Taking Traction
I ROREN

ailway vehicles have been
based on awheel-rail sys-
tem since the system’s
origination. Therefore, the
adhesion-coupling be-
havior between wheel and
rail is the fundamental element of rail-
way traction [1]. However, low vehicle
wheel-rail adhesion caused by high

humidity, rain, snow, oil, or decompos-
ing leaves is a common problem that
can cause damage to some elements
of the traction system and decrease
traction performance [2]. It may even
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give rise to safety problems and re-
duce comfort, not to mention delays
and their corresponding economic im-
pact. Good traction control to ensure
the system is working at high adhesion
point is therefore critical and man-
datory for the traction control units
(TCUs) [2]-[6].

In modern railway vehicles, a typi-
cal adhesion control system calcu-
lates the speeds of traction motors
and trailer wheels, and the referen-
ce speed is set to a minimum speed
among the components in the pow-
ering mode or the maximum speed
in the braking mode. The TCU calcu-
lates the speed difference between
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the motored truck and the reference
speed, and the tractive effort of the
traction motors is reduced as soon
as the speed difference exceeds a cer-
tain value, until the slip or slide ceas-
es. With this method, we can achieve
a high tractive force.

The traction control of adhesion
force is based on three fundamental
pillars: speed measurement, traction
motor control, and adhesion control.
However, the number of pulses per ro-
tation of the speed sensor is normally
much smaller than that widely used
in other industrial applications [7],
so the level of accuracy of speed mea-
surement using a basic pulse count is
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The traction control of adhesion force is based on
three fundamental pillars: speed measurement,
traction motor control, and adhesion control.

not usually sufficient. To improve the
accuracy, a field-programmable gate
array with a digital filter, a high-speed
clock, and a parallel algorithm can be
used in speed measurement.

Good motor control is essential to
realizing good vehicle dynamic per-
formance [8]; when slippage or sliding
occurs, the tractive force is reduced by
the motor controller automatically, the
more the better. However, the accelera-
tion of the vehicle will be reduced cor-
respondingly, resulting in exceeding
the running time constraints. Thus, it is
the responsibility of the adhesion con-
troller to maintain good tractive perfor-
mance within the acceptable slip range.

To achieve this, we have to learn
how the tractive force is transmit-
ted in the traction system and what
will happen on the wheel-rail contact
surface. Innovative adhesion models
considering the wheel-rail contact
surface, which increase the control
accuracy by reproducing degraded ad-
hesion conditions in vehicle dynamics
and railway systems, are described in
[9]-[11]. However, such goals are not
easy to achieve due to nonlinearities
and uncertainties associated with wheel-
rail surface conditions, train speed, and
operating conditions [2].

In this article, a comparative study
of adhesion control methods in differ-
ent railways is made, including rubber-
tire and steel-wheel types used in urban
and mainline railways. The steel-wheel
type of urban railway is chosen as a
study case in this research, as the adhe-
sion control methods of all these types
are similar. The state-of-the-art of adhe-
sion research is then discussed.

A control strategy using a first-
order disturbance observer is pro-
posed to realize better adhesion control
performance on the basis of wheel-rail
adhesion characteristics and a sim-
plified equivalent single-axle model.
An additional dynamic torque tuning
function is used to adjust the torque
slightly to maintain the robust perfor-
mance of adhesion control. Finally, the
torque reference given by the general
vehicle logic controller is combined
with the proposed adhesion control
and used to control the traction mo-
tors on the basis of a field-oriented
control (FOC) strategy. Simulations
and experiments were carried out
to validate the control strategy. The
proposed adhesion method can also
be extended to other types of railway
vehicles, such as mainline railways or
rubber-tire trains.
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FIGURE 1 - A general diagram of adhesion control for traction systems.
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Adhesion Control Application
and Research
We first compare the adhesion control
application differences between rub-
ber-tire and steel-wheel trains. Rubber-
tire trains have advantages of greater
adhesion and better acceleration in
operation [12]; however, modern steel-
wheel trains using distributed traction
with a high proportion of powered ax-
les have narrowed the adhesion per-
formance gap compared to rubber-tire
trains. Additionally, rubber-tire trains
have similar traction logic and motor
controls compared to those used in
steel-wheel controls, which means that
even though the adhesion character-
istics are quite different, the adhesion
control algorithm is similar [13]-[15].

Then we discuss the adhesion
control differences between urban
railways and mainline railways. In ur-
ban railways, the control is fulfilled
through cooperation among the cen-
tral control unit (CCU), the brake
control unit (BCU), and the TCU. The
general adhesion control diagram
is shown in Figure 1. Generally, the
TCU receives traction orders from the
cab handle directly or from the CCU
through the vehicle communication
bus and then applies adhesion con-
trol to motor axles. The BCU regulates
its mechanical braking force when slid-
ing happens during the braking state.
Of course, the BCU will always com-
pensate the total braking force accord-
ing to the actual electric braking force
feedback from the TCU. The difference
in mainline railways, especially elec-
tric multiple units using distributed
traction, is that the BCU completes the
braking slide algorithm for the motor
axles instead and then sends the final
reference of braking force to the TCU,
which, by this point, just has to per-
form traction slip control. Another ma-
jor difference in the operating pattern
between urban railways and mainline
railways is that urban railways normal-
ly require much more frequent starts
and stops as the distances between
stations are much shorter and the ac-
celeration is much higher.

Therefore, the wheel slip/slide nor-
mally imposes a greater problem when
compared with mainline services. The



adhesion control theory for urban and
mainline railways remains quite similar,
however, and it is very easy to trans-
plant the algorithm from one to the
other by changing the cooperation logic
between the BCU and the TCU. Without
loss of generality, this article mainly dis-
cusses adhesion control strategies of
steel-wheel trains, especially those used
in urban railways. Figure 2 summarizes
different adhesion control approaches,
each of which can be used to achieve
a relatively ideal adhesion coefficient.
The frequently proposed adhesion con-
trol schemes in the literature are based
on conventional configurations with ref-
erence speed or on acceleration without
a reference speed [1], [16]-[18], which
are relatively simple and can achieve
relatively high adhesion efficiency. Ac-
cording to [16], the actual adhesion
coefficient can be improved, and the ac-
celeration time can be shortened by 8%
compared with an early control meth-
od. In [7], the derivative of motor cur-
rent was utilized in place of the speed
information for wheel slip detection of a
multiple motor drive system, but addi-
tional current sensors are needed. The
conventional control strategies given
previously can be simply realized, and
they have fast responses and low risk.
When slippage or sliding occurs, how-
ever, the torque needs to be reduced
quickly and then increased slowly to
prevent slipping from occurring again.
The adhesion point is often far away
from the peak value, and adhesion effi-
ciency is relatively low.

To overcome these shortcomings,
many scholars have proposed other ad-
hesion control strategies [19]-[24]. For
example, the slip velocity method in [20]
is relatively simple and intuitive, but the
precise measurement of slip velocity is
not an easy task. The ordinary adhesion
derivative method in [21] directly calcu-
lates the differential adhesion coefficient
as a function of time, which causes noise
to be amplified and increases the vul-
nerability of the control systems.

There are also some adhesion strat-
egies based on intelligent control the-
ories. The fuzzy logic-based control
strategy described in [25] outputs the
optimal slip velocity reference accord-
ing to preestablished fuzzy rules and

The adhesion behavior of steel-wheel railways
is determined by the forces arising between two
surfaces in contact, where a phenomenon called

creepage will occur.

thus regulates the motor torque via a
proportional integral (PI) controller.
In [26], a wavelet denoising method is
used to identify slip tendency, and the
torque command is tuned by a cloud
model. However, these intelligent rules
require large amounts of data and com-
putation, which makes robust software
programming difficult and limits their
application in rail transit, where high
reliability, security, and real-time per-
formance are needed. In contrast, the
adhesion control strategy based on a
model control law is simple and easy
to apply because there is no need to
calculate the slip velocity and the sys-
tem is always working near the peak
adhesion point by real-time adjustments
of the motor torque; the only consid-
eration is that the derivative of the
current wheel-rail peak adhesion coef-
ficient must be zero [27], [28].

Based on the model control, [29] pro-
poses an antislip control system based
on the ordinary disturbance observer,
which is called a zero-order disturbance
observer. It is simple, easy to realize, and
has a good antislip response. However,
the inputs and variables of a zero-order
disturbance observer are susceptible to

interference by electromagnetic noise.
Therefore, in the case of large variations
of the adhesion force coefficient, it is
sometimes difficult to keep the adhesion
control reference near to the maximum
adhesion force. To overcome this prob-
lem, [30] proposes an adhesion control
method with a full-dimension state
observer, which introduces a feedback
correction path in the adjustment of the
state variables. However, the zero-order
disturbance observer and full-dimen-
sion state observer cannot directly ob-
tain the load torque derivative values,
which require additional derivative
computing that will amplify noise and
make the control system vulnerable to
interference. In this study, we will use
a first-order disturbance observer com-
bined with a dynamic torque tuning
function to compensate for the afore-
mentioned shortcomings.

Vehicle Adhesion Characteristics
and Dynamic Model

Wheel-Rail Adhesion Characteristics

The adhesion behavior of steel-wheel
railways is determined by the forces
arising between two surfaces in contact,
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FIGURE 2 - A summary of the different adhesion control approaches.
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FIGURE 3 - An illustration of the creepage
phenomenon.

where a phenomenon called creepage
will occur. This phenomenon can be
defined as a wheel-rail micro-elastic
slide through relative deformation as
shown in Figure 3 [1]: when a tractive

force (torque T,) is applied on a railway
wheel, a small difference arises between
the forward velocity Ur and wheel cir-
cumference line velocity vy (circumfer-
ential angular velocity wq). The relative
difference is the creepage. It is resisted
by the friction force F.q on the wheel
with radius r. The result slip velocity v
can be defined as

{us = U4 —U;
Vg = @at. @D

To design the adhesion control sys-
tem, the adhesion characteristics must
be considered as exactly as possible
by using the adhesion coefficient u,
which is usually defined as the ratio
between the wheel-rail tangential force
(or adhesion force) F,q and the normal
force F; on the wheel. The definition
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FIGURE 4 - Adhesion characteristic curves under different rail surface conditions.
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FIGURE 5 - The proposed single-axle model for one traction unit.
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shows that, when the load is constant,
the available F,q is proportional to

_Fa
u="pe. @

The fundamental relationship between
the average value of ¢ and wheel slip
under different rail conditions is shown
in Figure 4 [17], [32]. It can be seen that
a dry, clean wheel-rail surface condition
will have a high y, but a wet surface un-
der rainy, snowy, foggy, or frosty weath-
er conditions will have a much lower ;
1 will be further reduced when the sur-
face is oily. However, the different char-
acteristic curves have their own peak
adhesive point at a slip velocity vspot.
The adhesion system will be stable
when the slip velocity is less than vgpor,
and y increases nearly linearly with the
slip velocity. However, when the slip ve-
locity is greater than vspot, 1 decreases
rapidly when the slip velocity increases,
and the system will be unstable.

Vehicle Dynamic Model

To study the adhesion characteristics
of the wheel-rail surface from the elec-
tric control perspective, it is necessary
to establish a model that can reflect the
relationship between electric control
and adhesion characteristics. An accu-
rate physical model considering all the
dynamics of the entire vehicle, such as
longitudinal, lateral, and vertical dy-
namics, would therefore be ideal. It is
very difficult to capture all the dynam-
ics, however, because of the complex
and nonlinear behavior of the adhesion
coefficient, as well as the external un-
known contaminants that are present
between the contact surfaces [9]. Addi-
tionally, most traction systems consist
of one or several traction units, where
the wheels in the same bogie or even
different bogies are driven by motors
connected in parallel and powered by
the same traction converter. The dif-
ferences of motor parameters, wheel
diameters, weight on each axle, etc. will
make an accurate model of a traction
unit much more complicated.

We have focused primarily on the ad-
hesion control itself, so many other fac-
tors will not be discussed in this article.
A simplified one-dimensional single-axle
model as shown in Figure 5 is proposed



in the analysis, which can be used to

synthetically reflect the essential char-

acteristics of one traction unit [29]. The
single-axle model makes the following
assumptions for its traction unit:

m The parallel motors have exactly
the same characteristics and time-
variant parameters. The diameter
differences of the wheels are small
enough to be neglected [33], [34].

m The mass is distributed equally
on each motor axle. The transmis-
sion losses in the gears are also
neglected.

m At every time interval, the rail con-
dition for each wheel is the same,
and the elastic deformation of the
wheel-rail surfaces is quite similar.
In the model shown in Figure 5, the

motor is powered by the traction con-
verter, and the tractive force is trans-
mitted from the motor to the wheels
through a gearbox. The equivalent wheel
and motor rotation equations of the
model can be written as

Fia = umyg
da)d _ _
Jw d[ - Tu) F:adr
Tw =TeRy
TL =Fadr/Rg
dwm
JemT =T.-T, 3

where g is the gravitational accelera-
tion constant; R, is the gear transmis-
sion ratio; wn,, T., and T, are the
mechanical angular speed, total elec-
tromagnetic torque, and equivalent
load torque of the traction motor, re-
spectively; Jem and J, are the total
equivalent motor torque inertia and
total equivalent wheel moment inertia,
respectively; m,, is the total mass put
on the motor axles of the traction unit;

w=(my+m.)/N;;my and mr are
the dead mass of a powered carriage
and a trailer carriage, respectively; m;
is the average load mass of each car-
riage; and NV, is the number of traction
units for each powered carriage.

The motion equation of the whole
train can be written as
(NeX Nme)

Fai—Fr =
i=1
dv,
dt’
@

[ch(mM +mg)+ Nee (mr +my)]

where F,q; represents the total adhesive
force provided by number i traction
units; Fr is the total resistance, includ-
ing running resistance and slope resis-
tance; and Npe and Ny. denote the num-
bers of motored carriages and trailer
carriages, respectively.

Adhesion Control Based

on High Adhesion Utilization

The slope of the adhesion charac-
teristic curve can be deduced from
Figure 4 as

du _ dp/dt g
dvs ~ dvg/dt ~ s’ ®)

The slope will be either greater than
zero when the system’s operating point
is on the left side of the adhesion char-
acteristic curve or less than zero when
it is on the right side. Otherwise, it ap-
proximately equals zero in the vicinity
of the peak point. Meanwhile, the slip
velocity of the vehicle is always chang-
ing due to the ever-changing powering
or braking conditions, i.e., its derivative
value is not zero. Thus, a search for the
adhesion coefficient’s peak point can be
directly performed using the condition
that 4 =0.

Among uncertainties of adhesion
control, the adhesion coefficient is one
of the most difficult variables to predict
or measure directly, especially under
changing wheel-rail surface conditions
when the train is running. Beam-and-
bristle models were developed to inves-
tigate adhesion coefficient character-
istics and verify them experimentally
[35]. It is difficult to build such compli-
cated test rigs, however, and there are
also various inherent differences among
simulations, labs, and reality. This study
will use other parameters that can be
detected by the TCU itself to indirectly
calculate or be equivalent to .

Design of a First-Order
Disturbance Observer
According to (3), the adhesion coefficient
M is proportional to the equivalent motor
load torque, 7. However, the traction con-
trol system cannot detect the load torque
of the motor in real time, ie., during the
actual running state. Therefore, a state ob-
server needs to be used by reconstructing
the current equivalent motor load torque
according to input variables or variables
that can be measured directly [26].
Traction motors drive rail vehicles by
transmitting torque to the heavy wheels
through gears, and the mechanical in-
ertia of the whole vehicle is enormous.
Hence, the equivalent load torque of the
motors can be considered to be chang-
ing at a constant speed during a short
calculation period, ie., T, is constant.
Using T}, and its derivative as state vari-
ables, a first-order disturbance observer
of the linear state space is described in
(6) in the box at the bottom of the page.
In (6), A, B, and C are coefficient ma-
trices and x is the state matrix of the
model. The equivalent motor electro-
magnetic torque 7. is the input vari-
able, and y = @, is the output variable,
which can be directly measured.
Define X, =[@n], X2 =[T1 T1]%;
then, (6) can be rewritten as

=[A11 A x Bll D

A21 A22
where the coefficient matrices with ~
symbols are derived from A or B in (6)
separated by dotted lines.
If a state space for variable X is
defined as

X1
X2

{j(z = 522562 +i
y =Apx,, ®

then combining (7) and (8) yields

{u = A21x1 +B,T.

y=x1—Ank —BiTe. ©))

®)
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TABLE 1 - VEHICLE AND CONTROL PARAMETERS.

SYMBOL VALUE
Ry 6.37

r 805 mm
Jem 5 kg.m?
Hal 0.16

I, I —150

From (6) and (7), it is obvious that
the eigenvalues of the matrix Az are
A1 = A2 = 0; thus, the linear system giv-
enin (8) is unstable. Therefore, use L as
the feedback gain matrix to construct a
closed-loop state observer as

X2 = A~22§Cz + gl +L(5/ —Apks)
= (Azz —LA12)5C'2 +LU5’ + 1
L=[l L, a0
where ” indicates the observed quantities.
Considering the tradeoff between
different performance objectives, such
as dynamic response and noise sensi-
tivity, a reasonable choice of the values
of the feedback gain matrix coefficients,
1, I3, can be selected to ensure the ob-
server’s stability, where the real parts of
the eigenvalues for the system matrix
Azz —LAlz are negative.

However, (9) shows that the calcu-
lation of y includes a derivative op-
eration of y =X = w,, which will
amplify high-frequency noise in y. It
therefore leads to a direct impact on
the accuracy of the observation results
and the stability of the control system.
To avoid this, define an intermediate
state variable

z=[z1 z,]7 and

z=):cZ—Ly.

(D

Taking the derivative of both sides of
(11), and substituting (9) and (10) yields

Z =.§C2 —LJLfl

= (Azz —LAlz)):CQ +L5/
+ia—Ly+Any +Bi T

=(An —LAp) (z +Ly)
+@An —LAY)y+B2—LB)T,

= (Azz —LAlz)Z + [(A21 —LAH)
+(Az —LApR)L]y + (B2 —LB)) T..

a1z

SYMBOL VALUE
mr 34t
mu 38t

m; 25t
Tad-c1 0.15 Tret
Td-c 0.25 Tt

Substituting the coefficient matri-
ces in (6) and (10) into (12), the final
model of the first-order disturbance
observer can be derived as shown in
(13) at the bottom of the page.

As shown in (3), adhesion coeffi-
cient x4 can be directly calculat-
ed using the observed value 7 by
i =T.Ry/(mu,gr), ie., u can be de-
rived from (13). To assess the observ-
er’s performance with different values
of the feedback gain matrix coeffi-
cients, simulations of changing wheel-
rail surface conditions are carried out
with different sets of /;, [ and other
parameters given in Table 1.

The results are shown in Figure 6,
in which the load torque and its deriva-
tive values have been changed to u
and its derivative, x. Figure 6(a) with
[ = I, =—30 shows that the observed
values have small steady-state errors
but the dynamic response is slow,
which makes the adhesion response
not fast enough when the wheel-rail
surface condition changes suddenly.
But in Figure 6(b) with [; =, =—150,
the dynamic response becomes faster,
which can meet the requirement of dy-
namic response.

By comparing Figure 6(a) and (b),
we see that small absolute values of
the feedback gain matrix coefficients
will cause large steady-state error
and slow response. Larger values will
also cause the observer to be more
sensitive to interfering signals. The
appropriate values are those that
result in small steady-state errors,

which help to improve the dynamic
response of observation and reduce
noise sensitivity. Accordingly, the
values of the parameter [/, and [ are
chosen to be -150.

Dynamic Torque Tuning Function
Using the output of the first-order dis-
turbance observer, combined with
the knowledge that the derivative of
the adhesion coefficient of the peak
point is zero, a Pl regulator is normally
used. Under different rail conditions,
however, unsuitable Pl parameters can
lead to skidding or slipping. It is dif-
ficult to find parameters that meet all
rail conditions.

To solve this problem and improve
the system’s robustness, we used an
additional dynamic torque tuning func-
tion ATc, which is combined with rea-
sonable selection of the parameters of
the PI regulator. The regulation meth-
od of the tuning function is shown in
Figure 7 and is described as follows:

m First, define a reference slip veloc-
ity vs_rer O the basis of the related
adhesion test criteria and adhesion
control experiences.

m Second, set two equidistant side-
bands of slip velocity Avs, then
the actual slip velocity vs must
be controlled within the range of
[V ret — AUs, Us ret + Avs]. At time tl,
if vs is lower than the range and
L is less than zero, the operating
point will move far away from the
peak point. Though the operating
point is in the stable region, the
adhesion efficiency is too small. So
ATc increases at a preset rate until
it reaches its upper limit T.q-c1 to
achieve higher adhesion efficiency.
Otherwise, at time t4, if v; is larger
than the range and £ is less than
zero, the operating point has gone
through the peak point into the
unstable region. For this occasion,
ATc has to decrease at a preset
rate until it reaches its lower limit

2l 2

H
HE WA

lllZ/Jem
L+ 152 [ Jem

] —l1/Jem

1, /Jem]Te

(13)
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FIGURE 6 - The simulation results of first-order disturbance observer with @) /1 =/, =—30 and (b) /; = [, =—150.

—Tua-c2. For both occasions, ATc¢
will recover to zero with another
slope when vy is back to the range.
m Third, ¢ will increase when the

operation point moves toward the
peak point due to the characteristics
of the adhesion curve in Figure 4,
i.e.,, & will be greater than zero
during the movement. This char-
acteristic can be used to achieve
a real-time correction of v; ;. For
example, at time [t2, t3], when AT¢
reaches its upper limit T.q-c1 and
£ is larger than zero, there is still
more space for larger v;_re, and it
could be increased to approach
higher adhesion efficiency.

The auxiliary tuning torque ATc¢
can help the PI regulator track much
higher adhesion efficiency under un-
certain rail conditions, which also pre-
vents the operating point from back
adjustment or moving to the unstable
region and effectively improves the
system’s robustness.

Traction Control Using the Proposed
Adhesion Controller

The traction control system combined
with the proposed adhesion control-
ler is shown in Figure 8, where the ref-
erence vehicle velocity v, can be cal-
culated from (14). In the figure, the final
torque reference input to the FOC strat-
egy is calculated through two parts:
general vehicle logic control and the
proposed adhesion control

v; = min (Ud] ...0da, UT)
when powering
v =max (Var ..., UT)
when braking
W, = ave (Udl .. .vd4)Rg/r
Tret = min ( Timit, Tad)- (19
The general vehicle logic control is used
to produce the effective torque com-
mand value Timi, which is first derived
from the handle and traction character-
istics. Then the states of the entire trac-
tion system, such as the temperature co-
efficients of the heat-sink, motors, filter,
and air, the wheel diameter differences,
and the weight change, will also limit the
amplitude of the reference torque. After
that, the jerk control, which is used to
control passenger comfort, will regulate
the change rate of the torque.

Meanwhile, in the proposed adhe-
sion control, the observed motor torque
from the FOC algorithm and the equiva-
lent wheel speed @, in (14) are used as
the input signal for the first-order dis-
turbance observer, which is proposed
to obtain the derivative value, 7, of
the current traction condition. Then
the Pl regulator combined with auxiliary
torque tuning, AT¢, outputs the final avail-
able torque reference Thq.

In a general traction calculation of the
traction system design, the adopted ad-
hesion coefficient is normally less than
the available maximum value. Therefore,
under good wheel-rail surface conditions,
Taa is usually greater than Tiimit, and Tiimit
is chosen to meet the traction demand.
When the rail conditions worsen, how-
ever, the available adhesion coefficient

Increase if (1 > 0

A AVS
o A N
< __i__”']_/ ______________ L= Vs_ref
0 3>
t1 t2 | t3 t4 Time (s)
ATcA
Tad—C1
0 >
~lad-C2

FIGURE 7 - An illustration of auxiliary dynamic torque tuning.
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In a general traction calculation of the traction
system design, the adopted adhesion coefficient is
normally less than the available maximum value.

is greatly reduced and may result in
Taa less than Timi, at which point Taq
should be chosen as the final reference
torque to avoid heavy adhesion prob-
lems. Thus, the final torque reference
T:et can be selected according to (14).

Simulation and Line
Experimental Verification

To verify the proposed adhesion control
strategy, a vehicle dynamic model was
built in MATLAB/Simulink for simula-
tion verification. Then, self-research
traction converters for a type A metro
vehicle of Guangzhou Subway Line 1
were used for the onsite line experi-
mental validation. The vehicle consists
of four powered carriages and two
trailer carriages, and each powered
carriage has four traction motors that
are driven by two traction converter
models, respectively. The parameters
of the vehicle are given in Table 1.

Simulation Analysis

Figure 9 shows simulation results for
the conventional correction method
and the proposed method, respectively.
For both simulations, the vehicle accel-
erates under road conditions changing

from dry to wet and then back to dry.
The wheel-rail surface state mutates at 2
s, and the maximum available adhesion
coefficient decreases, which makes the
effective torque command Tiimic exceed
the maximum available traction torque
under the current rail condition. There-
fore, the adhesion controller is activat-
ed rapidly to correct the output torque
command by choosing T.q as the final
torque command, i.e., Tyef = Taa. At the
same time, the controller continues to
search for the adhesion peak point of
the current wet rail condition, making
the system operating point move gradu-
ally to the peak point.

By the conventional combination
correction control, the torque reduces
to 50% when slippage happens, or
even to 20% when heavy slippage hap-
pens, then gradually increases to 80%,
and finally to 100% of the torque com-
mand. The correction time is long, and
the maximum slip velocity p, is about
2 km/h; the value of acceleration is ob-
viously reduced.

In the proposed method, the adhe-
sion efficiency is much higher. The zoom-
in waveform of the equivalent actual &
from time 1.95 to 2.05 s demonstrates

the automatic high adhesion regulation
process. Further analysis shows that
the equivalent wheel line speed does
not exhibit the spurt phenomenon
when the wheel is on a wet rail and vy
is always maintained at approximately
1 km/h. When the rail condition be-
comes dry at 3 s, the controller will
automatically search for the adhesion
peak point, and the operating point
gradually moves toward to the condi-
tion of Tret = Thimit < Tad-

Figure 10 illustrates the simula-
tion results of an acceleration slip
phenomenon controlled by PI regula-
tion only or by the combined torque
tuning function. Figure 10(@) shows
that the slip can be effectively con-
trolled by the PI regulator, although
the slip velocity remains at a high
value and the actual adhesion coef-
ficient is kept at a low level, which
makes the adhesion efficiency quite
low. Comparatively, when the torque
tuning function is added, Figure 10(b)
shows that AT¢ is activated to re-
duce the output torque when v; is
over the sideband range and the de-
rivative of 4 is lower than zero; then,
ATc will gradually recover to zero
when v, goes back to the sideband
range. It can be seen that v is con-
trolled to a relatively lower level, and
adhesion efficiency is much higher
than that of Figure 10(a). Moreover, the
slope of AT¢ plays an important role
on the robustness of the torque tun-
ing: the tuning dynamic and adhesion
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FIGURE 8 - Traction control with the proposed adhesion control strategy.
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FIGURE 10 - Simulation results of adhesion control by (a) PI regulator only and (b) PI regulator combined with dynamic torque tuning.
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efficiency will be better when the slop
is somewhat large under poor adhe-
sion conditions, but the torque will
fluctuate if there is no sideband and
the slope is too large. This study used
a slope of 1,250 Nm/s.

By using the given dynamic vehicle
model, Figure 11 shows the control per-
formance over the entire speed range
under varying rail conditions, where
the traction motor changes from the
constant torque zone, to the constant
power zone, and to the natural zone.
The simulation waveforms demonstrate
that the adhesion controller using the
proposed strategies will be activated
to prevent heavy slippage and achieve
high adhesion efficiency.

Line Experimental Verification

To verify the adhesion control perfor-
mance in practice, an onsite test was
carried out on the Guangzhou Subway
Line 1. According to the metro user’s
demands for a traction system-type
test, the adhesion test must be done
during the horizontal straight line
test under no-load conditions with
100% traction and braking force, and
the maximum speed level must be not
higher than 50 km/h on the test line.
To simulate the slippage conditions
on the dry rails, a liquid mixture of de-
tergent and water was sprayed on the
wheel-rail surface in front of the motor
bogie wheel. The test waveforms under
powering and braking states are shown
in Figure 12 and Figure 13, respective-
ly. Both results have been converted
to one traction motor.

When slippage or sliding occurred,
the adhesion controller reduced the
torque reference T, (CHS), and the
observed electromagnetic torque 7,
(CHT) tracked with the reference value
very closely, which indicates good
performance of FOC algorithm. The
proposed first-order disturbance ob-
server estimated the load torque
and calculated the actual adhesion co-
efficient 2 (CH4) of the actual wheel-
rail surface condition. Then the torque
and the adhesion coefficient recov-
ered to the maximum reference val-
ues quickly when slippage or sliding
stopped. Meanwhile, the measured
instantaneous acceleration a, (CH9)



changed dramatically when the adhe-
sion problem happened, but the system
remained stable overall. Meanwhile,
the motor current (CH1), dc voltage
(CH5), and vehicle speed (CH6) re-
mained stable and did not exceed any
of the protection limits of the traction
motor drive. The controller achieved
good traction and high dynamic adhe-
sion performance.

According to the relevant Internation-
al Union of Railway (UIC) standard,
during slip tests, the instantaneous
slide value for the wheelsets of the
brake system shall not exceed 30 km/h
for more than 3 s [36]. Until now, there
has not been a specific standard for
slip protection for traction convert-
ers, and the criterion typically ad-
opted for the traction converter is
that the slip speed must be below
5 km/h during slip tests. Additionally,
the adhesion efficiency 7.4 calculated
by the following equation can also be
adopted to indirectly evaluate adhe-
sion performance, where the control
efficiency must not fall below 80%:

2

2
Nad =100% Xj;ll ameasuxfe(i/'[1 fictitious,
15)

where @measurea iS the measured accel-
eration within the slide or slip period
[t1, t2] and @ficritious 1S a fictitious accel-
eration, which is calculated from the
total reference force divided by the
total mass of the vehicle.

The adhesion efficiencies of the simu-
lation results in Figure 9 and the test
results can be calculated by using
(15); these are shown and compared
in Table 2, where the onsite line test
control efficiency of the conventional
adhesion method is obtained from our
previous test. From the table, it can be
seen that the adhesion efficiency of
the proposed method has improved
significantly when compared with the
conventional method.

The simulation waveforms demonstrate that the
adhesion controller using the proposed strategies
will be activated to prevent heavy slippage and
achieve high adhesion efficiency.

From the simulation and experiments,
we have validated the good performance
of the proposed adhesion control meth-
od; the merits of this method include
high dynamic response to varying rail
surface conditions, immunity to inter-
ference, and easy modeling and engi-
neering usage. The single-axle model,
however, makes several simplifying
assumptions. There will also be some
limitations when parallel motors are
used, e.g., the observed torque of the
parallel motors may not be distributed
equally among motor axles when the
difference in wheel diameters reaches
alarge value, because not all of the mo-
tor axles can reach the highest adhe-
sion utilization. In the one-converter/
one-motor driving mode, however,
such as in an independent-wheel
tram or in rolling stock, this issue does
not arise.

Conclusions

The main focus of this article is on
an adhesion control strategy for ur-
ban railway vehicles utilizing a distur-
bance observer, combined with an
additional dynamic torque tuning func-
tion, which was adopted to adjust the
motor torque command after the PI
controller. This tuning function helps
compensate for the drawback of the
PI controller and improves the control
robustness under different rail condi-
tions. This strategy prevents heavy
wheel slippage and achieves high ad-
hesion efficiency. Simulation and line
experimental results are carried out

TABLE 2 - ADHESION CONTROL EFFICIENCY COMPARISON.

SIMULATION ADHESION EFFICIENCY
Figure 9(a) Figure 9(b)

85.2% 92.6%

method

EXPERIMENT ADHESION EFFICIENCY

Conventional Traction Brake
Figure 12 Figure 13
86.2% 91.7% 92.9%

by using practical vehicle and traction
converters, and the results show good
slippage regulation and robustness un-
der different rail conditions. The pro-
posed adhesion control method has a
good dynamic response under varying
rail surface conditions, it is immune to
interference, and it is easy for model-
ing and implementation. The method
can also be easily extended to other
railway vehicles, such as mainline rail-
ways and rubber-tire trains.
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