted to overcome the short-
comings of IRWs. Recent developments in power electronics
and control technology have enabled active control that is
capable of generating centering ability in IRWs. In previous
studies, it was implemented by applying an additional actu-
ator (yaw torque or lateral force) between the body and the
wheelset. Since the lateral actuator degrades the ride quality,
the yaw actuator has been preferred [10].

Mei conducted a study on the design of independent
controllers, optimal controls, and sensors in terms of
commercialization [11]–[14]. Zhao and Liang studied the
re-adhesion control for a railway vehicles [15]. A study on the
assessment stability and active guidance of railway vehicles
was conducted by Goodall and Powell [16], [17]. Lu et al.
studied a robust active controller to handle the uncertainty
and nonlinear characteristics [18].

Railway vehicles with IRWs have a different platform from
that of conventional railway vehicles, which significantly
increases the cost of producing the test vehicle. To adapt
active control technology for practical use, their feasibility
should be verified appropriately. Therefore, it is necessary to
develop a test method that reflects the characteristics of the
controller and IRWs more accurately.

The test methods for verifying the active control strat-
egy can be classified as shown in Table 1. In most
previous studies, the effectiveness of the control strat-
egy was evaluated using a linear analytic model [11]–[13].
In addition, a non-linear model was also used with
the SIMPACK-MATLAB/Simulink interface [18]. However,
since the numerical model is based on simulation, it does not
consider hardware characteristics such as a real controller.

To solve these problems, an open-loop test method was
proposed to verify the performance of the real controller
(motor-inverter) [19], [20]. Lee performed scale-vehicle tests
(1/5 scale vehicle with roller rig) using a laser type lateral dis-
placement sensor [21], [22]. However, the drawback of scale-
vehicles is that they have no similarity with a real vehicle in
terms of dynamics.

Therefore, the test method using HILS can be a solution.
In general, the HILS test can shorten the development time,
prevent failures in the design process, avoid inaccuracies in
simulation, and reduce the complexity and risk of the vehicle
test. This method also considers irregular conditions such
as failure as well as normal operation, thereby preventing
human accidents. Despite these advantages, the active control
of IRWs using HILS has rarely been studied.

In this paper, an active control strategy of IRWs is studied.
To verify the validity of this control strategy, a novel HILS
configuration and a test method using a real-time model and
a motor–generator set are proposed.

The dynamic model of a railway vehicle with IRWs is
described in Section II. The active control strategy and the

novel HILS are studied in Sections III and IV, respectively.
The driving scenarios and test environments are described in
Section V, and the active control is verified through HILS test
in Section VI.

II. DYNAMIC MODEL OF TRAMCARS WITH IRWS
This section studies a vehicle dynamics model with IRWs
for real-time calculation. In order to analyze the dynamic
model of a railway vehicle and to design a controller, it is
necessary to understand the wheel-rail contact mechanism
and the wheelset model accurately. This model is a function
of space (x, y, z) and time (t). Since partial differential
equations are used to solve the dynamic equation, the calcu-
lation is complicated and requires a very long time. A study
comparing an analytical linear model with a non-linear full
model using a multibody simulation package ‘Simpack’ has
shown that an analytical linear model is quite suitable for
the development of active controllers [12]. For this reason,
the analytical model has been widely used [9], [23]. In this
section, the vehicle models include effects of longitudinal
motion, which have been ignored in previous analytical mod-
els of IRWs. This model is simple and more suitable for the
proposed HILS environments.

A. WHEELSET MODEL
The dynamic model of a railway vehicle is based on the
wheelset model. It is important to define the wheelset model
because it extends to the bogie and vehiclemodels. Onewheel
can be expressed in 6 degrees of freedom (DOF) (i.e., x, y, z,
φ, θ , and9), and a wheelset consists of twowheels. However,
when a wheelset is expressed using 12 DOF, the overall
vehicle model becomes very complicated, and therefore it
should be minimized. In order to deal with the active control
strategies of IRWs, the dynamic equation may omit DOF that
are unrelated to the restoration mechanism.

In the case of RW, the two wheels are joined by the central
axle, and it acts as a single wheel. Therefore, it is possible
to reduce the 12 DOF into 6 DOF. Since the time constant
of the vehicle is large, the vehicle speed can be assumed to
be constant. Therefore, the x-axis direction (forward motion)
can be omitted. Moreover, the left and right wheels rotate
at the same speed (θ̇L = θ̇R). Because no yaw moment is
generated by the wheel speed, θ can be omitted from the
wheelset model; z and φ can also be omitted because they do
not affect the restorationmechanism. As a result, the wheelset
model of RW is expressed by using only 2 DOF (9, y) as
shown Fig. 1(a).

In IRWs, yaw moments occur because the left and right
wheels can have different speeds (θ̇L 6= θ̇R). It produces a
restoration mechanism, and therefore θL and θR cannot be
omitted from the wheelset model of IRWs. Since the speeds
of the left and right wheels can be defined as a single variable
(θ̇ =

(
θ̇L − θ̇R

)/
2), the wheelset model can be expressed

using 3 DOF (y, 9, θ ). It is used primarily in the field of
vehicle dynamics.
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TABLE 1. Comparison between test methods.

FIGURE 1. Wheelset model (a) RW (b) IRWs.

However, in the case of independent torque control of
each wheel, the wheel speed cannot be expressed as a single
variable. The speeds of the left and right wheels must be
expressed using an independent variable (θL , θR). Therefore,
the wheelset model of IRWs is represented using 4 DOF
(y, 9, θL , θR) as shown in Fig. 1(b). The leading and trail-
ing wheelset models are expressed as (1)-(4) and (5)-(8),
respectively.

1) LEADING WHEELSET MODEL

mwÿ1 = (−
wλ
a
− 2Kpy)y1+(

−2f11
v
−
−2f11
v

r0
a
λ−2Cpy)ẏ1

+ 2f11ψ1 −
2f12
v
ψ̇1 + 2Kpyyb + 2Cpyẏb

+ 2KpyL1ψb + 2CpyL2ψ̇b (1)

Iwzψ̈1 = −2a
λ

r0
f33y1 + (

2f12
v
− Iwy

v
r0

λ

a
+ 2f12

r0
v
λ

a
)ẏ1

+ (−2f12 + aλw− 2Kpxb21)ψ1

+ (−2a2
f33
v
−

2f22
v
− 2Cpxb21)ψ̇1

+f33a
r0
v
θ̇1L−f33a

r0
v
θ̇1R + 2Kpxb21ψb+2Cpx b

2
1ψ̇b

(2)

Iw1θ̈1L = f33λy1 + r0f33
a
v
ψ̇1 − f33

r20
v
θ̇1L (3)

Iw1θ̈1R = −f33λy1 − r0f33
a
v
ψ̇1 − f33

r20
v
θ̇1R (4)

2) TRAILING WHEELSET MODEL

mwÿ2 = (−
wλ
a
−2Kpy)y2+(

−2f11
v
−
−2f11
v

r0
a
λ−2Cpy)ẏ2

+ 2f11ψ2 −
2f12
v
ψ̇2 + 2Kpyyb + 2Cpyẏb

− 2KpyL1ψb − 2CpyL2ψ̇b (5)

Iwzψ̈2 = −2a
λ

r0
f33y2 + (

2f12
v
− Iy

v
r0

λ

a
+ 2f12

r0
v
λ

a
)ẏ2

+ (−2f12 + aλw− 2Kpxb21)ψ2

+ (−2a2
f33
v
−

2f22
v
− 2Cpxb21)ψ̇2

+ f33a
r0
v
θ̇2L − f33a

r0
v
θ̇2R+2Kpxb21ψb+2Cpx b

2
1ψ̇b

(6)

Iw2θ̈2L = f33λy2 + r0f33
a
v
ψ̇2 − f33

r20
v
θ̇2L (7)

Iw2θ̈2R = −f33λy2 − r0f33
a
v
ψ̇2 − f33

r20
v
θ̇2R (8)

B. BOGIE AND CAR MODEL
The bogie model should consider the effects of the
bogie frame and the first suspension. It can be expressed
as (9)-(10) by adding 2 DOF to the wheelset model.
Therefore, the bogie model can be expressed using a total
of 10 DOF (4 DOF+ 4 DOF+ 2 DOF).
The car model should also consider the effects of the

car body and the secondary suspension. It can be expressed
as (11)-(12) by adding 2 DOF to the bogie model. Therefore,
the car model can be expressed using 12 DOF. Tramcars gen-
erally adopt 3– to 5–car modules rather than single modules.
In this study, we consider a 3-car module and it is expressed
using 26 DOF as shown in Fig. 2.

1) BOGIE MODEL

mbÿb = 2Kpyy1 + 2Cpyẏ1 + 2Kpyy2 + 2Cpyẏ2
+

(
−4Kpy − 2Ksy

)
yb +

(
−4Cpy − 2Csy2

)
ẏb (9)

Ibψ̈b = 2KpyL1y1 + 2CpyL2ẏ1 + 2Kpxb21ψ1 + 2Cpxb21ψ̇1

− 2KpyL1y2 − 2CpyL2ẏ2 + 2Kpxb21ψ2 + 2Cpxb21ψ̇2

+

(
−4KpyL21 − 4Kpxb21 − 2Ksxb22

)
ψb

+

(
−4CpyL22 − 4Cpxb21 − 2Csxb23

)
ψ̇b (10)
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FIGURE 2. The analytical tramcars model (3 modules).

FIGURE 3. Generation of yaw moment through independent torque
control.

2) CAR MODEL

mc1ÿc1 = 2Ksyyb1 − 2Ksyyc1 + 2Csyẏb1 − 2Csyẏc1
− 2KsyLcψc1 − 2CsyLcψ̇c1 − Ksyyc1 + Ksyyc2
−KsyL1ψc1 − KsyL3ψc2 (11)

Icz1ψ̈c1 = −2KsyL2cψc1 − 2CsyL2c ψ̇c1 − 2KsxL21ψc1
− 2CsxL23 ψ̇c1 + 2KsxL21ψb1 + 2CsxL23 ψ̇b1
+ 2KsyLcyb1 + 2CsyLcẏb1 + CsyL2ẏc1 + KsyL2yc1
+KsyL1yc2−KsyL1yc1−KsyL21ψc1−KsyL1L3ψc2

(12)

where yw1, yw2, yb, and yc1 represent the lateral displacements
of the leading wheelset, trailing wheelset, bogie, and leading
car; 91, 92, 9b, and 9c1 represent the yaw angles of the
leading wheelset, trailing wheelset, bogie, and leading car;
θ1L and θ1R represent the rotation angles of the left and right
leading wheels; and θ2L and θ2R represent the rotation angles
of the left and right trailing wheels. Here, v is the vehicle
travel speed. The other symbols used in the equations are
defined in the appendix.

C. FORWARD MOTION OF VEHICLE
The 26DOFmodel does not include x-axis direction informa-
tion (forward motion) because it is derived from the wheelset
model (9, y, θL , θR). The torque used in the 26 DOF model
does not cause forward motion; instead, it causes lateral
and yaw displacements (y, 9). Therefore, this torque can be
defined as the centering torque (TC ).

FIGURE 4. Active control strategy based on the lateral displacement
(a) left-align (b) right-align.

FIGURE 5. Block diagram of active controller.

In order to consider the characteristics of the forward
motion, the x-axis direction information should be added to
each wheel. It significantly complicates the car model. It has
to be simplified because real-time calculation is performed.
Therefore, the running resistance model (1 DOF) was used.
The torque used in this equation can be defined as the traction
torque (TT ) because it generates only a forward motion.

III. ACTIVE CONTROL IN IRWS
There are two techniques commonly used to improve the driv-
ing performance of railway vehicles. The first technique is a
passive method that depends on the design of the wheel shape
and stiffness of suspension. However, this technique has sev-
eral practical constraints because it relies on the structure and
properties. In particular, stability and curving performance
have always been a difficult tradeoff for design engineers.

The second technique is an active method that controls the
actuator or motor. This active method can improve driving
performance under various driving conditions compared to
passive methods.

This section studies an active control strategy for IRWs,
to generate the centering force. RW can passively generate a
self-centering force; therefore, no additional control strategy
is required except for the traction torque (TT ). However,
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FIGURE 6. Overall configuration of HILS.

in IRWs, it is possible to generate yaw moment by adding the
independent wheel torque (TC ) to the existing traction torque
control as shown in Fig. 3. This method does not require yaw
actuators.

The independent wheel torque control strategy is based
on lateral displacement. When −y displacement occurs in
the wheelset, the left wheel torque is increased while the
right wheel torque is increased in the opposite direction.
The difference between the left and right wheel torques pro-
duces a clockwise yaw moment, which generates a centering
capability as shown in Fig. 4(a). On the other hand, when
+y displacement occurs in the wheelset, a yaw moment in
the counterclockwise direction is obtained by controlling the
wheel torque, as shown in Fig. 4(b). The overall control
block diagram is shown in Fig. 5. Similarly, an active control
strategy based on yaw displacement can be applied.

The active control requires sensors to measure the lateral or
yaw displacement. The sensors must also meet the electrical
and mechanical specifications. In particular, they should be
reliable under conditions such as vibration, shock, and bad
weather. In addition, the mounting position of the sensor and
the mechanical interference should also be considered.

IV. NOVEL HILS SYSTEM
In this section, a novel HILS system is proposed to verify
the active control strategy in IRWs. The overall configura-
tion of this system is shown in Fig 6. The proposed HILS
configuration consists of a lever, hardware (railway motor
& inverter, load motor & inverter), and a real-time tramcar
model (dSPACE SCALEXIO).

The notch state of the lever is transmitted to the active
controller via CAN communication, where it is converted into
a traction torque command. After that, the traction torque and
centering torque are transferred from the active controller to
the dSPACE, where the dynamical equation of the tramcar
is calculated in real time (10 µs at 1 cycles). The dynamic
equations consist of 26 DOF and 1 DOF equations, and
each equation is calculated through the traction torque and
centering torque. The vehicle speed (v) is obtained from the
traction torque (TT ) and the running resistance model. The

TABLE 2. Motor-Inverter specifications for IRWs.

TABLE 3. Vehicle specifications.

lateral displacement (y) is obtained from the centering torque
(TC ) and the 26 DOF model.
The vehicle motion data calculated in dSPACE is transmit-

ted to the vehicle animation. This information is mapped to
the 3D vehicle models in real time, so that the vehicle motion
can be monitored on the screen.

A detailed diagram of the controller (active controller and
vehicle speed controller) and motor–generator set is shown
in Fig 7. The load motor is controlled to simulate the vehicle
speed. The vehicle speed command calculated from dSPACE
is input to the vehicle speed control block. In this block,
the speed and current controller are connected in a cascade
manner. In the proposed HILS, the centering torque (TC )
changes rapidly to control the lateral displacement. This
torque acts as a disturbance to the vehicle speed controller.
The disturbance suppression capability of an IP controller is
better than that of a PI controller, because an IP controller
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FIGURE 7. Proposed controller and motor-generator set configuration.

FIGURE 8. The proposed test environment.

can increase the bandwidth over that of a PI controller. For
this reason, an IP speed controller was adopted.

In an active control block, the traction motor is controlled
by the centering torque. In the case of wireless tramcars,
voltage fluctuations occur in the battery due to charging and
discharging. Therefore, a robust torque control strategy is
required considering these driving conditions. For this reason,
flux-based torque control is used. The torque command can
be easily converted into a current vector by considering the
voltage fluctuation [24], [25].

The power for the motor–generator set is supplied from
the grid and converted into a DC voltage of 750 V using
a transformer and a diode rectifier. Even though a diode

FIGURE 9. Driving condition (a) case 1 (b) case 2 (c) measured irregularity
data of case2 (d) case 3.

rectifier can only supply unidirectional power, the production
cost can be reduced. If the DC link of the vehicle inverter
and load inverter is connected in common, the power can
be circulated according to the motoring and regenerating
operations. Therefore, even if a unidirectional power supply
is used, four-quadrant operation is possible.
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FIGURE 10. Test result under case 1 (without active control) (a) centering torque (b) lateral displacement.

FIGURE 11. Test result under case 1 (with active control) (a) centering torque (b) lateral displacement.

FIGURE 12. Test result under case 2 (a) centering torque (b) lateral displacement.

The specifications of the motor-inverter and vehicle are
given in Tables 2 and 3, respectively. The vehicle parameters
are given in the appendix. The proposed HILS environment
is shown in Fig. 8.

V. TEST SCENARIO
In order to evaluate the performance of the active con-
trol, experiments were conducted under three driving
conditions.

A. CASE 1. STRAIGHT TRACK (IMPULSE DISTURBANCE)
It is assumed that the track is ideally a straight track and
impulse disturbance was generated during driving as shown
in Fig 9(a). In order to simulate the disturbance in the tramcar
model, we added the Tdisturb term to (2).

B. CASE 2. STRAIGHT TRACK (RAIL IRREGULARITY)
Since an actual rail will never be a perfectly straight track,
there is an irregularity as shown in Fig. 9(b). It acts as a
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FIGURE 13. Test result under case 3 (without active control) (a) curvature of rail (b) lateral displacement.

FIGURE 14. Test result under case 3 (with active control) (a) centering torque (b) lateral displacement.

disturbance with a small magnitude and a high frequency.
As a result, the lateral displacement gradually increases dur-
ing driving. The irregularity data of the rail (Fig. 9(c)) was
obtained through direct measurements on an actual rail.

C. CASE 3. SHARP CURVED TRACK (15mR)
IRWs have excellent curving capability than RW. However,
lateral displacement occurs due to the inertia and centrifugal
force of the vehicle when entering a curved track. It creates
a large friction between the wheel and the rail. In the test
condition of case 3, the track contained both straight and
sharp curved portions (radius of curve: 15 m), as shown
in Fig. 9(d).

VI. EXPERIMENTAL RESULTS THROUGH HILS
A. CASE 1. STRAIGHT TRACK (IMPULSE DISTURBANCE)
Fig. 10 shows the results of applying only traction torque con-
trol (without active control). Lateral displacement occurred
due to the impulse disturbance in the straight track. It was lim-
ited to±6.5 mm due to the mechanical structure of the wheel-
to-rail. Even after an impulse disturbance occurs, the wheel
does not return to the center of the rail as shown in Fig10.
This shows the inherent lack of restoration capability of IRWs
when controlling only the traction torque.

Fig. 11 shows the results of the active control based
on lateral displacement. When lateral displacement occurs,
the centering torque controller is operated. Since the output
of this controller generates a torque difference between the
left and right wheels (Fig. 11(a)), a restoration capability can
be obtained. When a disturbance occurs, it is restored to the
center of the rail as shown in Fig. 11(b).

B. CASE 2. STRAIGHT TRACK (RAIL IRREGULARITY)
The results of the active control are shown in Fig. 12. Due
to the irregularity in the rail, the lateral displacement grad-
ually increases before the active control. When the active
control is activated, the controller outputs a centering torque
(Fig. 12(a)). As a result, the lateral displacement decreases
(Fig. 12(b)).

C. CASE 3. SHARP CURVED TRACK (15mR)
Fig. 13 shows the results of applying only traction torque
control (without active control) under case 3 condition. The
change in curvature can be confirmed according to the posi-
tion of the vehicle (Fig. 13(a)). In a straight track (radius of
curve = ∞), the vehicle is driven along the center of the
rail, but the lateral displacement increases significantly when
entering a curved track. However, even when the tramcar
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TABLE 4. Parameters of tramcars with IRWs.

enters a straight track after passing through a curved track,
the lateral displacement is not reduced (Fig. 13(b)).

Fig. 14 shows the results of applying active control.
Although a high centering torque is required in the curved
track, the wheel torque is physically limited by the motor
torque and the reduction gear ratio as shown in Fig. 14(a)
(500 Nm × 5.85 = 2,925 Nm). Therefore, excellent restora-
tion performance cannot be obtained; however, the contact
time between the wheel and the rail (Fig. 14(b)) is highly
reduced compared to that in Fig. 13(b). It reduces the flange
wear and noise. Moreover, the wheelset is restored to the
center of rail after passing through a curved track. This result
shows improved curving performance when the active control
strategy is applied.

VII. CONCLUSION
In this paper, we studied an active control strategy to improve
the driving performance of tramcars with IRWs. Independent

torque control of the left and right wheels can generate cen-
tering ability without any additional actuator.

A railway vehicle with IRWs has a different platform from
that of conventional railway vehicles, which significantly
increases the cost of producing the test vehicle. To adapt
active control technology for practical use, their feasibility
should be verified appropriately. Therefore, it is necessary to
develop a test method that reflects the characteristics of the
controller and IRWs more accurately.

Most of the existing active control strategies have been val-
idated by using numerical models or scale-vehicles. However,
the disadvantage of using such methods is that their similarity
with the characteristics of a real vehicle is considerably low.
This is one of the obstacles to commercialization.

This study also proposed a novel HILS configuration to
validate the active control strategy and to prove the feasibility
in a real hardware environment. The vehicle models included
longitudinal motion, which was omitted from previous stud-
ies. As a result, both the centering torque and traction torque
can be considered. Themodified vehiclemodel (27DOF)was
implemented in real time through dSPACE, and the driving
test was simulated by linking the real-time model and the
motor–generator set.

The active control strategy has excellent centering ability
for both straight and curved tracks. It can reduce noise and
vibration, and also prevent serious failures such as derail-
ments.

IRWs are suitable for free gauge trains (FGT) and low-floor
tramcars that run on tracks with sharp curved tracks. How-
ever, IRWs still require a significant amount of research, and
the ongoing researches may develop new technologies for
replacing the existing RW.

APPENDIX
See Table 4.
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