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Abstract – Wheelsets are an important component affecting the dynamic characteristics of railway 
vehicles. Research on wheelsets has been conducted for a long time. It is possible to generate the 
restoring force by the individual torque control of the left and right wheels in the independently 
rotating wheelsets (IRWs). Although this method solves the problems of conventional wheelsets, such 
as the solid axle wheelsets, the restoring force control must be added to the existing traction force 
control, and the restoring force requires a higher precision and quicker response than the traction force. 
In this paper, we study the robust control strategy of wireless trams with independently rotating 
wheelsets. The interior permanent magnet synchronous motor (IPMSM) and the controller with the 
actual scale wireless tram are designed to verify the torque control performance. Moreover, we propose 
an open loop control method to test and verify the traction and restoring force control algorithm of the 
IRWs. 
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1. Introduction 
 
It is essential for railway vehicles to be able to auto-

matically restore lateral offset and misalignment within 
the track, during operation. The main-line railway mostly 
uses solid axle wheelsets, and these wheelsets offer the 
advantage of automatic restoration ability without additional 
control method. Therefore, the control strategy is relatively 
simple and solid wheelsets are advantageous in existing 
main-line railways.  

However, there are also several problems. It is dis-
advantageous to have two wheels fixed onto a solid shaft, 
which results in instability due to hunting motion at high 
speeds and severe friction in the curved sections. In the 
case of tramways, there are several curved sections, which 
generate severe friction and noise.  

Independently rotating wheelsets (IRWs) have been 
studied in order to solve these problems. If only IRWs are 
applied, the automatic restoration ability is reduced to the 
railway vehicle. However, if additional control method (ex. 
restoring force control) is applied, the problem of the 
conventional wheelsets can be solved [1-2]. 

In the railway vehicle, research on restoring forces is 
mainly focused on passive steering, active steering using 
additional actuators, and a combination of these systems. 
However, this requires additional hardware, which com-

plicates the system and makes it difficult to lower the 
height of the vehicle. 

In the case of IRWs, it is possible to generate the 
restoring force by the individual torque control of the left 
and right wheels, which is advantageous, as it requires no 
additional hardware. This method eliminates the hunting 
motion of conventional wheelsets, which improves driving 
stability and solves problems such as the wear on rails and 
wheels from the curved sections. Moreover, because the 
axle connecting the left and right wheels is removed, it is 
possible to lower the height of the vehicle. Therefore, it is 
advantageous to apply individual motor control to IRWs, 
rather than conventional wheelsets in tramways. 

In the case of IRWs, the restoring force is much smaller 
than the traction force and requires a higher bandwidth. 
Individual motor control in IRWs adds complexity to the 
control, owing to the addition of the restoring force control 
to existing traction force control. 

The study of the individual motor control of IRWs is 
mainly verified through numerical simulation or a small-
scale bogie [3-6]. Both methods require additional verify-
cation. Furthermore, in terms of dynamics, the small-scaled 
bogie, which has significantly low manufacturing cost, 
shares no similarity with the actual bogie; therefore, the 
result of the small-scale bogie cannot be applied to the actual 
bogie. However, actual scale bogies requires a significant 
amount of money and time to manufacture. 

Torque control performance affects the dynamic charac-
teristics of the bogie, and it is therefore necessary to study 
the robust torque control technique using the actual scale 
motor and the controller. In this paper, a robust control 
strategy and open loop control test method for the verification 
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of the restoring force in IRWs, have been studied. 
Sections 2 and 3 deal with the restoring force mechanism 

of the railway vehicle, and the required torque of the IRWs. 
In Section 4, we design the actual scale motor and controller. 
In Section 5, we propose a torque control strategy and an 
open loop test method for the restoring force control. Section 
6 verifies the restoring control algorithm of the IRWs using 
experiments. 

 
 

2. Restoring Force Generation of Railway Vehicles 
 

2.1 Solid axle wheelsets 
 
The solid axle wheelsets rotate at the same speed, which 

are coupled to each other. When the lateral offset occurs, 
the axles are still coupled, but the radii of the left and right 
wheels in contact with the rail are different from each other, 
resulting in a speed difference. Consequently, one wheel 
acts as a driving wheel, and the other as a braking wheel 
[7]. 

During this operation, the railway vehicle generates the 
steering force as shown in Fig. 1, and the wheel is restored 
to the middle of the track. This mechanism automatically 
compensates for the lateral offset and rail misalignment, 
without additional control in the solid axle wheelsets. 

Moreover, the restoring force (steering force and guidance 
force) has two degrees of freedom [8]: 
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where, m  : wheelset mass, y  : lateral displacement ψ  : 
yaw displacement, v : axle speed, 11f : longitudinal creep 
coefficient, 22f : lateral creep coefficient, g : Gravitational 
acceleration, ϑ  : Tilt angle, yF  : lateral force, wJ  : yaw 
moment of inertia, λ  : wheel conicity, 0r  : Wheel radius 

 
2.2 Independently rotating wheelsets 

 
In IRWs, the restoring force is generated by a different 

mechanism from the solid axle wheelsets. The restoring 

force generated in the IRWs plays a decisive role in the 
geometrical profile of the wheel. 

The wheel must have an increasing slope from the tread 
to the flange, as shown in Fig. 2. The normal direction 
force generated at the contact point between the rail and the 
wheel can be decomposed into the z-direction force 
(opposite to the wheel load) and the y-direction guide force 
(in the lateral restoration direction). 

When the lateral offset of the railway vehicle occurs, 
unequal forces on the y-axis are generated on both wheels, 
as shown in Fig. 2, and the resulting net force generates a 
restoring force to the center of the rail. Thus, the restoring 
force is a function of the lateral offset, and increases as the 
offset increases. 

This restoring force in the IRWs is much smaller than 
that of the conventional wheelsets; therefore, it cannot be 
restored to the center of the rail by itself. Consequently, 
IRWs require additional control strategies in order to 
generate a restoring force. 

If we control the left and right wheels in IRWs as though 
they are at the same speed, the virtual axes are coupled and 
have the same effect as the solid axle wheelsets. One can 
therefore operate as a driving wheel and the other as a 
brake wheel in order to generate a restoring force. 

This force is combined with the restoring force generated 
by the geometrical profile of the wheelset, as shown in Fig. 
3. When the active control method is applied to the IRWs, 
a strong interaction is generated in combination with the 
restoring and the traction force control. 

The model of the IRW is expressed as an equation with 
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Fig. 3. Total restoring force in IRWs 
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the addition of θ compared with (1) and (2), which is the 
difference between the rotational angles of the left and 
right wheels, in the conventional wheelsets model. 
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where, Jθ  : roll moment of inertia 

 
 

3. Required Torque in IRWs 
 
IRWs have the advantage of generating a restoring force 

through the individual torque control of the left and right 
wheels, without additional hardware. 

The lateral offset and misalignment of railway vehicles 
are caused by two types of disturbances that occur during 
driving. The first one is the unevenness of the rail in the 
straight rail section, as shown in Fig. 4 (a), where the 
required restoring force is small, and the frequency is 
high. The second occurs in a curved rail, as shown in Fig. 
4 (b), where the required restoring force is large and the 
frequency is low. 

Therefore, the required force for IRWs is then shown 
in Fig. 5, because the restoring force is added to the 
traction force of the conventional wheelsets. Furthermore, 
a robust torque control strategy is required, even if voltage 
fluctuation occurs due to charging / discharging of the 
battery in the wireless tram. 

 
 

4. Design of IPMSM and Controller for Wireless 
Tram 

 
Table 1 lists the specifications of the electric motor and 

controller for the wireless tram. Electric motors for railway 
vehicles are mainly composed of rectangular copper wire 
and an open slot type, in consideration of productivity 
and power density. However, this configuration increases 
the difference in magnetic reluctances. As a result, the 
waveform of the no-load electromotive force (EMF) is 
distorted. 

Unlike conventional wheelsets, IRWs require high 
bandwidth torque control performance, which affects the  

(a) Straight rail 

Curved Track
(Low Freq.)

t

 
(b) Curved rail 

Fig. 4. Occurrence of lateral offset and misalignment 

Table 1. Motor and controller specifications 

Classification value unit 
Number of poles 4 - 
Number of slots 18 - 

Diameter of stator 332 mm 
Stack length 250 mm 
Current limit 160 Apeak 

Rated Torque/Power 333/48.5 Nm/kW 
Base speed/Max speed 1,390/4,449 RPM 

Nominal Battery Voltage 750 V 
Switching frequency 4 kHz 

PWM method SVPWM - 
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Fig. 5. Required Torque in IRWs 
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dynamics of the vehicle. Therefore, it is advantageous to 
design the EMF as a sinusoid, in order to improve the 
torque control performance. To obtain a sinusoidal EMF 
waveform, a semi-closed slot was applied to the stator, and 
the rotor was tampered with the q-axis, as shown in Fig. 
6. Fig. 7 shows the FEM and experiment results of the no-
load EMF(line to line voltage) at 1000 rpm. 

TMS320F28335(TI) is used in the control board, and 
the sensor and sensing part for measuring the state of the 
bogie are implemented as shown in Fig. 8. The sensing 
part is composed of sensors for controlling the motor 
(voltage, current, temperature, position) and lateral 
displacement sensor of the vehicle (laser sensor). The 

 
   (a) FEM model       (b) Manufactured IPMSM

Fig. 6. IPMSM model 

 
Fig. 7. No-load EMF at 1000rpm 
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Fig. 9. Proposed traction and restoring torque control diagram in IRWs 

 
(a) Functional diagram of control board 
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(b) Manufactured controller 

Fig. 8. Controller model 
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IGBT of the inverter was selected to have a 400A /1700V 
(SEMIKRON) specification, considering the battery voltage 
and FEM analysis result. Switching frequency was 4 KHz 
(SVPWM). 

 
 

5. Restoring Torque Control Strategy  
in the IRWs  

 
The torque equation of the permanent magnet synchro-

nous motor is expressed as (7). In the case of surface 
permanent magnet synchronous motors (SPMSMs), the 
torque control is simple with id = 0 control.  

IPMSMs have wide operating ranges and high power 
densities in comparison with SPM. It is complicated to 
determine the id and iq current commands needed to satisfy 
the required torque. 

 

 ( )3
2 2

e e e
e f qs ds qs ds qs

PT i L L i iφ⎡ ⎤= + −⎣ ⎦      (7) 

 
where, P : poles, Te : torque, fφ : flux of permanent 

magnet, ,ds qsL L : d - and q - axis inductance, ,e e
ds qsi i : d - and 

q - axis current 
id and iq current commands are calculated in real time 

using digital signal processing (DSP). The load of the DSP 

and the torque error increases when these parameters 
change.  

In addition, a battery is used as the power source in the 
wireless tram, and the voltage fluctuation is large due to 
charging and discharging during operation. There is 
therefore a need for a robust torque control strategy that 
takes into account such driving conditions. 

The flux-based torque map (2D-LUT) is used as a 
torque control strategy [9-10]. This eliminates the current 
command calculation process, and reduces the DSP load. 
Moreover, stable torque control is possible even if voltage 
fluctuation occurs due to the charge / discharge of the 
battery. This is because the flux information in the torque 
map contains speed and battery voltage information. 

The torque control block diagram is shown in Fig. 9. The 
lateral offset of the bogie is measured using a laser sensor, 
and then fed back to the restoring torque controller. The 
total torque command is converted to the id and iq current 
commands in the flux-based torque map; finally, the 
current controller controls the id and iq current command.  

 
 

6. Open Loop Control Test 
 
A bidirectional power source is required to consider the 

four quadrant operation. As shown in Fig. 10 (a), if the DC 
link of the inverter is shared, power can be circulated, and 
it is possible to test the four-quadrant operation using only 
a unidirectional power supply.  

The restoring torque control test is constructed as shown 
in Figs. 9 and 10. The lateral displacement signal of the 
vehicle should be fed back directly to restoring torque 
controller. However, in this paper, the torque control 
performance is verified by the feedback of a virtual lateral 
displacement signal, as shown in Fig. 9. 

The actual experimental is as shown in Fig. 10 (b). In 
order to consider the actual operating condition of the 
wireless tram, the torque control experiment was performed 
in the constant speed and acceleration/deceleration mode. 
In the experiment, traction torque was applied at a constant 
torque (165 Nm). Restoring torque was 10% of the traction 
torque, and the frequency was 1 Hz. 

Fig. 11(a) shows the result when only the traction 
control is performed at a constant speed. Fig. 11(b) shows 
the result when the restoring force control is added. The 
traction and restoring torque control was performed 
considering the acceleration / deceleration of the wireless 
tram. The results are shown in Figs. 11(c) and (d). 

 
 

7. Conclusion 
 
In this paper, we studied the restoring force control and 

test method through the individual torque control of the 
left and right wheels in IRWs. Existing studies have mainly 
focused on numerical simulations and small-scale bogies 
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Fig. 10. Experimental set for verification of torque control
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as the actual scale of the bogies requires a significant 
amount of money and time to manufacture. Therefore, 
both methods require additional verification. Furthermore, 
in terms of dynamics, the small-scaled bogie does not have 
similarity with the actual bogie, and thus its result cannot 
be applied to that of the actual bogie. 

We proposed a robust torque control algorithm and an 
open loop test method in the IRWs. The flux-based torque 
map was applied to get the current command that satisfies 
the required torque in the IPMSM. The flux-based torque 
map was able to obtain robust torque control performance, 
considering the driving condition. 

The restoring force control algorithm was implemented 
by sensing the virtual lateral displacement. Although this 
method is an open loop test method without consideration 
of the vehicle model, it is possible to verify the torque 
control performance of the IRWs. Finally, the validity of 

the proposed torque control algorithm and test method was 
verified using experimental results. In the next study, 
dynamics of actual IRW bogie system will be considered. 
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