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Abstract— This paper proposes a novel method of veloc-
ity measurement for motor drives with optical encoders.
Acceleration control is indispensable for advanced motion
control while it requires accurate velocity information. Al-
though many methods on velocity measurement have been
proposed, accurate measurement was not achieved in a
high-speed range. We therefore propose “synchronous-
measurement method (S method)” that measures the ve-
locity synchronized with alteration of pulse numbers. Ac-
curate velocity measurement is achieved in all speed ranges
with this method. Furthermore, other estimation methods
are applicable in addition since the method does not require
any model of a control object. Simulation and experimental
results verify the validity of the proposed method.

I. Introduction

Motion control is a fundamental subject for robots, ve-
hicles and so on. There are a lot of strong demands on
the control system with rapid response and high robust-
ness. Acceleration control is indispensable for constructing
this kind of system. Hence, many studies on motion con-
trol have focused on acceleration control. Disturbance ob-
server[1] is useful to develop an acceleration control system
with simple parameter modification.

An accurate and rapid velocity measurement is vital for
high-performance acceleration control. The authors have
proposed a multi-rate sampling method with a shorter
output sampling period to acquire velocity information
rapidly[2]. The velocity is often derived from position ob-
tained by an optical encoder. There are many results on
velocity measurement or estimation by an optical encoder.
Among them, there are two commonly used methods: M
method and T method. M method, also called fixed-time
method, counts the number of pulses from the optical en-
coder during a fixed interval of time and calculate veloc-
ity by finite-difference derivative. On the other hand, T
method, or fixed-position method, calculates velocity as
the interpulse angle divided by the time between sequen-
tial pulses. Accuracy deteriorates in a low-speed range
with M method, while T method achieves high accuracy. T
method, however, is applicable only to the low-speed range.
Ohmae, Matsuda, Kamiyama and Tachikawa [3] proposed
M/T method which works in all speed ranges and has a
high accuracy in the low-speed range. The method has
been applied in many studies since it is effective for prac-
tical use. This method is extended to a system termed
constant sample-time digital tachometer (CSDT) [4]. It is

more easily incorporated into a controller operating with a
constant sample time.

Velocity estimation method with Kalman filter improves
the velocity standard deviations [5]. Instantaneous speed
observer [6], a discrete-time observer to grasp the velocity
between the encoder pulses, is an effective tool for accurate
velocity estimation. These methods, however, require plant
models.

The velocity measurement method in this study should
satisfy the following terms.
• high accuracy
• wide speed range
• rapid response
• measurement without any models

Above all, this study lays weight on “high accuracy” be-
cause acceleration control badly requires accurate velocity
measurement. Although M/T method almost satisfies the
terms, it only has high accuracy in a low speed range. It
was believed for long time that no one estimator algorithm
is best for a system with a large dynamic range of speeds,
large transients, and an imperfect encoder[7]. This paper,
however, proposes a velocity measurement method with
high accuracy in all speed ranges.

Contents of this paper are as follows: Section II is a
description of the experimental setup in this study. In
Section III, the mechanism of acceleration control is de-
scribed to show why acceleration control badly requires
accurate velocity measurement. Section IV shows conven-
tional methods of velocity measurement. Their resolution
and measurement time are also introduced. The proposed
method is described in Section V. The validity of the pro-
posed method is verified from simulation and experimental
results in Section VI and Section VII. Finally, this paper
is concluded in Section VIII.

II. Experimental Setup

Fig. 1 shows an overview of the experimental system in
this study. It is a 1 DOF flywheel driven by a DC motor.
An optical encoder generates pulses in proportion to arm
displacement. A counter board counts pulses from the op-
tical encoder and PC reads a pulse number from the board.
Here, pulse number denotes the number of pulse signals on
every sampling period Ts. Ts is controlled to be constant
with the real-time architecture of RT-Linux. We compared
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Fig. 1. Overview of experimental setup

TABLE I

Experimental parameters

Sampling period [ms] 1.0
Flywheel MOI [Kgm2] 0.003
Type of motor Maxon RE40
Stall torque [mNm] 2500
Torque constant [mNm/A] 60.3
Type of optical encoder Maxon HEDS 5540
Pulse per revolution [pulse] 500

performance of the proposed method with other methods
on this system.

The parameters on the experimental setup are shown in
Table I.

III. Acceleration Control

A. Acceleration Control System with Disturbance Observer

This subsection describes a mechanism of acceleration
control. This study applies disturbance observer as basic
technique for acceleration control. Fig. 2 is the block di-
agram of disturbance observer. Here, τl is a mechanical
load, τ̂dis is estimated disturbance torque, Gdis is a cut-off
frequency of disturbance observer, Gv is a cut-off frequency
of the low-pass filter (LPF) for measured velocity, Ia is in-
put current, Kt is a torque constant, θ is position response
of the controlled object, ω is velocity response, J is inertia,
s denotes a Laplace operator, a bar over a variable denotes
a calculated value, a subscript n denotes a nominal value, a
superscript ref denotes a reference value, and a superscript
cmp denotes a compensation value.

The total disturbance torque τdis contains a mechanical
load τl, varied self-inertia torque ∆Jθ̈, and torque ripple
from motor ∆KtI

ref
a . The disturbance torque τdis is rep-

resented as follows:

τdis = τl + ∆Jθ̈ −∆KtI
ref
a . (1)

This disturbance torque is figured out from input and out-
put values as shown in (2).

τdis = KtnIref
a − Jnωs (2)

here, the Laplace operator s denotes a derivative calcu-
lation. The first term KtnIref

a in (2) is based on input
information, and the second term Jnωs is based on output
information. Disturbance torque is estimated through the
LPF as shown in (3) in order to reduce noise.

τ̂dis =
Gdis

s + Gdis

(
KtnIref

a − Gv

s + Gv
Jnωs

)
(3)
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Fig. 2. Disturbance Observer
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Fig. 3. Equivalent transformation form of disturbance observer

Disturbance observer estimates disturbance on the control
system and compensates it. This disturbance estimation
is based on the acceleration ωs derived from the output of
the optical encoder. In other words, the control system has
acceleration feedback in essence. Consequently the control
system with disturbance observer is an acceleration control
system in essence.

B. Quantization error in acceleration control

This subsection describes the influence of a quantization
error on optical encoders in order to show the importance
of velocity measurement accuracy in acceleration control.
Fig. 3 shows the equivalent transformation form of dis-
turbance observer. Equation (4) shows τ̂dis estimated in
practice.

τ̂dis =
Gdis

s + Gdis

(
KtI

ref
a − Gv

s + Gv
Jnω̄s

)
(4)

ω̄ includes a certain amount of noise due to the quantization
error on the optical encoder. Its accuracy and delay depend
on the calculation method. Finite-difference derivative am-
plifies the noise. Fig. 4 shows velocity and acceleration
values in simulation. Velocity values are derived by finite-
difference derivative of position values. At the same time,
acceleration values are derived by finite-difference deriva-
tive of the velocity values. Parameters in this simulation
such as encoder resolution and sampling period are equal to
experimental parameters. The result shows how large the
noise on measured acceleration is, compared to the true
value. Two LPFs are introduced to reduce this noise while
they cause a delay on disturbance estimation. The cutoff
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Fig. 4. Velocity values and acceleration values derived by finite-
difference derivative

frequency of the LPFs should be high since this delay may
deteriorate the performance of the control system. Accu-
rate velocity measurement is indispensable to heighten the
cutoff frequency.

IV. Related research

A. M method

M method is the most widely used method to measure
velocity from encoder pulses. The principle is shown in
Fig. 5. me is the number of pulses during a fixed sampling
period Ts. me is utilized for velocity calculation by finite-
difference derivative.

Measured velocity ω̄ is figured out by (5). Following
equations show velocity resolution and measurement time.

ω̄ =
2πme

PTs
(5)

QV =
2π

PTs
(6)

QV

V
=

2π

PTsV
(7)

Tm = Ts (8)

where P denotes the encoder pulse number per rotation.
QV stands for absolute velocity resolution and QV

V stands
for relative velocity resolution. V denotes actual angular
velocity. Measurement time Tm is equal to the sampling
period Ts. Here, a sampling period stands for interval time
to count a pulse number periodically. On the other hand,
measurement time stands for interval time to calculate ve-
locity based on the pulse number counted in single or mul-
tiple sampling periods.

As shown in (6) and (7), velocity resolution becomes
larger as the sampling period becomes shorter. However,

Encoder pulse

Sampling period
sT sT

em

Fig. 5. Principle of M method

acceleration control requires both a short sampling period
and accurate velocity measurement.

The easiest way to improve accuracy is to average the ve-
locity values. The average of n sampling periods is acquired
by (9). The absolute and relative resolutions are shown in
Eqs. (10) and (11). Measurement time is prolonged as
shown in (12). These equations show that averaging im-
proves the accuracy to the nth part of the resolution while
measurement time becomes n times longer.

ω̄(i) =
2π

∑n
j=0 me(i− j)
nPTs

(9)

QV =
2π

nPTs
(10)

QV

V
=

2π

nPTsV
(11)

Tm = nTs (12)

B. T method

T method measures velocity by dividing the interpulse
angle by the pulse interval time as shown in Fig. 6. In the
figure, encoder pulses come successively with Te intervals.
Assuming that interpulse angle of the optical encoder is
completely accurate, accuracy of this method only depends
on the measurement of interval time Te. Te is substituted
by Tm = msTs. Here, ms is the number of sampling periods
during pulse interval. Although Tm is an approximate value
of Te, it contains an error less than Ts since ms is an integer.

Velocity is calculated by (13). Equations (14), (15) and
(16) show the performance.

ω̄ =
2π

msPTs
(13)

QV =
2π

ms(ms − 1)PTs
(14)

QV

V
=

2π

ms(ms − 1)PTsV
(15)

Tm = msTs (16)

It is shown from the equations that T method reduces
the maximum error inversely proportional to ms(ms − 1)
while measurement time becomes ms times longer. It is
obvious that accuracy improves much more than averaging.
However, there are several problems on this method. The
first problem is that the pulse interval is not measurable if
it is shorter than the sampling period Ts. In other words,
this method is only applicable to a low-speed range. The
other problem on this method is that the measurement time

Encoder pulse

Sampling period

sm

eT

Fig. 6. Principle of T method
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Tm is fluctuant and it depends on the velocity. Therefore
the measurement delay may become large.

C. M/T method

M/T method is an effective measurement method that
combines M method and T method. It improves the mea-
surement accuracy in a low-speed range and furthermore,
it works in all speed ranges. Its performance is in propor-
tion to T method in the low-speed range and M method
with averaging in the high-speed range.

V. Proposed method

A. Principle of proposed method

Principle and procedure of the proposed method are
shown in this subsection. The object of the proposed
method is to acquire high accuracy in all speed ranges.
In order to acquire high accuracy, this subsection discusses
why T method achieves high accuracy. Then the measure-
ment method that achieves the accuracy of T method in
all speed ranges is proposed.

Equation (13) shows that T method calculates velocity
by dividing interpulse angle 2π

P by interval time msTs. In
other point of view, it averages the velocity synchronized
with pulses.

Velocity measurement is more accurate in T method
since velocity calculation is synchronized with the timing
of encoder pulses. Fig. 7(a) shows an example when aver-
aging calculation is not synchronized. Average velocity is
irregular since sum of pulse numbers in n samples fluctuates
depending on the calculation timing. Fig. 7(b) shows the
other example when averaging calculation is synchronized
with pulses. Average velocity is smooth in this case since
sum of pulse numbers does not fluctuate. Consequently,
the synchronization in T method reduces the noise in cal-
culated velocity. T method is, however, limited in a low-
speed range because it is impossible to measure the interval
time if pulses occur in every sampling period.

Fig. 8 shows pulse numbers on respective sampling peri-
ods when velocity varies from low speed to high speed. In
fact, it is impossible to measure the interval time between
sequential pulses. However, the patterns of the waveform
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Fig. 7. Pulse pattern in low-speed range

in a high-speed range are quite similar to that in a low-
speed range. We can presume the patterns as occasional
pulses with a certain amount of offset. Hence the alteration
of pulse numbers, as shown in Fig. 9, should be detected
so as to synchronize the velocity calculation with it. We
call the alteration “pulse alteration”.

The procedures of velocity measurement are shown as
follows:

1. Count the pulse number me(i) in each sampling pe-
riod

2. Do not update the velocity value while the pulse num-
bers are constant

3. Calculate and update the velocity value if the pulse
numbers alter (i.e. if pulse alteration occurs)

The velocity value is derived from (17).

ω̄(i) =
2π

∑ms

j=0 me(i− j)
msPTs

(17)

Here, ms is the sample number during interval of pulse
alteration. The equation is quite similar to M method with
averaging. The difference is that averaging calculation of
the proposed method is synchronized with pulse alteration.
Equations (18), (19) and (20) show that the performance is
equivalent to T method. Furthermore, this method works
in all speed ranges.

QV =
2π

ms(ms − 1)PTs
(18)

QV

V
=

2π

ms(ms − 1)PTsV
(19)

Tm = msTs (20)

The proposed method is named “synchronous-
measurement method (S method)” since its calculation is
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Fig. 8. Pulse pattern in low and high-speed range
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synchronous with pulse alteration. High accuracy of T
method, which is synchronous with pulses but not with
pulse alteration, is expanded to a high-speed range with
this method.

The procedures of S method is carried out on a PC with
RT-Linux in this study. One of the advantages of this
method is that it is applicable to a system with a relatively
long sampling period since it works in all speed ranges.
Note that T method often requires a short sampling pe-
riod for extension of its measurable speed range. Further-
more, this method is also applicable to a system with an
auxiliary processor to acquire a shorter sampling period.
Accuracy of the velocity measurement improves with the
shorter sampling period.

B. Performance of velocity measurement methods

This subsection compares the theoretical performance of
each method.

Fig. 10 shows the measurement time on each method. M
method acquires the velocity information in every sampling
period. Averaging makes the measurement time longer
while it improves the measurement accuracy. Measure-
ment time depends on pulse interval in M/T method. The
measurement time is long in the low-speed range while the
measurement time is almost constant in the high-speed
range. Measurement time is fluctuant in the proposed
method. Measurement time becomes long when pulse al-
teration does not often occur. In fact, the delay becomes
large in particular velocity. This deteriorates control per-
formance when adverse effect of delay is larger than that
of the quantization error. Therefore a method to modify
the measurement time is applied [8]. In this method, veloc-
ity is calculated compulsory if measurement time exceeds
a threshold.

Fig. 11 compares the measurement resolution on each
method. M/T method is more accurate than T method
in a velocity range from 3.2 rad/s to 12.5 rad/s since its
measurement time is modified to be longer than Tc = 0.004
while the measurement time of T method is shorter in the
range. Meanwhile, M/T method has large Qv, absolute
velocity resolution, in a high-speed range. Accuracy of ve-
locity measurement methods is often compared on Qv/V ,
relative velocity resolution. Although M/T method has
large Qv in a high-speed range, Qv/V is kept small in all
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Fig. 11. Measurement resolution on each method

speed ranges. In this point of view, M/T method is effec-
tive for many motion control systems. However, accelera-
tion control regularly requires accuracy in all speed ranges.
The accuracy in the acceleration dimension is in proportion
to Qv, absolute velocity resolution. Hence small Qv is in-
dispensable for acceleration control. The result show that
S method achieves small Qv in all speed ranges.

VI. Simulation result

Simulations were executed to compare the accuracy of
velocity measurement methods in the completely same con-
ditions. Parameters were equal to those of the experiment.
In each simulation, the same sequence of external force
input was applied without any control input in order to
compare just the accuracy of measurement.

Fig. 12 shows the velocity measurement results of M
method, M/T method and S method respectively. M
method was averaged and the sample number for averag-
ing was 4. Velocity resolution is constant and large in M
method. On the other hand, M/T method achieves high
resolution in the low-speed range while the resolution is still
low in the high-speed range. The result shows that high
resolution in all speed ranges was achieved by S method.

VII. Experiment

This section shows experimental results to verify the va-
lidity of S method. The main focus is how robustness of a
motion control system improves with the method.

We applied PD control with disturbance observer to the
experimental system. Command velocity was kept con-
stant after it was raised from 0 rad/s to 40 rad/s in 5
seconds. Virtual disturbance of 0.2 Nm was given for 0.5
second when 7 seconds passed from the beginning of the
experiment. The disturbance was given by adding a cur-
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Fig. 12. Velocity measurement on each method

rent input to the control system. Fig. 13 shows the results.
Here, kv denotes a derivative gain of the PD controller. In
order to show a fair comparison, all of the response values
in the figure are derived by M method with a LPF. In other
words, the values in the figure are just to show and they
are not used for control. Gv,Gdis and kv were changed in
each experiment while kp, a proportional gain, was 20.0 all
the time.

The motor made a sound noise when Gv and Gdis were
larger than 20.0 rad/s in M method. A large oscillation
is confirmed in the result when Gv = Gdis = 50.0 in
M method. Acceleration control with Gv = Gdis = 50.0
was achieved without a sound noise in S method. The re-
sult shows that the performance of acceleration control im-
proved with S method. Furthermore, kv could be heighten
more without any destabilization because of the high reso-
lution of measured velocity. It is confirmed from the result
that an error on velocity control reduced with higher kv.

We did not multiply the pulse signal in this experiment
since the performance improvement due to S method be-
came smaller. This result indicates that irregularity of in-
terpulse angle adversely affects the accuracy of S method.
Our future work is to cope with this problem.

VIII. Conclusion

This paper proposed S method, a novel method of veloc-
ity measurement for motor drives with optical encoders. In
S method, the velocity measurement is synchronized with
alteration of pulse numbers. High accuracy of T method
is acquired in all speed ranges due to this synchronization.
Furthermore, other estimation methods are applicable in
addition since the method does not require any model of
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Fig. 13. Experimental result of PD control with disturbance observer

a control object. Simulation and experimental results ver-
ified the validity of the method. Although the method is a
fundamental technique for all motion control systems with
optical encoder, it is particularly effective for acceleration
control systems.
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