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Abstract. Urban rail systemsdependon speed sensors for velocitymeasurements,
which often face challenges such as noise interference and sampling delay errors,
particularly at low speeds. This study delves into the hardware structure, measure-
ment principles, speed calculation methods, and the root causes and impacts of
sampling errors on train control. A novel approach employing least squares curve
fitting is proposed to tackle these issues. Our research endeavors to augment the
efficacy and safety of urban rail systems by augmenting low-speed speed detec-
tion’s precision and dependability. To authenticate the efficacy of the suggested
technique, we conducted rigorous simulation tests. The study’s results unveil
auspicious strides in fortifying the security and steadfastness of rail operations,
thereby accentuating the latent potential harbored within the proposed method to
optimize urban rail systems.
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1 Introduction

Urban rail systems are a fundamental infrastructure, providing convenient and accurate
transportation for citizens. Urban rail transit systems bestow upon residents an exalted
quality of life, as they deftly optimize the flow of urban traffic. However, maintain-
ing the stable operation and safety of urban rail transit requires a deep understanding
and research of many key technologies, among which speed detection technology is
particularly critical [1, 2].

Speed detection plays a crucial role in the operation of urban rail trains, directly
affecting several important aspects such as train operating speed, braking efficiency,
and driving stability. Especially during the braking process of asynchronous motors,
precise speed detection is necessary. In the realm of speed detection, the prevailing
methodologies encompass the utilization of velocity gauges for the purpose of speed
quantification, as well as discernments devoid of such velocity gauges.

The speed observation method doesn’t rely on hardware devices like speed sensors
and offers advantages such as cost-effectiveness, compact size, and easy maintenance.
While theoretically, this method can achieve higher precision by directly measuring
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motor parameters, its accuracy can be affected by factors like data errors and motor
model parameter variations. Hence, in practical applications, it may not attain the same
level of precision as speed measurement using speed sensors [3].

The primarymerits inherent in themethod of speedmeasurement employing velocity
sensors reside within its lofty precision and unwavering constancy. By directly ascer-
taining the velocity of objects, its measurement outcomes typically manifest heightened
accuracy, thereby adeptly mirroring the veritable circumstances at hand. This speed
measurement method has been widely used in commercial products.

2 Principle of Speed Sensor

2.1 Hardware Model Analysis of Speed Sensor

Figure 1 displays an internal gear structure of the speed sensor of the urban rail train
control system, which furnishes speed signals [4]. For simple applications, a single
output signal and one track on the encoder disk are sufficient to meet the requirements.
However, for more complex applications with stricter safety requirements, multiple
output signals or two tracks on the encoder disk are needed. To deduce the trajectory
of locomotion, the disparity in phase betwixt the pair of emitted signals is harnessed,
serving as a determinant of travel direction.

Fig. 1. Speed sensor mechanical interface

Fig. 2. Output waveform of the speed sensor

The speed sensor used on urban rail trains is an incremental optical speed sen-
sor. A device dedicated to detecting rotational angular displacement manifests assem-
blage, relinquishing dual square wave pulse signals emanating from an axle’s revolution.
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These signals, elegantly depicted in Fig. 2 [5], when subjected to meticulous scrutiny of
their phase correlation, endow the capability to discern the motor’s rotational direction.
Henceforth, this discernment unveils insights into the motion state of the train during
that particular temporal juncture.

2.2 The Theory of Speed Measurement

To fathom the realm of velocity assessment leveraging the pulse waveform output har-
nessed from the speed sensor, a duo of distinct methodologies has been scrupulously
forged: The M-method and the T-method. The following analysis will focus on these
two methods [6].

Fig. 3. M-method

Fig. 4. T-method

As vividly depicted in Fig. 3, the underlying principle governing the M-method of
speed measurement resides in the meticulous enumeration of the quantum of pulses M1,
gratuitously dispensed by the speed sensor, spanning a steadfast temporal interval T. The
speed within T is deduced by computing the rotational angle in a single unit of time.
Using the M-method:

n = 60NM

NpT
(1)

During instances of diminished velocity, the allotted temporal span for measurement
becomes truncated, thus engendering a diminished tally when employing theM-method.
Consequently, this decrement in count imparts a more substantial influence of error.
However, as the train speed increases, the time between pulses decreases, leading to an
increased count and improved accuracy with the M-method, as shown in Fig. 4. Using
the T-method:

n = 60fT
NpM2

(2)

At elevated speeds, the T-method detects a paucity of pulses; however, as the rota-
tional velocity diminishes, the discernedpulse count experiences a gradual augmentation.
The T-method’s accuracy in speed measurement is enhanced as a consequence.
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3 Causes of Speed Measurement Errors

The origins of errors in speed sensors predominantly encompass hardware-induced dis-
crepancies and theoretical inconsistencies, both of which bear substantial influence on
the resultant measurement outcomes [7]. This section will primarily focus on the study
of theoretical errors.

3.1 Theoretical Errors in Speed Sensor Speed Measurement Sampling

Speed sensors behave like zero-order hold in analog-to-digital conversions. They convert
pulse signals into discrete step signals, introducing delay errors that are more prominent
at low speeds.

Speed measurement results are digital signals that represent time intervals between
periods [8]. Adjusting measurement standards, such as detecting both rising and falling
edges of sensor pulses, can improve speed measurement, especially for sensors with low
resolution [9]. However, achieving accurate orthogonal relationships and uniform pulse
distribution with a 50% duty cycle is challenging in real-world applications.

Regardless of the speed measurement method, there will always be a certain delay in
the sampled output. This delay causes slight underestimations during acceleration and
slight overestimations during deceleration, particularly noticeable at low speeds.

3.2 The Impact of Sampling Errors on Control Systems

Speed measurement in indirect vector control of asynchronous motors is influenced by
various factors such as speed PI controller parameters, speed sampling frequency, speed
itself, and the torque command value. Larger sampling times result in greater angular
errors and introduce inaccuracies in torque control, especially at speeds below 5 km/h.

By scrutinizing the ramifications of speed sampling errors on velocity control, it is
plausible to simplify the current loop as an elementary inertia element of first-order.
Increased sampling times lead to greater phase lag and smaller phase stability margins,
affecting system responses under the same PI parameters. When the speed sensor sam-
pling frequency is sufficiently high, the current loop can achieve minimal overshoot and
phase lag, resulting in better performance. However, insufficient sampling frequency
leads to limitations in the current loop’s bandwidth, affecting the speed control system
due to significant peak resonance value and phase lag [10].

4 Reducing Speed Measurement Errors Through Curve Fitting

Minimizing disparities between the fitted curve and the data points is the goal of curve
fitting, with a focus on minimizing deviations rather than accurately navigating each
point [11]. The goal is to ensure that all points closely align with the curve, effectively
reducing local fluctuations. In the case of continuous and high-inertia systems such as
urban rail trains, the least squares curve fitting method is suitable for estimating the
train’s running speed and motor speed.
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4.1 Least Squares Principle

In a certain function class φ:

φ = {φ0(x), φ1(x), · · · φn(x)} (3)

There exists a function φ(x) such that:

ϕ∗(x) = a∗
0ϕ0(x) + a∗

1ϕ1(x) + · · · + a∗
nϕn(x) (4)

Satisfying the condition:

m∑

i=1

[ϕ ∗ (xi) − yi]2 = min
ϕ(x)∈�

m∑

i=1

[ϕ(xi) − yi]2 (5)

where:

ϕ(x) = a0ϕ0(x) + a1ϕ1(x) + · · · + anϕn(x) (6)

can be any function in the function class φ.
Taking the function ϕi(x) as:

ϕi(x) = xi (7)

We obtain the algebraic polynomial:
⎧
⎪⎪⎨

⎪⎪⎩

ϕ(x) = a0 + a1x + a2x
2 + · · · + anx

n

(ϕk , f ) =
N∑

i=1

xki yi(k = 0, 1, · · · ,m)
(8)

By performing a matrix transformation to:
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Urban rail trains typically have weights in the hundreds of tons, and their systems
have high inertia. Therefore, the vehicle speed does not undergo abrupt changes during
operation, and the traction motor speed can be considered as a continuous variation.
Whose elements are typically represented as:

ϕ(x) = a0 + a1x + a2x
2 + · · · + anx

n (10)

Whilst engrossed in the fitting process, let us posit the order of the fitting function
to be n. It becomes necessary to establish the extent of the sampling interval, denoted
as N, and identify the precise time point, represented by N′, for prediction calculations.
We collect m measurement values from the speed sensor as the initial conditions for
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the calculation. Let’s denote the corresponding reference speeds for the N points as
n1, n2, · · · nN and assign a unique index 1, 2, · · ·N to each sample.

At the current time t:

nN = nt (11)

Whenanewvelocitymeasurement valuent+1 is obtained at the next time t+1, thefirst
sampled value with the initial index is discarded. The remaining data points are shifted
forward in terms of their corresponding indices, updating the values of n′

1, n
′
2, · · · n′

N
and their corresponding indices 1, 2, · · ·N . Using the least squares method for velocity
fitting, the novel coefficients are computed, thus avoiding any alteration to the sampling
interval’s initial length, thus preserving consistency. The process can be represented by
the following equation:

{
n′
N−1 = nN
n′
N = nt+1

n = 1, 2, · · · ,N (12)

Considering the large inertia of urban rail trains and the fact that the deceleration and
braking process can be modeled as a first-order function, high-order polynomial curve
fitting can easily lead to ill-conditioned problems.

5 Simulation Verification

Integrating the angle of rotation in a unit of time can generate the corresponding pulse
signals. In practical engineering, a speed sensorwith 60 teeth is commonly used for speed
measurement. Therefore, for simulation purposes, we will use a model of a 60-tooth
speed sensor. The parameters for simulation experiment are presented in Table 1.

Table 1. The simulation experiment parameters

Parameter Value

Simulation step size 2e−6

Interrupt frequency of the DSP 1k

Number of teeth on the speed measuring gear 60

Method T-method

White-noise 10%

Order for the fitting function 1

Sampling interval values for the fitting function 200

Calculation points for the fitting function 15
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5.1 Speed Measurement Error Correction

After the speed signal, which encompasses noise, is sampled by the speed sensor, it
proceeds through a series of processing steps entailing the utilization of the least squares
fitting algorithm. To emulate the repercussions of veritable speed sensor sampling errors,
a viable approach involves integrating an error component into the simulated speed
signal. This is achieved by infusing 10% white noise into the speed signal, thereby
engendering a composite signal that faithfully emulates the sampling errors encountered
during real-world operations. The resultant amalgamated signal exhibits instability and
substantial fluctuations, as exemplified in Fig. 5.

Fig. 5. Speed signal with white noise added

Fig. 6. Curve-fitted valve of the simple value

Following the sampling of the speed signal containing noise by the speed sensor, it
undergoes processing employing the least squares fitting algorithm. The outcome is a
meticulously fitted speed curve that closely aligns with the ideal signal. Through this
fitting process, fluctuations within the speed measurement curve are mitigated, resulting
in a reduction of errors, as exemplified in Fig. 6.
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5.2 Sampling Delay Correction

Table 1 showcases the parameter values germane to the simulation experiment, con-
stituting the pivotal elements subject to adjustment in the realm of least squares curve
fitting. These parameters encompass the fitting function’s order, the temporal span of
the sampling interval, and the designated points utilized for prediction calculations.

Fig. 7. Sample value of speed sensor

Fig. 8. Curve-fitted valve of the simple value

The speed sensor exhibits a certain delay in measuring velocity, which is more
pronounced at low speeds due to the nature of the digital DSP control system, as shown
in Fig. 7. Analyzing the simulation waveform reveals that a larger prediction calculation
point results in a more significant advancement effect on the fitted velocity value. A
suitable calculation point should be chosen during the control process, considering the
actual conditions and the inherent delay error of the system, as shown in Fig. 8.

6 Conclusion

This article meticulously examines the mechanical structure and speed measurement
principles governing the speed sensor. It delves into the implementation techniques of
control system software, expounds on speedmeasurement methodologies, elucidates the
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origins of speed measurement errors, and assesses their consequential impact on control
precision. Specifically, it scrutinizes system errors and delay errors inherent in speed
measurement during low-speed conditions and proposes a novel approach employing
the least squares curve fitting technique. Through comprehensive simulations, the article
verifies the efficacy of curve fitting, thus effectively enhancing the accuracy of speed
detection for urban rail transit trains operating in low-speed scenarios.
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