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This paper describes a possibility to increase the operation range of railway's pure electric braking system at low speed range.
Since low-tesolution speed encoders are normally installed, precise speed information is unavailable at low speed. An
estimation scheme called instantaneous speed observer is introduced to estimate the speed for precise torque and speed controls.

The stability of the system is analyzed by multirate sampling theory and digital control theory.

Several simulation results and

experiments positively show the improvement of speed estimation and the possibility to extend the operation of the pure

electric brake.
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1. Introduction

The combination of air brakes and electric brakes plays a
major role in braking systems of electric railway vehicles.
This combination, however, often causes severe riding comfort
and inaccuracy of stop position because of the slow response of
the brakes' mechanical parts. Moreover, the physical
characteristics of the mechanical parts, i.e. brake shoes, always
vary with velocity, temperature and surface conditions.

To eliminate these problems, it is necessary to operate the
electric brakes as the main braking scheme. This leads to the
proposal of pure electric brakes®. The pure electric brakes
can improve regenerative energy and riding comfort, since the
response of the electric system is faster. If we can control the
stop position precisely, the train automatic stopping control
(TASC) can be realized.

One of the difficulties in realization is the precision of the
speed information, which is necessary for a closed loop control.
Since encoders installed in a vehicle have only 60 pulses per
revolution (ppr), it is difficult to obtain speed information at
every sampling time, especially at low speed. This results in
the failure of the closed loop control. Consequently, the open
loop control is applied when the vehicle speed drops.below 5
km/h and a friction brake is normally applied. There are
normally some shocks due to the transition of the switching of
braking scheme and variation of braking force due to the

manual operation. This finally results in a severe riding comfort.

The use of the friction dependent mechanical brake also,
moreover, deteriorates the accuracy of stopping position.

The dynamics of the railway vehicles is relatively simple,
compared to robotics or other industrial drives although its
drive technique cannot always be simple because there are some
low frequency mechanical resonances in bogie systems.
Especially, motor control for traction is straightforward since
torque control is implemented. The vector control has been
recently introduced to the vehicle. If some speed estimation
scheme are applied, it is possible to achieve an effective motor
drive or braking control.
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Regarding to the problem of encoders, the application of
speed sensorless drive techniques to traction are being studied .
However, the speed estimation at low speed is difficult to
achieve due to parameter variations.

Due to the existence of the speed encoders and the difficulties
of the sensorless drive techniques, in this paper, we introduce
an instantaneous speed observer, which can estimate the speed
at every sampling when the speed signal from the encoder is not
directly useful®.  Since this paper deals with operation at low
speed, the stability of the system is analyzed by multirate
sampling and digital control theory. The proposed control
system is verified through several simulations and experiments.

2. Instantaneous speed observer

In order to estimate the speed when the information from the
encoder is unable to obtain frequently, an instantaneous speed
observer is introduced to the system. Its timing diagram is
The sampling instant [m,k] is defined by

t=T1(0[m]) +kT, =[m k],

where T and T are the variable period between the encoder
pulses and DSP (digital signal processor) sampling period,
respectively.

By this definition, it is possible to estimate the rotor speed at
any sampling instant [m, k], starting from its value estimated in
the previous sampling instant [, &-1], if we know the values of
the produced torque, 7.,, and the mechanical disturbance torque,
Ip

a")[m,k]:a“)[m,k—l]

+£{T [m,k]+TL[m]+Tw[m,k—l]+TL[m] ’

2 J

where J is the moment of inertia, ~ means estimated value and
the definition of the symbols is given in Fig.2. The error of
estimation is caused by two factors - the deviation of position
detection from the encoder, A6, and the disturbance torque,
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Fig. 1. . Timing diagram of an instantaneaous speed observer.

A T;. Hence, the update laws have been proposed by
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The coefficient v, and 7y, allow us to assign the desired
estimation error dynamics. The observer is rearranged into
state space variable

;([m_l,-l] = A}z[m]J’,Bu[m]’ ........................................ (5)
where
k[ml=[o 7] u[ml=[z, @],
T
-y, -7, (l=7,-7)—=
2J
A= ,
-2Jy, )
y,
T
' T
(2-7,-27,)—= 7+2,
B= : A (6)
N 2Jy,
» Y
1

Note that @ is the average speed calculated from the encoder
pulses.

Poles of the observer are identical to the eigenvalue of matrix
A:

zz+(7/1+372—2)z—yl—72+1:0.

3. Proposed control system

Fig. 2 shows the block diagram of the proposed control
system. In order to obtain the fast dynamics, vector control
strategy is applied to the traction motor. The current and
speed controllers are designed based on coefficeint
coordinationin characteristic polynomial®. The instantaneous
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Fig. 3. Simplified drive system.

speed observer is introduced to the system to improve the speed
information.

The desired dynamics of the instantaneous speed observer is
obtained by assigning the location of the poles according to (7).
In order to obtain the desired time response, the poles of the
observer are placed on s-plane by the relation

I :
Assuming that the observer poles on s-plane are located at
pZd and pZL—¢, we can correct the estimation error by the

following equations™,

1 3

7 2_5_5_627‘1}'0069? +e}]pcos¢ cos(ﬂpc08¢) RETTTIEPRPP PR P PR (9)
1 1

Vs =E+Eeﬂipc°s¢ _leTlpcosgﬁ Cos(];pcos¢) JETTI T TI TP IOPRIOPIN (10)

The model of simulation, which is a simplified vehicle drive
system is shown in Fig. 3. Note that the motor speed of 1 rpm
corresponds to the vehicle. speed of 1cm/s or 0.04 km/h.  The
motor parameters are listed in Table 1. The poles of control
system on s-plane are found at. 6.97/4151° . Therefore, the
observer poles are placed at 21..180° on s-plane. The DSP
sampling time, 7, is set to 0.1 ms. Fig. 4 shows the
simulation result. It is obviously seen that the estimated speed
converges to the command. After 6 seconds, a braking
command is introduced to the system and the speed drops.
The estimated speed starts to oscillate at low speed range.
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4. Stability Analysis Table 1. Motor rating at 50 Hz and parameters.

In the previous section, the validity of the application of the rated voltage 100V
instantaneous speed observer has been examined. It was rated current 13.6 A
found that the system oscillated at low speed. In order to rated power L5 kW
extend the operation range of the electric brake, it is necessary rated speed 1420 rpm
to analyze the stability of the observer. Since the observer
estimates the value of the speed between the pulses at every number O'f poles i
sampling time of the DSP clock, it deals with two sampling Stator resislance 1540
times. One is the constant DSP clock sampling time. The Rotor resistance 10
other is the period between the pulses, which always varies, Stator leakage inductance 6.6 mH
especially in braking operation.  From this reason, the Rotor leakage inductance 1.55 mH
observer has been analyzed based on multirate sampling Magnetizing inductance 111 mH

theory®™.

Fig. 5 shows the block diagram of the observer. Note that
the observer is modified to full-order for simplicity in analysis

and to see the behavior of the estimated position that will be 300
used for error correction. The gain matrices and the variable 1 4 estimated speed
vectors are described by = % '
B /
00 & 4 0 % 3
‘ 1 e
AC =1 0 0 ’BC: 0 ’CC =1 :K: kz 5 speed command
00 0 0 0 k,
. 4
uc:]:m,xcz(wgyz) ANy, = 0 s (11)
The state equation of the observer is rearranged so that it is L . tlme.( <)
. . Fig. 4. Simulation result.
written in the from of
K AX A BU oeeveeereeeeee ettt (12)
Where T 1 ¢
s
0 _kl % kl % .
A=|1 -k, 0[B=|k, 0], Cc+>
0 —k 0 k, 0
u=(07 )andx = (G O ) oo (13)
The system is converted to discrete-time domain by the
multirate sampling theory. Fig. 6 shows the expanded ] )
discrete-time signals, The produced torque, 7., is read and Fig. 5. Block diagram of a speed observer.
the speed when the speed is estimated at every DSP sampling
time, 7,, whereas the motor position is corrected when the next T uD(k)
pulse is detected at‘the sampling time 7;. This 7) is also Ay |
defined as the sampling frame. g /[\ (T |
The pole placement is anatyzed by using multirate sampling T { > b b
theory. It is found that the last sampling instants of each ¥ | Yoty uA:O‘]
sampling frame contain enough information to detemine the Te,,,T T T T /D{_T /]\ T T T T T T IT T /]\ /I\
behavior of the system ©.  We can adjust the dynamics of the T T T T T T T -
observer by tuning the observer gains by the followin,
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Fig. 6. Expanded discreted-time signals.
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where pl,p2 and p3 are poles of the observer on s-plane.

Fig. 7 and 8 shows the estimated speed when the speed
commands are fixed at 300 rpm and 5 rpm, respectively. The
observer poles are placed at 210£180° . on s-plane. There
is no relative oscillation at 300 rpm but the oscillation occurs
within a constant band of 2 rpm at 5 rpm. .

To improve the stability and the performance of the observer,
it is necessary to consider the relationship between the Nyquist
frequency and the locations of the poles. The Nyquist angular
frequency is found from

Fig. 9 shows the poles on z-plane according to the cases in
Fig. 7 (300 rpm) and Fig. 8 (5 rpm). The pole locations in
case of 300 rpm are illustrated by the right cross, while the
other case is indicated by the left one. It is obviously seen that
when speed drops, the poles move toward outside of the

“effective region” , where the natural frequency, oy, is less
than the Nyquist frequency, € (the shaded area, i.e., the natural
frequency is greater than the Nyquist frequency ). This results
in oscillation as shown in Fig. 8.

To improve the stability of the system, it is necessary to place
the poles inside the effective region. For assurance of the
stability without harmful oscillation of high frequency, we
constrain so that the poles are placed inside 50 percents of the
Nyquist frequency and the damping ratio of 0.5. We define
this region as “conservative region” in this paper. This,
however, slows down the response of the system. To obtain
a faster response, the location of the poles can be placed at a
smaller value of damping factor. Fig. 10 shows the new pole
locations according to damping ratio of 0.7 and 20 percents of
the Nyquist frequency. Note that region enclosed by the inner
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speed(rpm)

0 2 4 6 8
time (sec)

Fig. 7. Simulation result at the command of 300 rpm.

A

speed(rpm)
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time (sec)

Fig. 8. Simulation result at the command of 5 rpm.

contour -corresponds to 50 percents of the Nyquist frequency
and the damping ratio of 0.5. The simulation according to the
new pole locations is shown in Fig. 11. The oscillation has
been effectively removed. We can conclude that at low speed,
the observer pole on s-plane should be placed so that they
always locates within the conservative region, i.e., the poles

" are fixed on z-plane.

Since fixing the observer poles on z-plane results in slow
down of the observer dynamics, it is necessary to reduce the
controller gains so that the obsérver response remains faster.
The pole assignment strategy is summarized in Table 2.

The simulation result is shown in Fig. 12.  After the braking
command is -input, the speed drops and the location of the
observer pole on z-plane change until it reaches the critical
speed. The observer poles on z-plane are then fixed and the
controller gains are reduced, resulting in the slower but stabler
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Fig. 9. Movement of poles when speed drops.
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Fig. 10. New pole locations at the command of 5 rpm.
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Fig. 11. Simulation result at the command of 5 rpm due to
the new pole location.
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response. Due to the simulation result, it can be the vehicle
speed of 0.04 km/h. At this point, the vehicle operated close
to the motor speed of 1 rpm, corresponding to can be stopped
by locking the wheels without ware and tear of mechanical
components.

Table 2.

Pole assignment stralegy.

Rotational speed

High

Low

Observer poles

fix on s-plane

fix on z-plane

system poles

fix on s-plane

fix on z-plane

estimated speed

speed (rpm)

speed command

time (sec)

Fig. 12. Simulation result due to the new pole locations.
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(c) Actual speed according to the torque current

Fig. 13. Simulation results of torque contro.
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5. Simulation results according to torque or
current command

In the present traction control, the acceleration and braking
operations are achieved by notch commands, which are the
levels of the torque-producing current. The appropriate notch
commands are determined by the driver. Only the current, i.e,,
torque control loops are enough for manual operation since the
driver acts as a speed controller. Precise speed information is,
however, still necessary in manual operation since it is used
for vector rotation. Fig. 13(a) and (b) show the torque
response without and with the observer, respectively. Note
that the pole assignment strategy in Table 2 is implemented. It
is found that the torque response without the observer oscillates
at low speed. As a result the electric braking cannot be
implemented. On the other hand, the torque response with the
observer has less oscillation. Fig. 13(c) shows the simulation
results due to the torque response in Fig. 13(b). It is obviously
seen that the oscillation does not occur at low speed and the
proposed system gives much better braking force response also
in the present manual speed control than a conventional system.

6. Experimental Results

Various experiments have been carried out to examine the
validity of applying the observer to the system. The apparatus

(b) Encoder
Fig. 14. Experimental apparatus.
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Fig. 15. Experiment setup.



and the experiment setup are shown in Fig. 14 and 15,
respectively.

Since the DC generator is used as a load, the mechanical load
becomes zero at low speed. This does not correspond to real
traction, where the moment of inertia is much larger and effect
of slope exists.

Even though the experiment at low speed cannot be realized
for this reason, the operating condition of the observer at low
speed can be tested by reducing the resolution of the encoder so
that the corresponding interval between the pulses can be
obtained. For instance, if we want to examine the operation at
10 rpm by a 60-ppr encoder, we must reduce the resolution to 6
ppr and operate the motor at 100 rpm. For this condition, the
period between the pulse is 0.1 s, the observer time constant is
fixed at 0.09 s and the speed controller equivalent time is fixed
at 0.09 s and the speed controller equivalent time constant is
1.68 5. |

Fig. 16 and 17 show the speeds calculated directly from a
6-ppr encoder and the estimated speed from the observer,
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Fig. 16.
the pulse interval is 0.1 second (equivalent to the pulse

Speed calculated directly from the encoder when

condition of a 60-ppr encoder when the motor rotate at 10
pm).
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Fig. 17." Speed estimated from the observer when the pulse
interval is 0.1 second.
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respectively, when the motor runs at 100 rpm. It is obviously
seen that the application of the observer improves the speed
information. This also confirms that the observer works
effectively even at the condition where the encoder pulses
cannot be detected frequently

The experimental results when the reference speed gradually
drops are shown in Fig. 18. The speed overshoot, which will
be fatal in real braking operation, can be suppressed by by
reducing the controller gain as summarized in Table 2.

7. Conclusions

This paper has proposed to introduce an instantaneous speed
observer to improve the speed information especially at low
speed. Since the observer can estimate the speed at every
sampling time of the DSP, the precise speed control can be
realized. The stability analysis based on multirate sampling
theory and digital control theory has been carried out and it
leaded to the conclusion that fixing the observer poles on
z-plane can improve the stability at low speed. The simulation
result showed the possibility to extend the electric brake until
pulses.  The application of the instantaneous speed observer
to AC traction system will be an effective technique solution for
condition where the encoder pulses cannot be detected encoder
the motor speed of 1 rpm or 0.04 km/h, corresponding to the
vehicle speed. The validity of the observer in critical realizing
pure electric ordinary braking of electric railway vehicles.

(Manuscript received Jan. 21,2002, revised June 12,2002)
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