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Abstract. The torque ripple of permanent magnet synchronous motor vector with active
control is studied in this paper. The ripple appears because of the impact of position
detection and current detection, the error generated in inverter and the influence of motor
ontology (magnetic chain harmonic and the cogging effect and so on). Then, the simulation
dynamic model of bogie with permanent magnet synchronous motor vector control system is
established with MATLAB/Simulink. The stability of bogie with steering control is studied.
The relationship between the error of the motor and the precision of the control system is
studied. The result shows that the existing motor does not meet the requirements of the control
system.

1. Introduction

As low-floor light rail vehicle (LF LRV) as a kind of modern trams becomes an important part
of public transportation in large and medium-sized cities of the world. Independently rotating
wheel (IRW) is introduced into LF LRV to reduce vehicle floor height effectively. By removing
rotational motion constraints of the two wheels, the longitudinal creep forces of wheels are
significantly reduced (almost eliminated) and therefore there is no need for the pure rolling
action of the wheelset. And the large reduced creep force means that the actuation requires the
control. Active control schemes will be much lower. However, there are some disadvantages of
the new wheelset configuration. One of the main drawbacks is that the independently rotating
wheelset does not own natural curve-passing ability as the conventional wheelset, hence the
methods of steering control must be provided. The self-curving and centering effect can be
slightly restored by gravitational force if a worn type of wheel profile with a specially designed
tread is used [1]. This restoring effect is, however, much less effective than the rolling radius effect
of a conventional wheelset and is not large enough to affect behavior on curves [2]. In addition,
instability is still observed with independently rotating wheelset and additional effect is required
to avoid potential oscillations in practice [3]. The performance can be improved by using the
coupling between the two wheels. But the coupling wheelset, such as a magnet powder coupling
is much softer than elastically constrained solid-axle wheelset [4]. An unsymmetrical structure
where a mixture of solid-axle and independently rotating wheelsets has also been proposed to
improve the dynamic stability and the ability of steering on curves [5]. MEI studied a dynamics
control system for rail vehicles using independently-driven wheel motors based upon a novel
traction motor where the motor is embedded inside a wheel, and studies the dynamic behavior
of a rail vehicle equipped with such motors [6].An approach of active steering control, which
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based on the feedback of rotating speeds of two wheels on the same axle, is given to improve
the steering capability of IRW with hub motors [7] [8].

The wheel hub motor is a direct connection between the rotor of the traction motor and the
independent wheel and the stator is embedded in the wheel rim. There is no gear transmission
device, which supplies compact structure and saves space. The wheel hub motor can be a DC or
an AC motor. With the rapid development of permanent magnet motor technology, synchronous
permanent magnet motor and brushless DC motor have been widely used in the electric power
assisted vehicle. For the ideal permanent magnet synchronous motor, it supplies the ideal sine
wave power. The motor with a sinusoidal distribution of windings and uniform air gap, its
torque is constant without fluctuation. In fact, the motor torque will ripple due to the design,
manufacturing error, control delay and other reasons [9].

This paper studies the torque ripple of the vector control algorithm of the vehicle mounted
permanent magnet synchronous motor. The source of the torque ripple is analyzed. The model
of a permanent magnet synchronous motor for estimating motor system error is established. The
speed deviation of left and right wheels is the feedback of active steering control of the wheel
hub motor independent wheel. The stability of bogie with single wheel with control element
is investigated. The relationship between the wheel/rail steering system control precision and
motor system error for boundary conditions of control system is analyzed.

2. Error of traction control system

2.1. Analysis of torque ripple of permanent magnet synchronous motor

The PMSMs have been applied in some situations such as machine tools and robotics. Speed
control of PMSM usually requires a mechanical sensor for obtaining the position of rotor to as
a feedback. The PMSM model in the stationary reference frame (af-axis)is shown as follow:
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where R is the stator resistance (ohm), L is stator self inductance (H), in,i3,uq,ugandeq,egare
the phase currents (amp), phase voltages (volt) and back emf (volt) in the stationary reference
frame, respectively. The w, is electrical angular velocity (rad/sec), A¢ is the flux linkage of
permanent magnet (volt.sec/rad) and 6, is the electrical rotor position (rad).

igure 1 shows the block diagram of the PMSM vector control system, which consists of a
rotating speed outer loop and two current inner loops. There are detections of permanent
magnet rotor magnetic pole position and speed, coordinate transformation module, current
regulator, PWM module, IGBT and so on. The speed of a given motor is compared with that
obtained by the position sensor, and then the signal goes through PI adjuster to be output as the
signal for the current controller of the q axis. The sampling three-phase stator current 14, Ip,
Ic are transformed through the CLARKE coordinate into the two-phase stationary alpha beta
coordinates of the currenti, i¢g. Then with the PARK transform, the current values of the two
phases synchronous rotating d-q coordinate system is obtained, which are 14, I;, respectively
as the d-axis and g-axis current regulator feedback. Then they are compared with the given
value. The deviations are input into the d-axis and g-axis current controller. By adjusting the
output reference voltageUy, Uy, the permanent magnet rotor magnetic pole position information
is used to obtain the two-phase stationary alpha beta coordinate system voltageU,, Ug , through
Park inverse transformation. They are transmitted into the space vector modulation module
(PWM) module, which outputs the PWM. Then, IGBT is driven to generates three-phase
sinusoidal current into the PMSM, which is frequency and amplitude adjustable, Finally, the
desired control effect can be achieved.
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Figure 1. PSMS vector control block diagram

2.2. Error analysis of two-motor synchronization control

One individual independent wheel is usually equipped with one electric motor, and each wheel is
driven independently. At present, the synchronous control technology includes parallel control,
master slave control, cross coupling control, virtual total axis control, deviation coupling control.
In this paper, the deviation coupling control is used. This control strategy was originally
proposed by Korne in 1980 [10].. Its control principle diagram is shown in figure 2. The speeds
or position signals of the two motors are compared to get a deviation value as the additional
feedback signal for cross coupling control strategy. It is the main different characteristic of
coupling control strategy from the first control strategy. The additional feedback signal is used
as a tracking signal. The system can reflect the change of any motor load, which can obtain
good synchronization control precision. The sensor sensitivity is selected to be 0.5% according
to the average accuracy of sensors.
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Figure 2. Block diagram of double motor deviation coupling control

2.8. Error simulation analysis of traction control system
According to the above analysis, the control model of the permanent magnet synchronous motor
is built in MATLAB/Simulink, and the characteristics of the motor torque fluctuation are
investigated. In order to be more similar to the actual working condition, this paper uses
the vector control algorithm of the permanent magnet synchronous motor.

In the model, the control mode 73=0 is adopted, which makes the motor torque control to
the control of the current ;. Vector control simulation model, motor parameter reference for
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light rail vehicles 58kw PMSM: the rated motor speed, Ny =650 r.min~!, stator resistance ,R;
=0.08723 €2, the stator d-axis inductance ,Lp = 0.8 MH, the stator g-axis inductance, L;= 0.8
MH, rotor flux ;2= 0.167 WB, number of pole pairs ,p = 22.

The results of dynamic response analysis of PMSM based on vector control principle are
shown in Figure 3,4. Results show that: the actual and estimated speeds of the motor can well
track the reference value at a constant speed, their deviations are both in range of 8 r.min~1
in addition that the startup is large, uniform stage actual speed and speed estimation, ratio
maximum of deviation and the rated speed is 0.0122. Because of the existence of motor error,
it is necessary to discuss if the precision of independent wheel control system is higher than the
error value, when the precision of the motor does not meet the control requirements, the control
system does not work.

0.015

~
=3
=]

H ‘ I I ‘ ]

1

@
3
S

2
=]
=]

0.005

IS
=3
S

@
<3
S

n
=3
=]

-0.005 -

rotational speed/r.min”

rotational speed difference ratio

=)
=]

o

4 6 8 10 -0.01
time/s time/s

o
[N )8

Figure 3. Simulation results of rotor

Figure 4. Ratio of motor speed
angular velocity of motor

difference and rated speed

3. Stability analysis of bogie with IRW

Each bogie has two independently rotating wheelsets. The wheelsets are connected to the bogie
frames with primary suspension system. As the vertical and roll modes have no influence on
the steering stability of the bogie, the vertical suspension has not been considered. Figure. 5
shows the half vehicle model. The parameters of the model are given in Table 1. The vehicle
model contains eight degrees-of-freedom, i.e. lateral and yaw modes for each wheelset and for
the bogie frame, and a lateral mode for the vehicle body (defined by Egs. (2)-(9)). An actuator
is connected between each wheel in the roll direction for the implementation of active control.
This actuator can be used for both steering and stability commands.
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Table 1. parameter
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Symbols Parameters Description

M, 1250 kg Wheelset mass

Ly, 700 kgm? Yawing inertia of wheelset

Iy 100 kgm? Pitching inertia of wheelset

A 0.2 conicity

fi1 1.5e7 Longitudinal coefficients

foo 1.5e7 lateral coefficients

r 0.46 m Wheel radius

Ly 0.75 m Half gauge of wheelset

My, 2500 kg Bogie frame mass

Epy 5.0e6 N/m  Lateral stiffness of primary suspension
kpe 2.0e6 N/m  Longitudinal stiffness of primary suspension
Ly 1.2 m Half spacing of axles

L, 0.9m Half spacing of primary suspension

Figure 5. Bogie model with IRW including hub motor
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where, Ky = L2K,,Ty1 = kéwi, Tp2 = kdua
The equation (2) - (9) is written in the form of state equation:
t=A-x+B-u (10)

where, X is the state variable, u is the control torque input vector:

xr = [lea Yuwl, 1/'}1017 ¢w17 (Z)wla ¢w17 yw27 Yw2, '¢’LU27 ww% éw% ¢w2; :’-)by Yb, ¢ba ¢b]T

u = [0,0,0,0,T41,0,0,0,0,0, Ty2,0,0,0/T

In Figure 6, a proportional controller is proposed for the active steering of the wheel hub
motor. the proportional gain is less than 102, the proportional gain is very small and the critical
speed is constant, which is actually the critical speed of the vehicle; the proportional gain is
between 102 and 3 x 103, the critical speed is slightly increased, reaching the maximum value
near 3 x 103; the proportional gain in between 3 x 103 to 5 x 103, the critical velocity is basically
unchanged, the proportional gain greater than 5 x 10® began to decline after, value between 10
to 10, the critical velocity decreased rapidly, greater than 10°, the impact of slowing down; the
proportional gain is up to 106, the critical speed remains unchanged, then the wheel pair has
been tending to the rigid wheel, and the critical speed is close to the value of the rigid wheel.
The relationship between the proportional gain and the critical speed provides a reference for
further discussion.
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Figure 6. Effect of proportional control gain on critical speed

4. Simulation

Due to the unstable motion of independent wheelset at any speed, the simulation model is the
lateral linearization dynamics model of bogie as shown in figure 5, in which only lateral and yaw
degrees of freedom are considered. There are eight degrees of freedom in total. According to
parameters in table 1, the dynamic model of the bogie is established in Matlab/Simulink with
the object oriented dynamic modeling method. The simulation condition is based on figure 6.
The proportional gain 10e4 is selected, and the steering frame is 35m/s through long straight
line. The steering performance of the wheel is analyzed. When the ratio of the motor speed
deviation from the rated speed is less than the error value, the motor error module is introduced
and the steering control doesn’t work. Otherwise, the control system works. According to the
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previous analysis, the error of the motor control system is 0.0122. Figure 7,shows the lateral
displacement response of a wheelset excited by a step signal with the initial amplitude 6mm in
a horizontal axis under the above simulation conditions. Without control, the lateral maximum
displacement of the front steering wheel frame is 114mm. With steering control, the lateral
displacement curve of wheelset is the same with no control condition, which indicates that the
motor system error is more than the accuracy of control system. And the control system does
not work.

It is assumed that the motor control system error value is 0.0122. As figure 8, shows, when
the steering control is used, the maximum lateral displacement value of the front wheel frame
is not more than 5mm. Therefore, the control system works.
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According to the simulation results of the linear model of bogie, when the wheel/rail contact
conicity is 0.2 and the vehicle is passing through the long straight line with the speed of 35m/s,
the error of the motor system is greater than that of the control system. Then, the motor cannot
meet the requirements of the control system. The bogie is in a free state without any control.

5. Conclusion

In summary, due to the design, manufacturing error, control delay and other factors, the motor
torque ripple happens for motor in practice. So the error of the motor system is inevitable.
An approach of active steering control, which based on the feedback of rotation speeds of two
wheels on the same axle, is given to analyze the steering capability of independently rotating
wheelsets(IRW) with hub motors. And the steering ability of the bogie is discussed. The result
shows that when the error of the motor system is larger than the precision of the control system,
the control system does not work. For now, no better motor exists. So a new or advanced
control system should be proposed for this kind of motor to improve the performance of this
system. Then the factors that affect the precision of the guide control system of independent
wheel will be studied in the future.
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