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Abstract(limited to 500 words)

Integrated the related theoretical, numerical and experimental research results,
based on the microcosmic molecule dynamics and nonlinear dynamics, the bearing- rotor
system dynamics and tribological characteristics are studied, with the lubricant
contained high molecule additives (non-Newtonian fluid) and based oil (Newtonian fluid)
as lubrication medium respectively. The mechanism of the viscoelastic fluid delaying
transition to turbulence of oil film in bearing clearance of high speed rotor is
investigated. The lubrication mechanism of high molecular weight ubrication film is
analyzed. And the turbulent drag reduction mechanism of high molecular polymer is
studied.

Keywords(limited to 5 keywords,seperated by;):viscoelastic fluid; nonlinear dynamics;
sliding bearing
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Experiment analysis of hydraulic retarder brake
performance based on dimension analysis

LIN Caixia
( College of Engineering South China Agricultural University Guangzhou Guangdong 510642 China)

Abstract: To disclose the essential rule of influence factor on hydraulic retarder brake the effects of
working media physical parameters working parameters and geometry parameters on hydraulic retarder
brake performance were tested and verified based on dimension analysis. The criterion function of brake
torque was deduced with parameters of Re Pr Eu unit dip angle and chordal section length ratio. The
theory and experiment research results show that the torque performance is affected by oil temperature.
The torque is inversely proportional to Pr for the same working liquid and the torque is decreased with
the increasing of Pr. The larger the Re is the more violent the working media flows with increased
torque. The torque is increased with the increasing of oil pressure and the torque driving force comes
from the pressure difference of working media.

Key words: hydraulic retarder; braking performance; dimension analysis; criterion function; experiment
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U467.172 A 1000-3703 (2010 ) 04-0046-04
Revising Model of Automobile Rolling Resistance based on Bench Test

Lin Caixia', Liu Haoxue?
(1.South China Agricultural University; 2. Chang’an University; 3.Xingtai Polytechnic College )
[Abstract]By studying the difference of rolling resistance between chassis dynamometer bench and road, and
analyzing the rolling resistance of wheels on bench, a revising model to test rolling resistance of vehicle bench is built.
The paper takes a vehicle as example to compare and test the model with stand. With the aid of this model, loading power
of the tested vehicle on the chassis dynamometer with random barrel diameter is obtained with accuracy in compliance
with the requirement of dynamometer test regulation.

Key words: Rolling resistance, Dynamometer, Revising model
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Setting of hydraulic retarder energy dissipating formula

LIN Cai-xia,ZHAO Xu-fei

(College of Engineering,South China Agricultural University,
Guangzhou 510642, China)

Abstract: The hydraulic retarder is auxiliary brake equipment
that turns the moving energy to the heat to brake placidity. It has

the advantage of big torque,placidity, good heat disperse and long

* 2013-10-08 2013-12-10
YZ08-43601

1989—

124

life so it is widely used in heavy,high speed vehicle. Energy dissi-
pating formula of hydraulic retarder was set up in the paper by an-
alyzing the working medium flow characteristic and the force of the
working medium micro point,on the base of Eula theory,which
drew a conclusion that the torque of hydraulic retarder was decided
by the friction work which had relation with the working medium
and the strain rate square. Last the paper points to the core of the
mechanism design is to limit the flow form of working medium and
settles the theory foundation of the hydraulic retarder design.

Key words : hydraulic retarder;inner flow characteristic ; ener-
gy dissipating formula
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Energy efficiency analysis of hydrodynamics retarder brake system

LIN Cai-xia, LI Chang-you,ZHAO Xu-fei
(College of Engineering,South China Agricultural University , Guangzhou,510642)

Abstract: In view of the energy dissipation characteristics of hydraulic retarder brake system,this paper establishes an ex-
ergy balance foundations for analysis of exergy efficiency. The analysis reveals the essence of hydrodynamics retarder inner flu-
ent field energy transferring nature,provides energy efficiency analysis method and theory foundation for improving the braking

performance and optimizing design of hydrodynamics retarder.

Key words : hydrodynamics retarder;brake system;exergy balance foundations;energy efficiency analysis
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Research Development of Hydraulic Retarder
LIN Caixia ZHAO Xufei
( College of Engineering South China Agricultural University Guangzhou Guangdong 510640 China)
Abstract: The situations of domestic and foreign research on hydraulic retarder design theory and test technology in recent years
were summarized which included domestic patent design theory based on reversing solution theory calculation based on Eula theory
CFD numerical research and structure strength analysis based on coupling of flow field and solid all kinds of test means and experi—
mental technique. The related research progress and achievements were also analyzed and summarized.
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Research of the Difference in Automobile Coast—down Test between Bench and Road

LIN Cai-xia
(School of Engineering, South China A gricultural University, Guangzhou, 510640, China)

Abstract: Analysis the difference between the bench and the road, taking King—long as testing vehicle, some comparing experiment been
done. The main difference are the resistance, such as bench resistance, roil resistance and coast—down inertia. Base on the analysis, the
coast—down distance revising model is supposed to set up to improve its accurate on bench test.

Keywords: automobile; coast—down distance; road and bench; difference
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Abstract: Litchi downy blight caused by Peronophythora litchii is the most serious disease in litchi
production, storage and transportation. Existing disease identification technology has difficulty
identifying litchi downy blight sufficiently early, resulting in economic losses. Thus, the use of diffuse
reflectance spectroscopy to identify litchi downy blight at different stages of disease, particularly to
achieve the early identification of downy blight, is very important. The diffuse reflectance spectral
data of litchi fruits inoculated with P. litchii were collected in the wavelength range of 350-1350 nm.
According to the duration of inoculation and expert evaluation, they were divided into four categories:
healthy, latent, mild and severe. First, the SG smoothing method and derivation method were used
to denoise the spectral curves. Then, the wavelength screening methods competitive adaptive
reweighted sampling (CARS) and successive projections algorithm (SPA) were compared to verify
that the SPA method was more effective. Eleven characteristic wavelengths were selected, accounting
for only 1.1% of the original data. Finally, the characteristic wavelengths were tested by six different
classification models, and their accuracy was calculated. Among them, the ANN model performed
best, with an accuracy of 90.7%. The results showed that diffuse reflectance spectroscopic technology
has potential for identifying litchi downy blight at different stages, providing technical support for
the subsequent development of related automatic detection devices.

Keywords: litchi downy blight; spectroscopy analysis; SG smoothing; CARS; SPA; classification models

1. Introduction

Litchi (Litchi chinensis Sonn.) is a subtropical evergreen fruit tree. Because of its high
nutrition and delicious taste, this fruit tree has been planted in many places worldwide
and is deeply loved by consumers. In addition, litchi has high economic value and is an
important commercial crop. The annual output value of China’s litchi industry exceeds
four billion US dollars [1]. However, litchi downy blight caused by Peronophythora litchii
seriously threatens the development of the litchi industry and is one of the most serious
and widespread diseases in litchi production, storage and transportation [2]. Litchi downy
blight mainly affects mature or nearly mature litchi fruits. The onset of this disease mostly
starts from the fruit pedicle [3]. At the beginning, irregular brown spots appear on the
fruit surface, and then the spots spread rapidly, causing the whole fruit to turn black and
brown within 2-3 days. As the flesh decays and falls off, the tawny juices flow out, giving
off a sour wine taste. In the middle and late stages of the disease, especially under humid
conditions, white downy mildew is produced on the surface of fruits [4]. Litchi downy
blight is highly infectious and occurs quickly. If prevention and control measures are not
taken in time, this disease can generally cause a 10-30% yield loss or an 80% yield loss in
epidemic years.
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Currently, the identification of litchi downy blight mainly relies on a visual screen
by agricultural experts to manually identify this blight in orchards, or fruit samples are
sent to laboratories for testing using biochemical or molecular methods [5]. The former
method is quite subjective, laborious and inefficient. The latter method is destructive and
highly expensive. In view of the high infectivity and rapid onset of litchi downy blight,
these methods have difficulty identifying an epidemic in actual production, resulting in
further loss. Therefore, advanced sensors combined with computer technology have the
potential to realize the nondestructive, rapid and accurate automatic identification of litchi
downy blight, which can identify an epidemic in orchards and help farmers take measures
to prevent the spread of the epidemic so that the yield loss of litchi is markedly reduced [6].
In addition, reducing pesticide use is vigorously promoted. Automatic identification is of
great significance for the accurate prevention and control of litchi downy blight.

Regarding the identification of crop diseases, many experts and scholars have per-
formed extensive research, including on cucumber downy mildew [7], leek white tip
disease [8], leek white tip disease [9], fusarium head blight of wheat grain [10] and other
typical crop diseases. However, there are few studies on litchi disease identification. In
addition, as leaves are the main organs of plants and are one of the main areas of infectious
diseases [11], most studies have focused on leaf diseases but not fruit diseases. For litchi,
the fruit is the most economically valuable part and the main area on which litchi downy
blight occurs. This paper focused on this fruit disease and explored the identification of
litchi downy blight.

Spectral technology has been proven to be effective in crop disease identification [12].
A large number of studies have shown that when crops are affected by plant diseases,
along with the changes in their external morphology, their spectral characteristics usually
change, which can be monitored by spectral data acquisition [13]. Therefore, crop disease
identification is possible through spectral data analysis. Compared with traditional identi-
fication methods based on visible light images, spectral methods have higher sensitivity.
The visible light imaging method only shows good recognition of the late stage of obvious
disease onset; moreover, it is easily interfered with by light conditions and other factors
when applied under natural conditions [14]. Spectral methods enable the identification of
the early stage of crop disease and classification of different disease stages.

However, spectral data contain a large amount of redundant information, which may
affect the efficiency of the modelling analysis [15]. Therefore, to reduce the interference of
useless information, it is necessary to execute characteristic wavelength screening. This
screening method not only increases the accuracy and stability of the identification model
but is also valuable for practical production applications by reducing costs. Currently,
the common characteristic wavelength screening methods mainly include the competitive
adaptive reweighted sampling (CARS) method and successive projections algorithm (SPA)
method [16]. In this paper, these two screening methods were compared and analysed
using different parameters to determine the optimal screening conditions and methods.

In the application of spectral data to solve practical problems, such as crop disease
identification, classification models are important analytical and processing methods [17].
The processed spectral data corresponding to litchi fruits infected with downy blight of
different severities must be correctly classified to identify litchi downy blight. Therefore,
this paper compared different typical classification models, including decision tree, linear
discriminant analysis (LDA), naive Bayesian classifier, K-nearest neighbor (KNN), support
vector machines (SVMs) and artificial neural networks (ANNSs).

In summary, the purpose of this study is to provide a nondestructive litchi downy
blight identification method based on spectral data analysis, which can classify litchi fruits
infected with downy blight at different severities, including healthy, latent, mild and severe
infections. The methodology of this study is as follows (Figure 1):

(1) Through scientific and reliable experiments, the diffuse reflectance spectral dataset of
litchi fruits with different stages of downy blight infection was collected as the basis
for the following research and analysis.
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(2) Tosimplify the spectral data and make the model more efficient, two different methods
of characteristic wavelength screening, CARS and SPA, were evaluated using different
preprocessing parameters.

(3) Six different classification models were evaluated and tested to realize nondestruc-
tive identification of litchi downy blight at different stages. Then, the model that
performed best was identified through comparisons.
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Figure 1. Overall flow chart.

2. Materials and Methods
2.1. Inoculation and Cultivation of Litchi Downy Blight

The inoculation and cultivation experiment of litchi downy blight was carried out in
the China Litchi and Longan Industry Technology Research System Integrated Laboratory,
College of Engineering, South China Agricultural University, in July 2021. The tested
strain of P. litchii was SHS3, which was stored in the College of Natural Resources and
Environment, South China Agricultural University. The tested litchi fruits were harvested
from the litchi orchard at the Institute of Fruit Tree Research, Guangdong Academy of
Agricultural Science. Before inoculation, the strain was activated in fresh carrot agar
medium, and then, after 5 days of cultivation, a fresh colony of P. litchii was obtained.
Sterilized water (5 mL) was added to the colony and shaken gently to obtain a sporangial
suspension. Meanwhile, the litchi fruits were incubated in the sterile environment of the lab
for over 48 h before the experiment to confirm that they were heathy. Afterwards, healthy
litchi fruits of moderate size were selected, ensuring that their surface was clean and dry,
and placed in a crisper box. Then, 0.05 mL of sporangium suspension was drip-inoculated
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using a pipettor onto the epidermal centre of each litchi fruit. The inoculated fruits were
placed in an incubator at 25 °C for moisturizing cultivation. The specific processes of the
inoculation and cultivation experiment are shown in Figure 2.

Figure 2. The process of the inoculation and cultivation experiment.

All litchi samples were ensured to be healthy before inoculation, and litchi downy
blight was inoculated and cultivated using scientific procedures. Thus, all subsequent
changes in litchi samples were due to litchi downy blight, including color changes, disease
spots, white downy mildew and some other surface properties.

2.2. Spectral Data Acquisition

Spectral data acquisition of litchi downy blight was conducted in July 2021 in the outdoor
space of South China Agricultural University. Spectral data, ranging from 350-1350 nm,
of litchi fruits inoculated with P. litchii were collected by an ASD Field Spec 3 Portable
Spectroradiometer (Analytical Spectral Devices, Inc., Boulder, CO, USA). The instrument is
sensitive to visible and near-infrared light, has a spectral sampling interval of 1.377 nm and
has a spectral resolution of 3 nm at 700 nm [18]. During data acquisition, an optical fibre
probe with a 25° field of view was equipped and placed 2 cm vertically above the litchi
sample to be measured. In particular, we ensured that there were no other miscellaneous
objects in the field of view of the probe and that the amount of sunlight was sufficient.
Three spectral data curves were collected for each litchi sample. The process of spectral
data acquisition is shown in Figure 3. The first spectral data acquisition was carried
out before inoculation; thereafter, spectral data were acquired every 24 h. Moreover,
litchi samples were continuously observed, especially the progression of symptoms and
growth of white downy mildew, until the litchi samples were severely infected, at which
time the last spectral data were acquired. Finally, a total of 7 spectral data acquisitions
were accomplished.

2.3. Disease Stages of Downy Blight

The disease stages of litchi downy blight were divided into 4 categories: healthy, latent,
mild and severe. Before the experiment, all litchi samples were observed for 36 h to ensure
healthy conditions. The latent category was defined as the period between inoculation with
P. litchii and the first appearance of prominent lesion spots. As shown in Figure 4, the mild
category refers to visible brown lesion spots on the surface of litchi fruit accounting for
10-30% of the surface area. The severe category refers to the surface of litchi fruit being
totally browned and covered with white downy mildew.
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Figure 3. The process of spectral data acquisition.
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Figure 4. Images of litchi fruit at different disease stages: (a) healthy, (b) latent, (c) mild and (d) severe.

Principally, the division of different disease stages was based on the duration of
inoculation of P. litchii; however, due to experimental error and individual differences
between litchi fruit samples, the actual disease progression of each sample was slightly
different. Therefore, to improve the quality of the data, agricultural experts were also
invited to evaluate the stages of individual litchi samples through images to calibrate
the division results. Samples whose disease stage was difficult to accurately define were
discarded. Finally, a total of 609 data points were obtained and are shown in Table 1.

Table 1. Distribution of the dataset.

Healthy Latent Mild Severe Total
121 186 109 193 609

2.4. Spectral Data Preprocessing

The original spectral data not only contained the characteristic spectrum of the tested
litchi sample but also contained noise data such as high-frequency random noise and
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baseline drift. Moreover, they are also affected by the physical properties of the samples,
such as viscosity, particle size, surface texture and density. Therefore, before using spectral
data for sample attribute analysis, pretreatment should be carried out first to achieve noise
reduction and reduce the interference of other influencing factors.

2.4.1. Savitzky—-Golay Smoothing

The Savitzky-Golay (SG) smoothing method is a widely used spectral denoising
method. Compared with traditional methods, such as moving average smoothing, this
method emphasizes the central role of the centre point. The principle of SG smoothing
is to set a smoothing frame in advance, use the weighted average method to carry out
polynomial least square fitting to the data in the moving frame, and then use the convolution
calculation method to move the frame backwards to complete the smoothing processing of
all data [19].

The smoothing effect varies with the size of the smoothing frame. The larger the frame
size is, the more significant the smoothing effect but the greater the possibility of losing
useful information. In this study, different smoothing frame sizes ranging from 31-51 and
different polynomial orders ranging from 2—4 were tested.

2.4.2. Derivation

The derivative method can be used to eliminate the influence of baseline drift or
gentle background, which is beneficial to improve the resolution and sensitivity of spectral
data. However, if the signal-to-noise ratio (SNR) of the original spectral data is not high
enough, the derivation will further amplify the noise signal and adversely affect the analysis.
Therefore, the derivative method was combined with the SG smoothing method. The SG
smoothing method is a polynomial fitting, and the weighted average expression of the
frame centre required by the derivation of the polynomial can be obtained. The derivative
coefficient can be obtained by least square calculation. The specific calculation method is
as follows

1
xi/ = erz_mwjxiﬂ, i=1,..,n—2m (1)

where the smoothing frame size is 2 m 4+ 1, A is the normalization constant, x;/ is the
smoothing data of spectral data x;, w; is the corresponding derivative coefficient, and
wj is determined after the frame size is determined. The purpose of multiplying each
measured value by the derivative coefficient w; is to minimize the effect of smoothing on
the useful information, and w; is obtained by polynomial fitting based on the least square
principle. The smoothing effect varies with the differentiation order. In this study, different
differentiation orders ranging from 0-2 were tested. After smoothing, the spectral data
will lose m wavelengths at both ends, and the remaining wavelengths correspond to each
original data point. Therefore, smoothing will not affect the feasibility of the following
further analysis in practical applications.

2.5. Characteristic Wavelength Screening
2.5.1. Competitive Adaptive Reweighted Sampling

CARS is a characteristic wavelength screening method combining Monte Carlo sam-
pling and the regression coefficient of the PLS model, imitating the principle of “survival
of the fittest” in Darwinian evolution theory [20]. In the CARS algorithm, points with
a large absolute weight of the regression coefficient in the PLS model were reserved as
new subsets through adaptive weighted sampling (ARS) each time, and points with small
weights were removed. Then, the PLS model was established based on the new subsets.
After several calculations, the wavelengths in the subset of the minimum root mean square
error (RMSECYV) of the PLS model were selected as the characteristic wavelengths.
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2.5.2. Successive Projections Algorithm

SPA is a forward selection variable method of characteristic wavelength screening. By
using projection analysis of vectors, the wavelength is projected onto other wavelengths,
and the size of the projections is compared [21]. The wavelength with the largest projec-
tion vector is selected as the wavelength to be selected, and then the final characteristic
wavelengths are selected based on the correction model. SPA selects the combination of
variables with the least redundant information and the least collinearity. The main steps of
the algorithm are as follows.

The initial iteration vector is denoted as xy(g), the number of variables to be extracted
is N and the number of columns of the spectral matrix is J. Any one column in the optional
spectral matrix is denoted as column j, and we assign column j of the modelling set to x;,
denoted as xy(q).

The set of unselected column vector positions was denoted as s

s={j,1<j<Jjé{k0),. k(n-1)}} (2)

The projection of x; to the remaining column vectors was calculated separately Py,

-1
Py = xj — (x]Txk(nfl))xk(nfl) (x]z(nfl)xk(nfl)) JEs 3)

The spectral wavelength of the largest projected vector was extracted

k(n) = arg(max(HijH),j c s) @)

To make Xj = Px]., j € s, whenn < N, the rule n = n 4 1 was applied, and then loop
calculations were performed.

Finally, the extracted variables were {xk(n) =0,..,N—1 }, corresponding to k(0) and

N in each cycle. Multivariable linear regression (MLR) models were built separately, and the
root mean squared error (RMSE) for the interactive validation of the model was obtained.
For different candidate characteristic subsets, the values of k(0) and N corresponding to
the smallest RMSE value were the optimal values.

2.6. Classification Models

To correctly evaluate the spectral data corresponding to different disease stages of
litchi downy blight, the problem was approached as a classification problem. When a group
of litchi spectral data is obtained, the model can automatically determine which data point
is healthy, latent, mild or severe to complete the identification of the disease stages of litchi
downy blight. There are many classification models that can achieve such tasks, such as
decision trees, LDA, naive Bayesian classifiers, KNN, SVMs and ANNSs.

The decision tree algorithm [22] uses a tree structure and layer reasoning to achieve
the final classification. The amount of calculation is relatively small, and it is easy to convert
into classification rules. In this study, the split criterion was set as gin’s diversity index, and
the maximum number of splits was 20.

LDA [23] finds the optimal projection direction, projects the points in the high-
dimensional space to the low-dimensional space, and then reclassifies the low-dimensional
space. Generally, for linearly separable samples, LDA makes the samples remain linearly
separable after dimensionality reduction through a projection direction, the distance be-
tween samples of different categories is as far as possible, and the same sample is as
concentrated as possible.

The idea of the naive Bayesian classifier [24] is to treat the spectral characteristic vector
of the classified sample, calculate the probability of each category under the condition of
the spectral characteristic vector, and consider the sample to be classified as the category
with the highest probability. In this study, the numeric predictors are set as the kernel, and
the kernel type is set as Gaussian.
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KNN [25] is a nonparametric method, the idea of which is that if most of the samples
have similar K values in the feature space (that is, the closest neighbors in the feature space)
belong to a certain category, the sample also belongs to this category. In this study, the
distance metric was set as a cosine, and the number of neighbors was 10.

The basic idea of SVMs [26] is to construct an optimal decision hyperplane in the
feature space, which maximizes the distance between the hyperplane and the nearest
samples of different classes. SVMs are suitable for solving the problem of high-dimensional
classification of small samples. In this study, the kernel function of the SVM was set
as quadratic.

ANNSs are designed based on the research results of biological neural networks and are
systems composed of many simple processing units working in parallel. The ANN function
depends on the structure of the network, the connection strength and the processing mode
of each unit. ANNSs have great potential in information processing. In this study, the type
of ANN was a wide neural network, and the number of fully connected layers was one,
with a layer size of 100. The activation function was ReLU, the iteration limit was 1000, and
the regularization strength (lambda) was 0.

In summary, the classification models were used to identify the spectral data of
litchi downy blight at different disease stages. In this study, both the original full-band
spectral data and the selected characteristic wavelength data were tested, and their accuracy
calculated and compared.

All of the analytical procedures used in this study were performed with algorithms
developed in MATLAB vR2021a software; specifically, the classification models were
analysed using the Statistics and Machine Learning Toolbox (Version 12.1).

3. Results
3.1. Spectral Data Characteristics of Litchi Downy Blight

The pathogenic process of litchi downy blight developed rapidly after inoculation
with P. litchii, and it only took 5 days to achieve the severe stage. The figures show the
original spectral data corresponding to samples at different disease stages of litchi downy
blight. Overall, the trend of the spectral curves was basically consistent, indicating that
the experiment is reliable. The characteristics of spectral curves corresponding to different
disease stages were significantly different, especially in the range of 400-950 nm, which
covers visible and near-infrared light (Figure 5). Therefore, it is feasible to distinguish
different disease stages of litchi downy blight through spectral data.

Litchi fruits of the healthy category of downy blight had abundant spectral reflection
in the visible light range, showing a reflection peak at approximately 660 nm, reflecting the
red color characteristic of litchi fruits and forming a platform characteristic at 750-930 nm
(Figure 5a).

During the latent category of downy blight, the litchi fruit surface began to show
slight browning, which was difficult to detect by visual observation. The spectral curve of
litchi fruit in the range of 600-930 nm was smoother than that of healthy fruit, showing
an upwards convex curve in general, especially the small wave valley at 685 nm, which
decreased or even disappeared (Figure 5b).

When the mild category of downy blight was present, there were obvious dark brown
spots on the surface of litchi fruits, with white downy mildew present around the spot area.
The reflectance of the spectral curve in the range of 600-930 nm was lower than that of the
latent category, and the slope was close to 1 (Figure 5c).

The surface of litchi fruit of the severe category of downy blight was completely brown
and covered with a thick layer of white downy mildew. The reflectance of the spectral curve
decreased further in the range of 700-930 nm but increased in the range of visible light,
which was inferred to be related to the significant change in the surface color characteristics
of litchi fruit (Figure 5d).
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Figure 5. Spectral curves recorded at different disease stages: (a) healthy, (b) latent, (c) mild and
(d) severe.

In addition, in the near-infrared spectrum range of 950-1350 nm, the spectral data
corresponding to different disease stages of downy blight showed little difference. At
approximately 1150 nm, relatively obvious noise was observed. This noise existed in the
spectral data of all samples and was relatively uniform. Therefore, noise was not considered
to affect the subsequent experimental analysis.

3.2. Result of Spectral Data Preprocessing

The original spectral data without processing have a large number of fluctuations
caused by high-frequency noise, showing a jagged shape on the spectral curve. In addition,
due to the difference in ambient light in different samples and the scattering influence
brought by sample surface granularity, although the equipment was calibrated in time
during the experiment, there was still a certain difference in the amplitude of the spectral
curve (Figure 6a).
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Figure 6. Spectral curves obtained using different preprocesses of derivation and SG smoothing:
(a) original data; (b) frame size: 51, polynomial order: 3, differentiation order: 0; (c) frame size: 31,
polynomial order: 4, differentiation order: 1; (d) frame size: 41, polynomial order: 2, differentiation

order: 2.

The original spectral data were processed by SG smoothing, the sawtooth on the
spectral curve was reduced, the curve became smoother, and the noise was reduced.
Moreover, the original trend and characteristics of the spectral curves were preserved. In
particular, the noise near 1150 nm was substantially reduced, which sufficiently reflected
the effect of smoothing (Figure 6b).

Additionally, the original spectral data were processed by first and second derivatives
with the SG smoothing method, which greatly reduced the difference in the amplitude of the
spectral curve and made all curves more concentrated. The smoothing process of spectral
data also plays a role in normalization, and the absolute value difference between different
spectral curves can be weakened, while the relative value difference can be prominent.
Among them, the normalization effect of data smoothed by the second derivative was
better than that achieved by the first derivative, and all curves were clustered near each
other, which simplified and stabilized subsequent operations. The positions with large
curve fluctuations reflect the differences of different curves, and these positions are also
more likely to have characteristic wavelengths (Figure 6¢,d).

In conclusion, smoothing processing can effectively reduce the impact of noise on
spectral data and helps the subsequent selection of characteristic wavelengths and the
establishment of an analysis model [27]. However, in the process of smoothing, the selection
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of key parameters is also very important, and parameter selection will be further discussed
in the following paragraphs.

3.3. Characteristic Wavelength Sensing Results
3.3.1. Result of Key Parameter Selection

In the experimental process, it was found that when derivations with the SG smoothing
method were used to preprocess spectral data, different key parameters not only had a
direct impact on the shape of the spectral curve but also had a significant impact on
the subsequent results of characteristic wavelength screening. Among them, different
frame sizes, polynomial orders and differentiation orders had a decisive influence on
data smoothing and subsequent characteristic wavelength screening. Thus, orthogonal
experiments were designed for these parameters to optimize the combinations. Through
a certain pretest, three levels of smoothing frame size were selected, 31, 41 and 51; three
levels of polynomial order were selected, 2, 3 and 4; three levels of differentiation order
were selected, 0, 1 and 2. In summary, an orthogonal experiment with three factors and
three levels was designed, with a total of nine groups of experiments. Then, on the basis of
the results of each group of experiments, CARS and SPA were used to select characteristic
wavelengths, and the corresponding number of characteristic wavelengths was obtained,
as shown in Table 2.

Table 2. Orthogonal experiments of parameter combinations in preprocessing and the corresponding
number of characteristic wavelengths obtained using CARS and SPA.

Frame Size  Polynomial Order Differentiation Order CARS SPA
@ 31 2 0 146 37
@) 31 3 2 41 21
® 31 4 1 60 22
® 41 2 2 36 11
® 41 3 1 99 26
® 41 4 0 113 44
@ 51 2 1 68 32
51 3 0 77 25
® 51 4 2 87 26

It can be seen from the experimental results that the influence of different parameter
combinations on the selection of characteristic wavelengths was significant. Overall, the
results of CARS and SPA showed the same variation trend under different parameter
combinations, but the result of SPA was better than that of CARS in each group. Among
them, the best results all appeared in group (@), where the smoothing frame size was 41, the
polynomial order was 2, and the differentiation order was 2. CARS selected 36 wavelengths,
and SPA selected 11 wavelengths.

3.3.2. Result of Competitive Adaptive Reweighted Sampling

The process of CARS characteristic wavelength screening was as follows. After re-
peated comparison, Monte Carlo sampling times were set to 50 in this study [28]. As
shown in Figure 7a, with increasing sampling times, the number of selected wavelengths
gradually decreased. As shown in Figure 7b, RMSECV gradually decreased and then
gradually increased after reaching the lowest point. It is generally believed that the decline
in RMSECV reflects the removal of invalid information in spectral data, while the rise
in RMSECYV reflects the removal of effective information in spectral data. Therefore, the
lowest RMSECV was selected as the result. The positions marked by solid vertical lines in
Figure 7c represent the regression coefficients of each variable when RMSECYV reached the
minimum value. At this time, the sampling ran 27 times, and the number of characteristic
wavelengths selected by CARS was 36.
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3.3.3. Result of Successive Projections Algorithm

The process of applying SPA to characteristic wavelength screening was as follows.
SPA determined the number of characteristic wavelengths based on RMSE. As shown in
Figure 8a, when the number of wavelengths increased from 1 to 11, the RMSE decreased
rapidly and then plateaued after a slight fluctuation. Through experiments, it was found
that RMSE tended to flatten after a rapid decline, and the RMSE changed very little at this
time. If the minimum RMSE point was pursued, the number of characteristic wavelengths
increased to varying degrees. Therefore, a point that was not significantly greater than
the minimum RMSE was selected as the result according to the F test in this study to
optimize the characteristic wavelength screening process [29]. Finally, 11 wavelengths were
selected as characteristic wavelengths, and the specific distribution is shown in Figure 8b.
The characteristic wavelengths were mainly distributed in the visible spectral range of
550-760 nm and the near-infrared spectral range of 1100-1150 nm.

3.3.4. Result of Characteristic Wavelengths

By observing the characteristic wavelength distribution corresponding to the charac-
teristic wavelength selection test results, it was found that the characteristic wavelengths
selected by CARS were relatively scattered, with many consecutive adjacent wavelengths
and more redundancy, which had a relatively poor performance.

The characteristic wavelengths selected by SPA were mainly distributed in the visible
spectral range of 560-760 nm and the near-infrared spectral range of 1100-1150 nm, which
corresponded to the regions with large fluctuations, as shown in Figure 6d, with fewer
numbers and better effects. Therefore, 11 wavelengths selected by SPA in group (@ of
the experiment shown in Table 2 were finally confirmed as characteristic wavelengths for
subsequent analysis [30]. The selected characteristic wavelengths are shown in Table 3.
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Figure 8. The process and result of SPA. Number of selected wavelengths (a) and distribution of
selected wavelengths (b).

Table 3. Characteristic wavelengths.

Method Selected Wavelength (nm)
426, 549, 550, 637, 638, 639, 689, 707, 708, 727, 728, 739, 740, 746, 806, 811,
CARS 812, 817, 831, 832, 833, 834, 902, 903, 984, 997, 1011, 1026, 1075, 1192, 1208,
1224, 1275, 1284, 1292, 1295
SPA 567, 695, 709, 746, 812, 1014, 1106, 1124, 1134, 1145, 1149

3.4. Result of Classification Models

In this study, full-band spectral data and 11 characteristic wavelengths selected by SPA
were tested to compare the effects of different classification models. As shown in Table 4,
70% of all 609 data points were used as training data, and 30% were used as test data.
Considering the small training set, cross-validation was adopted in the training process,
and the number of cross-folds was 15.

Table 4. Partitioning of the training set and test set.

Quantity Percentage
train 426 70%
test 183 30%
total 609 100%

The data of the training set were imported into a decision tree, LDA, a naive Bayesian
classifier, KNN, an SVM and an ANN. After the training, the model was tested with the
test set, and the accuracy of different classification models was calculated. Accuracy P was
calculated as follows, where T represents the total number of samples in the test set and C
represents the number of correctly classified samples in the test set.

P= % x 100% ()

Finally, the accuracy of each classification model is shown in Table 5. In general, the
accuracy of the test set reached a good level, which had reference significance for practical

172



Agriculture 2022, 12, 402

14 of 17

true

production practice. Among them, the average accuracy of the test set of full-band spectral
data was 92.1%, and the average accuracy of the test set of 11 characteristic wavelengths
selected by SPA was 85.6%. By selecting characteristic wavelengths, 1001 wavelengths
were replaced by 11 wavelengths, and the number of wavelengths was only 1.1% of the
original. Even if the number of wavelengths was greatly reduced, the accuracy of the
classification model was only reduced by 6.5 percentage points, and the performance of
classification was basically not reduced, which fully embodied the value of preprocessing
with SG smoothing and the SPA algorithm.

Table 5. The accuracy of each classification model.

del Full Wavelengths 11 Selected Wavelengths
Mode
Validation Test Validation Test
Decision Tree 91.5% 87.4% 92.0% 82.5%
LDA 89.9% 94.5% 88.5% 80.3%
Naive Bayes 90.1% 83.6% 93.0% 86.3%
KNN 91.5% 93.4% 91.8% 84.2%
SVM 99.5% 96.2% 94.8% 89.6%
ANN 99.5% 97.3% 91.8% 90.7%

Specifically, the best classification models were the SVM and ANN. The accuracy of
the test set of the full-band spectral data reached 96.2% and 97.3%, and the accuracy of
the test set of the 11 characteristic wavelengths reached 89.6% and 90.7% for the SVM and
ANN, respectively.

For further analysis of the ANN model, with the highest accuracy of 90.7% in the
test set, 11 characteristic wavelengths were used. Through a confounding matrix, the
accuracy of categories of health, latent, mild and severe were 100%, 85.7%, 72.7% and 100%,
respectively (Figure 9).

ANN

8 14.3%

o

E
24 3 27.3%
. < & 0 1 2 3 FNR

prediction prediction
(a) (b)

Figure 9. The confounding matrix of the ANN model. Confounding matrix of quantity (a) and
confounding matrix of percentage (b).

In the classification and recognition of litchi downy blight, the classification model
can recognize and classify health and severe categories well, but it may misidentify the
latent and mild categories to some extent. This result is because both the healthy and severe
categories have distinct and definite characteristics that are relatively easy to accurately
evaluate. However, the latent and mild categories were the transition state in the process
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of change, and the characteristics were relatively obscure, so they were more difficult
to classify.

4. Discussion

According to the results shown above, the nondestructive testing method based on
the spectral analysis proposed in this paper has unique advantages in the detection of litchi
downy blight. On the one hand, compared with the image recognition method based on
visible light images, the spectral method has higher sensitivity and accuracy, enabling the
identification of the early stage of litchi downy blight and classification of different disease
stages. Imaging methods are unable to easily perform this identification and classification.
On the other hand, compared with traditional biochemical or molecular detection methods,
the spectral method is more intelligent and shows potential to achieve the nondestructive
identification of litchi downy blight at different stages.

In the analysis of spectral data in this paper, the SG smoothing method was used
for pretreatment and was found to be effective. Additionally, the noise caused by the
environment, equipment and other factors in the original spectral data can be effectively
reduced. Smoothing and denoising were essential in the processing of spectral data analysis.
Notably, several parameters, such as frame size, polynomial order and differentiation order,
affected the smoothing results. In general, excessive smoothing resulted in the loss of some
information. Therefore, there was a balance to be achieved.

The original spectral data of litchi downy blight collected in this paper cover a wide
range of wavelengths from 350-1350 nm; however, the large amount of spectral data is
unacceptable in practical applications due to the associated cost. Thus, the selection of
characteristic wavelengths is very constructive. CARS and SPA are typical characteristic
wavelength screening methods. In this paper, SPA performed better, as also reported
in other studies [31]. Moreover, our results confirmed that characteristic wavelength
screening can improve the efficiency of the applied model because the quantity of spectral
data significantly reduced.

Of the 11 characteristic wavelengths selected, four belonged to the visible band, which
was distributed in the region of red and yellow light. Visible light is often used for color
evaluation and pigment analysis. With the infection of downy blight, the surface of litchi
gradually changed from red to brown and white, indicating that the spectroscopy analysis
could be used to identify downy blight by obtaining the color and pigment information [32].
The other seven characteristic wavelengths belonged to near-infrared bands, and the
correlation between these wavelengths and litchi downy blight was difficult to determine,
but it was inferred to be related to the following factors. When infected with downy blight,
the epidermis of litchi became softer, stickier, smoother and moister. Furthermore, the
inside of litchi fruit began to rot when severely infected. Theoretically, the NIR spectrum is
sensitive to these changes, which can be beneficial for identifying litchi downy blight.

In this paper, the last and most important step of spectral data analysis was to classify
spectral data with classification models. Studies in many other fields have verified that
classification models have strong analytical ability. In our identification of litchi downy
blight based on spectral data, it was also verified that classification models perform well.
The excellent performance of ANNSs, as advanced deep learning tools, was expected.

5. Conclusions

This study was the first to complete the exploration of applying the diffuse reflectance
spectrum data analysis method to the intelligent identification of litchi downy blight and
confirmed that the classification and judgement of different disease stages of litchi downy
blight can be realized by analyzing diffuse reflectance spectrum data with certain methods.
By preparing experimental materials and collecting experimental data, a controlled and
scientific dataset of litchi downy blight was obtained, including the spectral data of different
categories of healthy and latent, mild and severe infection. In data analysis, SG smoothing
and the derivation method were combined to preprocess the original data, and then CARS
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and SPA characteristic wavelength screening methods were compared. The experiment
showed that the SPA method had better performance after optimizing the parameters.
Afterwards, 11 characteristic wavelengths were selected, accounting for only 1.1% of
the original data. Finally, the characteristic wavelengths were imported into different
classification models for training, and their accuracy was tested. Decision tree, LDA, naive
Bayesian classifier, KNN, SVM and ANN methods were compared, and the ANN model
was the best, with an accuracy of 90.7%. The above work laid a theoretical foundation for
diffuse reflectance spectroscopy in the identification of litchi downy blight and provided
a reference for its application in practical production. An improvement in the precise
control of litchi downy blight is beneficial to promote a reduction in chemical use and
improvements in the yield and quality of litchi. Litchi producers obtain greater economic
benefits, litchi consumers obtain more delicious high-quality litchi, and the litchi industry
continues to develop well.
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ARTICLE INFO ABSTRACT
Keywords: In mechanized rice planting, missing seedlings can result from several factors, such as missed transplanting by
UAV images transplanters, missed sowing by seed sowing machines, and floating or dead seedlings after transplanting, ul-

Seedling information
Transplanting trajectory
Missing seedlings
Target detection

timately decreasing land utilization and rice yield. Timely detection of missing seedlings and targeted replanting
are essential for minimizing wastage of land, water, and fertilizer resources, while also enhancing yield.
Traditional detection methods, including photoelectric sensors and machine vision, suffer from limitations like
complex structures and difficulty in rapidly and accurately obtaining geographical coordinates of missing
seedlings. To address these limitations, this paper proposes a novel missing seedling detection method based on
UAV (unmanned aerial vehicle) imagery combined with rice transplanter operation information. Initially, UAVs
captured images of rice seedlings to construct a comprehensive dataset, from which a rice seedling detection
model meeting accuracy requirement was developed. Subsequently, the transplanting trajectory of the trans-
planter was derived based on the navigation data, and combined with parameters such as transplanting and row
spacing, the “theoretical” position points of each seedling in the paddy field were determined. A rectangular area
with a defined threshold range centered on each “theoretical” position point was constructed as the missing
seedling detection region. The developed detection model was then applied to detect the presence of actual
seedlings within these regions, identifying missing seedling areas. Additionally, a coordinate transformation
algorithm was implemented to derive precise geographical coordinates for each missing seedling location.
Experimental results indicated that, in randomly selected plots, the proposed method achieved a recall rate
exceeding 80% and a precision rate over 75%. By leveraging UAV imagery and transplanter operation data, this
method minimizes dependency on complex detection algorithms, enhances detection accuracy, and enables
acquisition of precise geographical coordinates for missing seedlings, supporting subsequent unmanned
replanting efforts

1. Introduction methods: seedling raising and transplanting, and direct sowing (Hou
et al.,, 2019). The seedling raising and transplanting method mainly

Rice is one of the three major food crops in the world, with over 50 % involves the processes of selecting seeds, sun drying seeds, soaking

of the global population relying on rice as their staple food (Singh et al., seeds, and promoting germination to first raise rice seedlings, and then

2023). At present, the mechanized planting of rice mainly includes two transplanted the raised seedlings to the paddy field. In contrast, the
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direct sowing method simplifies this process by allowing seeds to be
sown directly onto the ridges of the paddy field using a sowing machine.
When the seedling picking or feeding mechanism of the rice transplanter
malfunctions or the seedlings are raised unevenly, or when the metering
device of the seed sowing machines malfunctions, it can lead to missing
seedlings (Deng et al., 2023). In addition, after transplanting (or direct
sowing), seedlings (or seeds) are susceptible to temperature, soil quality,
light, diseases, insects and other factors. These can prevent some seed-
lings (seeds) from surviving and growing healthily and normally, lead-
ing to seedlings missing in the field. Therefore, missed planting by
transplanters, missed sowing by seed sowing machines, as well as
floating and dead seedlings after transplanting can all contribute to
seedling missing, thereby reducing land utilization and rice yield.

For the problem of missing seedlings, the most used solution is
“planting first and filling later”, which means transplanting or sowing
first, and then replanting the seedlings in positions of missing seedlings
(Cui et al., 2023). Currently, the main method for replacing missing
seedlings is manual labor, which involves manually traversing and
inspecting farmland, searching for the location of the missing seedlings,
and then manually replanting. However, this method is inefficient, time-
consuming, and labor-intensive, which is not suitable for large-scale
agricultural productions (Vong et al., 2021). If missing seedlings can
be detected first after transplanting or sowing, allowing for the precise
identification of their locations, it would significantly reduce the time
and labor required for replanting. It can also provide accurate missing
seedling location coordinates for future unmanned automatic replant-
ing, facilitating precise interventions. Therefore, conducting research on
missing seedlings detection will help improve the efficiency of seedling
replanting and achieve unmanned and precise replanting, which is of
great significance for reducing waste of land, water and fertilizer re-
sources, and increasing rice yield.

Regarding seedlings detection, researchers have conducted extensive
studies and achieved significant results. Technically, there are mainly
two detection methods: photoelectric sensor detection (Maldaner et al.,
2021; Abbas et al., 2020) and machine vision detection (Varela
et al.,2018; Wu et al., 2019).

The photoelectric sensor detection method is primarily used during
the seedling stage or the transplanting process. It involves positioning
photoelectric sensors, such as lasers and optical fibers, at specific points
to monitor seedling trays, stems, and tubes (Yao et al., 2024). By
analyzing variations in photoelectric signals with and without seedlings,
it allows for the identification of missing seedlings. Jin et al. (2018)
developed an intelligent transplanting system that utilizes photoelectric
sensors to bypass empty soil bases in potted pepper seedlings, effectively
addressing yield loss due to high rates of missed transplants. Yao et al.
(2024) created a transverse conveying device for cabbage seedling trays
and a longitudinal seedling picking device, incorporating photoelectric
sensors to ensure precise positioning during conveyance and picking,
thus minimizing damage to remaining seedlings. Sharma et al. (2022)
introduced an intelligent transplanting method for Mexican pepper
seedlings that accurately identified healthy, sub-healthy, low-quality,
and empty tray units using photoelectric sensors, achieving a 12 %
reduction in the annual missed transplanting rate compared to tradi-
tional methods. However, the effectiveness of the photoelectric sensor
detection method is significantly influenced by lighting conditions and
the farmland background, and some sensors can be prohibitively
expensive, limiting their application for missing seedling detection in
large-scale rice fields after transplanting.

With the rapid development of algorithms and the continuous
improvement of computer hardware performance, machine vision
detection methods have gained significant popularity in crop seedling
detection (Oh et al., 2020). Researchers have employed these methods to
assess the growth conditions of various crops, including rice (Cui et al.,
2023), corn (Osco et al., 2021), citrus trees (Osco et al., 2020), and
cotton (Feng et al., 2020). Machine vision detection methods can be
broadly classified into two main categories: traditional machine
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learning and deep learning. Traditional machine learning methods pri-
marily rely on manually defined rules and features for object recogni-
tion, making it difficult to handle complex and dynamic environments
and resulting in poor performance when recognizing newly emerging
objects (Banerjee et al., 2021; Shirzadifar et al., 2020). In contrast, deep
learning methods use neural networks to automatically learn the fea-
tures of objects, eliminating the need for manually defined rules. These
models are capable of automatically extracting high-level features from
images, making them particularly well-suited for complex and dynamic
environments. As a result, deep learning has become the dominant
approach in visual detection. Cui et al. (2023) introduced a deep
learning-based approach to estimate the number of missing rice seed-
lings using low-altitude UAV video. This method integrates the Paddy-
YOLOvVS5s-Prune model, the ByteTrack tracking algorithm, and a Py-
thon program for counting the missing seedlings. Barreto et al. (2021)
developed a sugar-beet seedling counting model based on drones (UAV)
and deep learning, which can accurately determine the exact stem po-
sitions of crop and weed plants and perform pixel-wise plant classifi-
cation, taking into account crops, weeds, and soil. Additionally, machine
vision method can also be applied to detect plug seedlings (Li et al.,
2024; Fu et al., 2022). Liu et al. (2023) developed an algorithm to
determine the optimal gripping angle for seedling insertion based on
machine vision, which minimizes mechanical damage during seedling
pickup and enhances the transplanting quality of plug seedlings. Yan
et al. (2023) proposed a detection method for missed tomato plug tray
seedings using machine vision, allowing for precise identification of
tomato seeds and plug trays against complex backgrounds, locating the
corresponding holes, and providing coordinates for missed holes to
control replanting devices for cell replenishment. However, the machine
vision detection method has high requirements for image quality, and it
cannot directly and accurately obtain the geographical coordinates of
the missing seedling locations, which is not conducive to subsequent
unmanned precise replanting.

In response to the limitations of the commonly used photoelectric
sensor detection and machine vision inspection methods mentioned
above, this paper proposed a novel missing seedling detection method
based on UAV images and rice transplanter operation information.
Through image recognition and combined with rice transplanter oper-
ation information, the proposed method can quickly detect the location
of missing seedlings and accurately obtain their coordinates.

The detection process for the method proposed in this paper is as
follows: first, rice seedling images were captured by UAVs, and a rice
seedling dataset was established. After training, a rice seedling detection
model that met accuracy requirements was developed. Next, the trans-
planting trajectory of the transplanter was acquired, which, combined
with parameters such as plant spacing and row spacing, allowed for
determining the “theoretical” position of each seedling in the paddy
field. Then, a rectangular area centered around each “theoretical”
seedling position with a specific threshold range was created as the
missing seedling detection region. The trained rice seedling detection
model was subsequently used to determine the presence of actual
seedlings within this constructed region, thereby identifying any missing
seedlings. Additionally, a coordinate transformation algorithm was
applied to retrieve the geographical coordinates corresponding to the
locations of missing seedlings.

2. Materials and methods
2.1. Seedling images acquisition and recognition

2.1.1. Rice field images acquisition, synthesis, and segmentation

The rice field images used in this paper were collected by using a DJI
Phantom 4 RTK aerial survey drone at Shapu Farm in Dinghu District,
Zhaoqing City, Guangdong Province, China. The left side of Fig. 1
highlights the specific area where the UAV image acquisition took place
in the Shapu Farm. The first round of image acquisition occurred on the
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Fig. 1. Rice field image acquisition, synthesis, and segmentation.

day of rice transplanting, followed by two additional rounds within a
month after the transplanting operation. These acquisitions took place
on March 29, 2023, at 11:00 AM; April 11, 2023, at 11:00 AM; and April
21, 2023, at 11:00 AM, respectively. At these times, the sunlight con-
ditions were optimal, with minimal water reflection in the rice fields,
aligning with the experimental requirements. The three image acquisi-
tions resulted in 1242, 1063, and 2019 images, respectively, totaling
4324 images. The upper part of Fig. 1 shows a typical low-altitude high-
definition remote sensing image of the rice fields, highlighting the dis-
tortions present in the image captured directly by the UAV.

Since it is impossible to directly obtain the overall coordinate in-
formation of the rice field from the local images collected by the UAV, it
is necessary to synthesize the local images to obtain the panoramic
image of the rice field (Wu et al., 2023). In this paper, DJI TERRA
software was used to synthesize the panoramic image of rice field. DJI
TERRA is a 3D (three dimensional) model reconstruction software that
has photogrammetry as its core technology. Utilizing Structure from
Motion (SFM) and Multi-View Stereo (MVS) techniques, it stitches
segmented images into a high-definition 2D (two dimensional) pano-
ramic image of the entire rice field, based on parameters such as
shooting height, geographical position, pan-tilt angle, and the overlap
rate between adjacent images. The middle section of Fig. 1 displays the
synthesized 2D orthorectified panoramic image of the rice field. While
this image provides overall coordinate information, it cannot be directly
applied to deep learning models due to the detection principles of object
detection frameworks. Therefore, it is essential to crop the panoramic
image into a series of 640 x 640 pixel segments. The lower right part of
Fig. 1 shows one of these segmented images, which will serve as the
dataset for subsequent model training and missing seedling detection.

2.1.2. Rice seedlings recognition

To achieve rapid and accurate detection of seedlings in images, we
employed the YOLOv5 7.0 algorithm to develop a seedling detection
model, leveraging its strong generalization capabilities and fast detec-
tion speed. Initially, the image annotation tool Labellmg was used to
annotate the rice seedlings in the images (640 x 640 pixel segmented
images) collected in Section 2.1.1. A total of 6407 images were anno-
tated, and the dataset was randomly divided into a training set and a
validation set in a 4:1 ratio. Through training, the optimal weight value
was obtained. The training environment consisted of Ubuntu 18.04, an
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RTX A4000 (16 GB) GPU, an i7-12700 K CPU, 64 GB of RAM, and the
PyTorch framework. Ultimately, a seedling detection model was con-
structed using the optimal weights obtained from the training process.
To enhance the training speed of the seedling detection model,
improve its recognition capability, and reduce the risk of overfitting,
incremental training method was employed to train the rice seedling
detection model. This approach consists of two training sessions: pre-
training and final training. Initially, the rice seedling detection model
was pre-trained using the initial weights of YOLOv5, with 1397
randomly selected images as input for 100 training rounds. Upon
completing the pre-training, the optimal weights obtained were then
utilized for the final training phase. In this stage, 5103 randomly
selected images were inputted for an additional 300 training rounds.
However, as the number of training rounds increased during the final
phase, the model’s performance improvements became marginal. To
avoid the risk of overfitting, training was halted at the 185th round.
Fig. 2 shows the flowchart of the training process for the rice seedling
detection model. Through this incremental training method, a total of
285 rounds of pre-training and final training were conducted, resulting
in the seedling detection model achieving an accuracy of 87 % in
identifying rice seedlings. This demonstrates good detection perfor-
mance and meets the detection requirements outlined in this paper.

2.2. Theoretical position determination of rice seedlings based on
transplanter operation information

2.2.1. Construction of operation trajectory of rice transplanter

To determine the theoretical position of rice seedlings in the paddy
field, it is essential to first obtain the trajectory of the rice transplanter
during the transplanting process. Due to the difficulty of directly
capturing the transplanting trajectory from UAV images of the rice field,
the navigation data stored in the transplanter’s navigation system would
be utilized to reconstruct the transplanting trajectory.

The rice transplanter used in this paper is the ISEKI PZ60, equipped
with a Beidou navigation system. It features a six-row synchronous
transplanting mechanism, allowing for the simultaneous transplanting
of six rows of rice seedlings, as illustrated in Fig. 3. The transplanter has
a wheelbase of 1000 mm and a track width of 1200 mm. During oper-
ation, the theoretical distance between adjacent seedlings in the same
row is 18 cm, while the distance between rows is 30 cm, with all rows
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Fig. 2. Flowchart of the training process for rice seedling detection model.
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Fig. 3. Operation scenario and schematic diagram of the transplanting process.

running parallel. Using the orientation of the transplanter head as a
reference, the transplanter receives and records the position information
of the rightmost transplanting trajectory (among the 6 transplanting
trajectories) via a satellite signal receiver. During transplanting opera-
tions, the transplanting mechanism attached to the tail of the trans-
planter synchronously transplants six rows of rice seedlings. The

Size

trajectory of the transplanter is consistent with the rice seedling row. A
schematic diagram of the transplanting process is shown in Fig. 3.

To generate the transplanting trajectory of the rice transplanter and
facilitate subsequent detection of missing seedlings, a blank image
matching the dimensions of the 2D orthorectified panoramic image of
the entire rice field (shown in Fig. 1) is first created. Considering that
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and for loop function of
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Fig. 4. Schematic diagram for creating blank images of rice field.
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each transplanting operation consists of six seedling rows, drawing all
six rows simultaneously on a single blank image complicates the
recognition process. It also makes it more difficult to derive the theo-
retical positions of the rice seedlings. Therefore, six identical blank
images will be created in this paper (as shown in Fig. 4), and the six
seedling rows will be drawn on the six blank images respectively.

The autonomous rice transplanter utilizes longitude and latitude
information for localization and path planning. During the transplanting
operation, the satellite signal receiver mounted on the right side of the
transplanter only receives and records the position information of the
rightmost transplanting trajectory among the six transplanting trajec-
tories. Consequently, it is essential to deduce the positions of the other
five transplanting trajectories to form a complete set. The rightmost
transplanting trajectory can be obtained by sequentially connecting
actual satellite navigation recording points. To obtain the other five
simultaneous transplanting trajectories, we first need to derive the vir-
tual navigation recording points for these five trajectories. Considering
that in each transplanting operation, the six simultaneous transplanting
trajectories are parallel to each other and the distance between any two
adjacent trajectories is equal, the virtual navigation recording points on
the other five simultaneous transplanting trajectories can be deduced
from the actual navigation recording point on the rightmost trajectory,
as illustrated in Fig. 5.

As shown in Fig. 5, the geographical distance between the virtual
navigation recording point T on the adjacent transplanting trajectory to
be derived and the actual navigation recording point D on the rightmost
transplanting trajectory is 30 cm. This means that the distance between
the two points in the geographical coordinate system is 30 cm. Since the
pixel coordinate and geographical coordinate of point D are known,
along with the angle between the rightmost transplanting trajectory X
and the Earth’s true north direction, the latitude and longitude values of
the virtual navigation recording point T on the adjacent transplanting
trajectory can be calculated using formulas (1) to (5). Subsequently, the
corresponding pixel coordinates can be obtained through coordinate
transformation. Fig. 6 illustrates the schematic of spherical coordinate
points on Earth, where points A and B represent two locations on the
Earth’s spherical surface. The angle a is defined as the angle between the
line connecting point A and the center of the Earth and the line con-
necting the North Pole to the Earth’s center. Similarly, angle b represents
the angle for point B, and angle c is the angle between the lines con-
necting points A and B to the center of the Earth. Since the Earth can be
approximated as a sphere, the distance between two points on its surface
can be calculated using the spherical cosine formula (Tian et al., 2023).
While the Earth is, in fact, an imperfect sphere, applying the spherical
cosine formula may introduce some error. However, because the Earth’s
radius is significantly larger than the distance between the two points
being measured, this error can be considered negligible.

Since the spherical distance Lyg between points A and B is known,

U4

Virtual navigation
recording points T

Forward direction
of the transplanter

Transplanting
trajectory X

Transplanting
trajectory L

Actual navigation
recording points D

M

Fig. 5. Schematic diagram for deriving the transplanting trajectory.
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Fig. 6. Schematic diagram of spherical coordinate points on Earth.

combined with the Earth’s mean radius R, the curvature value ¢’ of angle
c can be derived using formula (1)

, Las
===

R €8]

Radians can be converted into angular values by using formula (2)

c =180 @)
T
Since the longitude and latitude coordinates (A;, Ay) of point A are
known, the magnitude of angle a is a = 90-A,,. By applying the spherical
cosine formula (3) in conjunction with the trigonometric identity for-
mula (4), the magnitude of angle b can be determined. Consequently, the
latitude of point B is B,, = 90-b.

3

cosc = sina-sinb-cosc + cosa-cosb

(sina)® + (cosa)® = 1

4

Then, according to the spherical distance formula (5), the longitude
value B; of point B can be obtained.

Lap = R-arccos[cosA,,cosA,cos(A; — B;) + sinB,sinB,, | (5)

It is important to note that the B; obtained from formula (5) yields
two possible values. Therefore, the longitude of point B must be deter-
mined based on the relative positions of points A and B.

Since any two transplanting trajectories are parallel to each other
and the distance between adjacent trajectories is fixed, the pixel coor-
dinate value of each virtual navigation recording point on any trans-
planting trajectory can be sequentially derived based on the calculation
principle of distance between spherical coordinate points discussed
above. These derived pixel coordinates can then be connected in
sequence to create six sets of simultaneous transplanting trajectories,
which can be plotted onto the six blank images shown in Fig. 4 to pro-
duce six transplanting trajectory maps. As described in section 2.1.1, the
2D orthorectified panoramic image of the entire rice field (illustrated in
Fig. 1) has been segmented to generate images of uniform size (640 x
640 pixel). To ensure that the transplanting trajectories in the maps
align with the actual transplanting paths in the segmented images, it is
necessary to apply the same segmentation process to the six trans-
planting trajectory maps, yielding segmented images of 640 x 640 pixel.
Fig. 7 presents a schematic diagram of the segmentation process for the
six transplanting trajectory maps.

2.2.2. Determination of the theoretical position of rice seedlings

There is a one-to-one correspondence between the transplanting
trajectory in the segmented image of the transplanting trajectory map
and the transplanting trajectory in the segmented image of the rice field.
Therefore, recognizing the transplanting trajectory in the rice field
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Fig. 7. Schematic diagram of the segmentation process for the six transplanting trajectory maps.

image can be transformed into identifying the transplanting trajectory in
the segmented image of the transplanting trajectory map. In the trans-
planting trajectory map, aside from the transplanting trajectory and
navigation recording points, all other areas feature a pure white back-
ground, eliminating interference from the colors of rice seedlings, paddy
fields, water reflections, weeds, and other elements. Consequently, color
information recognition technology will be employed to identify the rice
seedling transplanting trajectory within the transplanting trajectory
map.

The transplanting trajectory can be obtained by sequentially con-
necting satellite navigation recording points. Since the navigation
controller of the rice transplanter records a navigation position point
every 6 s and the transplanter operates at a forward speed of approxi-
mately 0.7 m/s, a segmented image with dimensions of 640 x 640 pixel
corresponds to an actual area of 5.2 x 5.2 m. Consequently, the
segmented image may not always include satellite navigation recording
points, leading to the following two possible scenarios.

(1) There is no satellite navigation recording point in the segmented
image of the transplanting trajectory maps, meaning the trans-
planting trajectory appears as a straight line without any
“breakpoints” that would alter its slope, as illustrated in Fig. 8.

(2) There is a satellite navigation recording point in the segmented
image of the transplanting trajectory maps, indicating that the
transplanting trajectory appears as a broken line with “break-
points” that alter its slope, as shown in Fig. 9.

As shown in Fig. 9, when there is a satellite navigation recording
point in the segmented image of the transplanting trajectory maps, the

Forward direction
of the transplanter

End of the trajectory

Start of the trajectory Transplanting trajectory

( Line width is I pixel )

Fig. 8. Schematic diagram of transplanting trajectory with no “breakpoint”.
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Fig. 9. Schematic diagram of transplanting trajectory with “breakpoint”.

transplanting trajectory may be divided into two sections with different
slopes. To enhance the accuracy of identifying the transplanting tra-
jectory, it is essential to first identify the navigation recording point in
the segmented image of the transplanting trajectory map. Using the
same method applied to identify the starting and ending points of the
transplanting trajectory, the RGB value comparison method will be
employed to locate the navigation recording point. Each pixel in the
image will be traversed using a vertical traversal method, with the
identified navigation recording points sequentially stored.

Based on the starting and ending points of the transplanting trajec-
tory, as well as the satellite navigation recording points, the trans-
planting trajectory of the rice transplanter can be derived. This derived
trajectory serves as the seedling line, allowing the determination of the
theoretical position point for each rice seedling when combined with
information such as seedling spacing. Since the identification task of the
navigation recording points distinguishes different transplanting tra-
jectories based on the presence or absence of these points in the
segmented images of the transplanting trajectory map, the derivation of
the theoretical position points for rice seedlings must be divided into the
following two situations.

(1) If the segmented image of the transplanting trajectory map does
not contain any navigation recording points of the transplanter, there
will be no “breakpoints” that cause changes in the slope of the trans-
planting trajectory. In this case, the transplanting trajectory is a straight
line and can be directly determined from the pixel coordinates of the
start and end points. Once the transplanting trajectory is established, the
theoretical seedling coordinates can be directly deduced using the
theoretical seedling spacing information. The principle for deducing
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theoretical seedling coordinates in a segmented image of the trans-
planting trajectory map without navigation recording points is illus-
trated in Fig. 10. Since the seedling spacing is a fixed value of 18 cm, and
the pixel and geographic coordinates of the starting point of the trans-
planting trajectory are known, the geographic coordinates of all theo-
retical seedling points in the segmented image can be successively
derived using formulas (1) to (5) provided in section 2.2.1. The corre-
sponding pixel coordinates of these points can then be obtained through
coordinate transformation.

(2) If the segmented image of the transplanting trajectory map
contains navigation recording points of the transplanter, there will be
“breakpoints” that cause changes in the slope of the transplanting tra-
jectory. In this case, the transplanting trajectory appears as a broken line
and should be determined based on the pixel coordinates of the start
point, end point, and the navigation recording points. The process for
deriving the theoretical seedling coordinates is similar to that in situa-
tion (1), with slight variations near the “breakpoints”. To simplify pro-
cessing, the line segments before and after the “breakpoints” are directly
accumulated. As shown in Fig. 11, the geographical coordinates of the
theoretical seedling point Q can be directly calculated using formulas (1)
to (5) based on the geographical coordinates of theoretical seedling
point P. However, the geographical coordinates of theoretical seedling
point S cannot be derived using the method as for point Q due to the
“breakpoint” between points S and Q. In this case, the distance m be-
tween theoretical seedling point Q and navigation recording point J
must first be calculated using the geographical coordinates of points Q
and J. The distance n between the navigation recording point J and the
theoretical seedling point S can then be determined, asm + n = 18 cm.
Finally, the geographical coordinates of theoretical seedling point S can
be obtained using formulas (1) to (5) based on the geographical co-
ordinates of navigation recording point J.

Based on the aforementioned technical principles, traversing all
transplanting trajectories allows for the derivation of the geographical
and pixel coordinates of all theoretical seedlings.

2.2.3. Determination of seedling detection region

The previous section established the theoretical seedling co-
ordinates. However, during the actual rice transplanting process, factors
such as uneven paddy field surfaces or side-slipping of the transplanter
can lead to deviations between actual and theoretical seedling positions.
To accurately detect missing seedlings and minimize false detections, it
is essential to conduct missing seedling detection within a defined
threshold range around each theoretical seedling position. If a real
seedling is detected within this threshold, the area is deemed free of
missing seedlings; otherwise, it is considered to have a missing seedling.
The principle for detecting missing seedlings is illustrated in Fig. 12.
Considering that the distance between two adjacent seedlings in the

Theoretical position

% of seedlings

Transplanting
trajectory

Forward direction
of the transplanter

Fig. 10. Diagram of the principle for deducing theoretical seedling coordinates
with no “breakpoint™.
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Fig. 12. Diagram of the missing seedling detection principle.

same row is 18 cm and the row spacing is 30 cm, with the rows of
seedlings parallel to each other, a rectangular area centered on the
theoretical seedling coordinates is selected as the detection region for
missing seedlings. The parameters of this rectangular detection region
are depicted in Fig. 13.

As shown in Fig. 13, the theoretical seedling point G serves as the
center of the rectangular seedling detection region. The width of this
region corresponds to the seedling spacing of 18 cm, while the length
matches the row spacing of 30 cm. The transplanting trajectory, formed

® Theoretical seedlings

= Transplanting trajectory

Fig. 13. Diagram of the parameters for the rectangular detection region.
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by sequentially connecting the navigation recording points of the
transplanter, allows for the calculation of angle e, which represents the
angle between the transplanting trajectory and true north. With the
known dimensions of the detection region, angles f and the length of EG
can also be determined. By subtracting angle e from angle f, angle d can
be obtained. Utilizing formulas (1) to (5) from Section 2.2.1, the
geographical coordinates of point E can be derived and subsequently
converted into pixel coordinates.

The pixel coordinates of the remaining three vertices (F, H, I) of the
rectangular seedling detection region can be calculated using the same
method. Therefore, based on the theoretical seedling coordinates
established in Section 2.2.2, the positions of all rectangular seedling
detection regions can be determined.

3. 3.Results and discussion
3.1. Sequential detection of each seedling

The images of rice seedlings were collected in Section 2.1, and a deep
learning-based seedling detection model was established. In Section 2.2,
the theoretical positions of the seedlings were derived from the trans-
planting trajectory of the rice transplanter, leading to the creation of
rectangular detection regions for each theoretical seedling. In this sec-
tion, the established detection model will be used to detect seedlings
within these rectangular detection regions. Since the missing seedling
detection method proposed in this paper requires sequential detection of
each rectangular detection region in the image, directly inputting the
image into the YOLO object detection convolutional neural network
would lead to the detection of all seedlings across the image, hindering
the ability to focus on individual rectangular detection areas. Therefore,
image processing technology is necessary to ensure that detection is
confined to the specified regions. In this paper, mask technology will be
employed, as illustrated in Fig. 14. Masking is a fundamental technique
in image processing that use binary 0 s and 1 s to select, filter, or hide
specific image areas. Masks control which regions of an image are pro-
cessed by blocking out certain parts, thus allowing focus on the areas of
interest. In practice, binary 1 represents areas to be processed, while
binary 0 indicates areas to be ignored, enabling targeted detection of
specific regions. Since the use of the mask technology only limits the
area being detected at each step, without altering the image features, it
would not affect the detection accuracy of the seedling recognition
model. In contrast to directly detecting all areas of the entire image, the
proposed method focuses on specific regions at a time, which reduces
interference from environmental factors such as water reflections and
weeds. Furthermore, by concentrating on particular parts of the image,
this method enhances detection accuracy for weak targets like seedlings,
thereby decreasing reliance on the algorithm. Of course, the essence of
the proposed method is still image detection, making image quality
crucial. Therefore, it is necessary to ensure good weather conditions and

® Theoretical seedlings
‘{; Real seedlings
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Fig. 14. Schematic diagram of the masking technology.
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stable UAV flight during the image acquisition process. Under the
hardware conditions mentioned in Section 2.1.2, the proposed method
takes approximately 7 s to detect a single image. Of course, upgrading
the hardware can further reduce the detection time.

To sequentially detect all rectangular detection regions in the image,
it is essential to identify the detection region for each step. The pixel
coordinates of all vertices of the rectangular seedling detection regions
are established in Section 2.2.3, allowing each rectangular detection
region to serve as the basis for each detection step. For the rectangular
seedling detection regions discussed in this paper, it suffices to calculate
the proportion of the coordinates of the four vertices relative to the
horizontal and vertical axes of the image. Based on these calculations,
the detection model algorithm can be adjusted to enable the sequential
detection of all rectangular seedling regions. If a seedling is detected
within a rectangular detection region, it indicates that no seedling is
missing at that position, and the detection will proceed to the next re-
gion (as illustrated in Fig. 15(a)). Conversely, if no seedling is detected,
it confirms the presence of a missing seedling, which will be marked and
its coordinates recorded (as shown in Fig. 15(b)).

3.2. Missing seedling detection tests and result evaluation

Since each image has been numbered, experimental plots for missing
seedling detection can be randomly selected by randomly choosing
image numbers. Once the detection is completed, the algorithm will
visually mark the locations of detected missing seedling (represented by
yellow dots in Fig. 16). Additionally, the pixel coordinates of these
missing seedling locations will be recorded and converted into
geographic coordinates simultaneously. Table 1 presents the pixel co-
ordinates and corresponding geographic coordinates of the missing
seedling positions numbered 1-6 detected in Fig. 16.

To verify the accuracy of the missing seedling detection method
proposed in this paper, two metrics, “recall rate” and “precision rate”
(Guo et al., 2024), were introduced to evaluate the detection results. The
recall rate refers to the ability of the method to identify all actual missing
seedling locations in the rice field, while the precision rate refers to the
ability of the method to detect missing seedling locations and ensure
that the detected locations are indeed genuine missing seedling spots.
The calculation formulas for the recall rate and precision rate are pre-
sented in formulas (6) and (7), respectively.

FT

e ©
FT

FC= FT +FF @

where FA represents the recall rate, FT denotes the number of
detected missing seedling locations that are indeed actual missing

@

Fig. 15. Seedling detection in an actual seedling image: (a) Rectangular

(b)

(b) detection

detection region with
without seedling.

seedling; Rectangular region
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Fig. 16. Map of missing seedling locations in the experimental plot.

Table 1
Pixel coordinates and geographic coordinates of partial missing seedling
positions.

Missing seedling position Pixel Geographic coordinates
number coordinates
1 (280, 901) (23.1564558814,
112.6581241821)
2 (405, 612) (23.1564686552,
112.6581301571)
3 (581, 36) (23.1564941144,
112.6581385699)
4 (481, 900) (23.1564559256,
112.6581337899)
5 (3, 360) (23.1564797936,
112.6581109415)
6 (604, 900) (23.1564559256,
112.6755490029)

seedling spots, and NT indicates the number of actual missing seedling
locations that were not detected. FC represents the precision, while FF is
the number of detected missing seedling locations that are not actual
missing seedling spots.

In this missing seedling detection experiment, there were 11 actual
missing seedling locations (as shown in Fig. 17), indicating that the sum
of FT and NT is 11. Using the missing seedling detection method pro-
posed in this paper, 12 missing seedling locations were identified (as
shown in Fig. 16), meaning the sum of FT and FF is 12. Among the
detected locations, 9 were actual missing seedling spots, and thus, FT is
9. The number of actual missing seedling locations that were not
detected is 2, giving NT a value of 2. Additionally, 3 detected locations
were not actual missing seedling spots, resulting in FF being 3. Based on
formulas (6) and (7), the recall rate for the proposed missing seedling
detection method was 81.8 %, while the precision rate was 75.0 %.

The analysis reveals that the missing seedling detection method
proposed in this paper effectively identifies actual missing seedling lo-
cations, but it also generates false detections in areas where no seedlings
are absent. Upon examining these false detection sites, it was noted that
while seedlings are present, they are smaller and less robust compared to
healthy seedlings of the same age (as illustrated in Fig. 18). This
discrepancy led to the detection algorithm’s misjudgment. In
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Fig. 17. Actual missing seedling location points.

agricultural practice, however, seedlings that are too small are deemed
low-quality. In contrast to high-quality seedlings, they often exhibit
unstable metabolism, weaker morphology, and lower productivity, and
may pose a higher disease risk, potentially impacting the final rice yield.
Consequently, when conducting seedling replacement in the field, it is
beneficial to selectively replace these smaller seedlings, thereby
enhancing the overall quality of the rice seedlings and increasing the
final yield.

To thoroughly assess the practicality of the missing seedling detec-
tion method proposed in this paper, four additional rice field plots were
randomly selected for testing. The recall and precision rates of each
detection were calculated, with the results presented in Table 2. As
shown in the table, the proposed method achieved a recall rate of up to
80 % and a precision rate of up to 75 %. These results indicate that the
method effectively meets the requirements for missing seedling detec-
tion. Furthermore, it provides precise location coordinates for the
missing seedlings, facilitating accurate replanting efforts. It is important
to note that the test results vary across different field plots. For instance,
the recall and precision rates for field plot 5 are both higher than those
for field plot 1. This variation is attributed to the random selection of
detection plots, as the growth conditions and missing seedling situations
can differ significantly among them. Actually, many factors can influ-
ence the recall and precision rates of detection results, including the
quality of the captured images, the growth status of the seedlings, and
the growth stage of the seedlings. Under the same conditions for the
algorithm and other factors, higher-quality images, better-growing
seedlings, and seedlings that have been growing longer will lead to
better detection results. However, considering that earlier replanting is
preferable (typically within one month after transplanting), image
capture for this study was completed within one month after
transplanting.

4. Conclusions

In this study, we developed a novel method for detecting missing rice
seedlings by integrating UAV imagery with operational data from rice
transplanters, effectively addressing the limitations of existing detection
methods, such as photoelectric sensors and machine vision. The pro-
posed method involved synthesizing a panoramic image of the rice field,
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Fig. 18. Comparison of images of rice seedlings with different growth vigor.

Table 2

Results of the missing seedling detection tests.
Field plot number FT NT FF FA FC
1 9 2 3 81.8 % 75.0 %
2 7 1 2 87.5% 77.8 %
3 13 3 3 81.3 % 81.3 %
4 11 2 3 84.6 % 78.5 %
5 9 1 2 90.0 % 81.8 %

which is essential since UAV images alone do not provide comprehen-
sive field coordinates. The panoramic image was then cropped into 640
x 640 pixel segments to create datasets for training and detection.
Subsequently, an accurate seedling detection model was developed
using the YOLOv5 7.0 algorithm combined with incremental training
techniques, achieving an accuracy of 87 %. Furthermore, we utilized
navigation data from the rice transplanter to reconstruct its trans-
planting trajectory, enabling the calculation of theoretical seedling po-
sitions based on parameters such as seedling spacing. This process
involved establishing rectangular detection regions around each theo-
retical seedling position within a defined threshold range. By applying
mask technology for sequential detection and evaluating our method
through recall and precision metrics, we achieved a recall rate of 80 %
and a precision rate of 75 %. These results demonstrate strong detection
performance, and upon completion of the detection process, we can
output the pixel and geographic coordinates of missing seedlings,
facilitating precise unmanned replanting. This methodology not only
enhances seedling monitoring but also significantly contributes to the
advancement of precision agriculture.

The missing seedling detection method proposed in this paper relies
on navigation data from the rice transplanter to reconstruct the seedling
row lines. Therefore, in scenarios where navigation data is unavailable,
such as with manually operated transplanters, the method is not
applicable.
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Abstract

This paper presents a novel investigation into the impact of excitation current harmonics on the radial electromagnetic
forces in electric excitation claw-pole alternators. First, the frequency and spatial order of the radial electromagnetic
forces, considering excitation current harmonics, are analytically derived. To accurately determine the amplitudes of these
forces, a three-dimensional finite element model is developed and validated through an indirect comparison with back-
electromotive force (back-EMF) bench test. The study then simulates the radial electromagnetic forces, focusing particu-
larly on the zero-order spatial components, which have the greatest influence on acoustic noise. Various excitation current
harmonics, including different phase sequences, frequencies, and amplitudes, are incorporated into these simulations.
The results show that even-order harmonics affect only the amplitude without introducing new major vibration sources,
whereas odd-order harmonics can generate additional significant vibration sources. For a three-phase, 12-pole/36-slot
claw-pole alternator, the 2nd, 3rd, and 6th current harmonics were found to have a significant impact on the amplitude of
the radial electromagnetic forces. The 2nd harmonic with a negative phase sequence and the 3rd harmonic with a positive
phase sequence effectively reduce the radial electromagnetic force, while the 6th harmonic (in both positive and negative
phase sequences) increases it. The simulation analysis results were validated through vibration bench test. These findings
provide crucial insights into the effects of excitation current harmonics on claw-pole alternators, offering a foundation for
optimizing excitation current design to minimize unwanted vibrations and enhance performance. This study introduces
a novel analytical framework and simulation methodology that could be applied to future advancements in motor and
alternator design.

Keywords Claw-pole alternator - Excitation current - Current harmonic - Radial electromagnetic force
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Until now, there is relatively little literature on the gen-
eration mechanisms of radial electromagnetic force in the
claw-pole alternator. In [6], the characteristics of radial
electromagnetic force generated by claw-pole alternators
with different pole-slot combinations and phase numbers
were analytically derived. In [7], a three-dimensional multi-
physics finite element model incorporating electromagnetic,
mechanical, and acoustic fields has been established and
experimentally validated to predict the spatial order of the
major radial force of a claw-pole alternator. In addition,
factors such as temperature, assembly method, and stator
winding faults can also affect the electromagnetic force and
vibration of the claw-pole alternator [8—11]. The most nota-
ble of these papers is [11], which states that a short-circuit
fault between turns in the stator winding changes the ampli-
tude and phase of the stator current. As a result, the spatial
order of the primary radial force of the claw-pole alternator
is altered. Since the stator current is ultimately induced by
the excitation current, it can be deduced that the amplitude
and phase of the excitation current harmonics will have a
corresponding influence on the radial electromagnetic force.
However, all of the literature mentioned above assumed that
the excitation current is the ideal direct current (DC), which
ignored the potential influence of excitation current har-
monics. This leads to a lack of robust theoretical support for
methods of vibration damping by injecting current harmon-
ics into the claw-pole alternators.

Meanwhile, extensive research has been carried out on
the influence of different current harmonics on the radial
electromagnetic force of motors. Liang et al. [12] pointed
out that the air-gap magnetic field caused by the rotor cur-
rent harmonics would excite additional radial force on the
inner surface of the induction motor stator. Zhu et al. [13]
investigated the distribution of electromagnetic force in
switched reluctance motors (SRM) when excited by several
current waveforms, pointing out that the electromagnetic
vibrations are strongly related to stator current harmonics.
Current harmonics have also been well-studied in perma-
nent magnet synchronous motors (PMSM). By a combina-
tion of analytical and finite element methods, the influences
of phase sequence, frequency, and stator winding arrange-
ment on radial forces and vibrations are discussed in the
paper [14—16]. In addition, the enhancement of the radial
electromagnetic force by the combined effect of the current
harmonics from the stator winding, the permanent magnets,
and the slotting effect should also be carefully considered
during the design of a permanent magnet synchronous aux-
iliary motor [17]. Once the mechanism of the influence of
current harmonics on the radial electromagnetic force has
been fully investigated, it is possible to suppress the tar-
get radial electromagnetic force by injecting harmonic
currents of a specific phase and frequency. The method is
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widely used in the noise reduction of PMSM [18-21] and
SRM [22-24]. Apparently, the topology of the motor has an
impact on the category of current harmonics. The PMSM
structure is isotropically symmetric, generating radial elec-
tromagnetic forces of even order, and only odd harmon-
ics can be injected to reduce vibration. For example, the
injection of the 7th current harmonic effectively reduced
the amplitude of the 6th major radial force harmonic for an
IPMSM under FOC control [18]. By contrast, the SRM has
a relatively complex cogging structure, which generates a
more varied distribution of radial electromagnetic forces on
the frequency spectrum. To improve its noise performance,
injection of integer-order current harmonics is then required.
As in [23] and [24], different optimized current waveforms
are proposed by injecting 1st-4th order current harmonics
into the excitation DC, effectively weakening or even elimi-
nating some of the lowest-order radial forces. Similarly, the
claw-pole structure is asymmetrical in the axial direction,
which induces complex radial electromagnetic force har-
monics. Therefore, a detailed investigation of the harmonic
order of the injected current is required. From the literature
above, it can be noted that research on the influence of cur-
rent harmonics on the radial electromagnetic force in motors
is focused on: (a) investigating the influences of different
current harmonics on radial forces by analytical or finite
element methods, (b) reduction of radial electromagnetic
force by injecting current harmonics of specific order and
frequency. However, there is little literature available in the
present study of radial electromagnetic forces in claw-pole
alternators regarding the research points mentioned above.
Therefore, the influence of the excitation current harmonics
on the radial electromagnetic force of the electric excitation
claw-pole alternator will be investigated. Compared to prior
work that assumed ideal DC excitation, modeling radial
forces in claw pole alternators considering non-ideal excita-
tion with harmonics is novel and meaningful.

The content of this article is arranged as follows: in Sect.
2, the sources of excitation current harmonics are analyzed
from the perspective of the claw-pole alternator operation
process. In Sect. 3, an analytical derivation of the no-load
radial electromagnetic force of the claw-pole alternator
considering the excitation current harmonics is presented.
For precisely calculating the radial electromagnetic force,
a finite element model of the test prototype is developed
in Sect. 4, the accuracy of which is verified by back-EMF
bench test. In Sect. 5, the influence of the excitation cur-
rent harmonics with different phase sequences, frequency,
and amplitude on the radial electromagnetic force is inves-
tigated. Section 6 summarizes the conclusions of this paper.
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Fig. 1 Operating circuit of the
electric excitation claw-pole
alternators
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Fig. 2 Phase current and output current in self-excitation state

2 Sources of Excitation Current Harmonics

The three-phase 12-pole 36-slot electric excitation claw-
pole alternator is a type of synchronous generator com-
monly used in vehicles, and its operating circuit is shown
in Fig. 1. When the excitation current flows through the
rotor field winding, a three-phase alternating current /, (AC)
is induced in the stator winding. The AC is rectified into
DC. Then it supplies power to the onboard equipment and
charges the battery.

The claw-pole alternator is separately excited (i.e., the
excitation current /,is mainly supplied by the battery) at the
beginning of the vehicle start. As the motor speed increases,
the output current 7, increases as well. When the voltage
of point A exceeds the voltage of the battery, the battery
stops supplying power and the claw-pole alternator enters
a self-excited state. In such situations, the output current of
the alternator is then controlled by the voltage regulator and
becomes the sole source of excitation current.

190

The main component of the excitation current / is DC,
but fluctuations and harmonics are inevitable. The primary
reason for this phenomenon is the presence of non-ideal
rectifier harmonics. Firstly, the excitation current directly
derives from I,,. The rectifier utilizes the unidirectional
conductivity of the switching device to achieve AC-DC
conversion, which is essentially an approximate synthesis
of DC waveforms with multiple sine wave harmonics. Sec-
ondly, the actual generator output current is not the ideal
three-phase sinusoidal AC. This introduces an additional
non-Osinusoidal component to the input of the rectifier,
which ultimately acts on /. Figure 2 shows the output total
current and phase current of a claw-pole alternator in the
self-excitation state at a rotational speed of 2000r/min. It
can be seen that the output current fluctuates slightly around
110 A.

On the other hand, the voltage regulator also causes fluc-
tuations in the claw-pole alternator output current. Since the
onboard battery voltage is about 14V, the relative stability of
the generator output voltage at different rotor speeds needs
to be guaranteed. The output voltage amplitude is propor-
tional to the product of rotor speed and excitation current so
the voltage regulators are installed to change the excitation
current in real-time according to the rotational speed. The
effect of speed variation is offset by changing the magni-
tude of the excitation flux. Figure 3 illustrates the dynamic
regulation of the excitation current by the voltage regula-
tors. When the rotational speed increases, the regulator will
reduce its excitation. This in turn reduces the air-gap flux of
the generator and vice versa.

@ Springer
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Meanwhile, F;is a function of the axial position z, as shown
\ in Eq. (4):
[}
g ] Rotation \\ Fr(0,z,t) = Fy + Z ¢y cos (uph — pwet) 4)
[ ) Rate =1
> ool '
q) = = - \
_; Where o, =pw, is the angular frequency of the fundamental
®© e current. The mean value of the MMF F|, and the uth har-
&J monic scale factor of the MMF when the excitation current
Excitation is DC can be expressed as Egs. (5)-(6) [6]:
Current
N¢I
Fy =~ (ox — bs) 5)
0 Time »
Fig.3 Dynamic regulation of excitation current by the voltage regulator Nely .
&7 Ty e ¢u = =T L [sin(ufm)-esin(ufsm)] (©)

3 Characteristics Analysis of Radial
Electromagnetic Force Considering
Excitation Current Harmonics

As it is mentioned earlier, the non-ideal characteristics of
the rectifier circuit and the regulation of the excitation cur-
rent by the voltage regulator will generate abundant current
harmonics. The current harmonics distort the air-gap mag-
netic field, which consequently affects the radial electro-
magnetic force.

According to Maxwell’s tensor method, the radial elec-
tromagnetic force (Maxwell tensor, not lumped forces)
causing motor vibration can be expressed as Eq. (1) while
ignoring tangential field, where 4, is the vacuum permeabil-
ity and B,. is the radial air-gap flux density [25].

B2

P, =~
" 2u0

(1

Assuming that the influence of magnetic saturation and flux
leakage on the amplitude of the air-gap magnetic field can
be neglected. The B, at no-load is obtained by multiplying
the rotor magnet-motive force (MMF) by the air-gap perme-
ability A [25], as shown in Eq. (2).
B, =Ff x A 2)
A was introduced to indicate the influence of slotting on the
air-gap magnetic field, which can be expressed by the Fou-
rier series as Eq. (3) [25]. O, is the number of stator slots.
A, represents the average value of air-gap permeability and
A, is the kth (k=1,2,3, ...) air-gap permeability harmonic.

A=A+ 3 Axcos(kQ.6) G)
k
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In the equations, N, is the number of turns of the rotor field
winding, / represents the amplitude of the excitation current
and 7, is the pole pitch of the claw-pole alternator. by and
bg are equivalent pole-arc widths, By and f are equivalent
pole-arc coefficients, all four related to the axial position z.
The constant factor ¢ is taken as 1 when y is odd, otherwise,
¢ is taken as —1. Unlike the PMSM, the claw-pole alternator
is axially asymmetric, so the F is not zero; meanwhile, u
is an integer (the MMF of PMSM contains only odd har-
monics), so the characteristics of air-gap magnetic field and
radial electromagnetic force in the claw-pole alternator are
more complex.

Substituting Egs. (3)-(6) into Eq. (2), the no-load air-
gap magnetic density By, jat DC excitation is obtained, as
shown in Eq. (7):

By, , =Bo+ Z B, cos(upt — pwet)+

. (7
Z Z By i cos[(up £ kQs)0 — puwct]

bk

Where B, is the amplitude of the time-invariant magnetic
field calculated by multiplying the mean value of the MMF
with the A,. For convenience, this magnetic field is des-
ignated as the fundamental magnetic field. B, denotes the
amplitude of the magnetic field caused by the MMF har-
monics, while B, , represents the amplitude of the magnetic
field due to the slotting effect.
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As a control, in the next step, substitute Eq. (7) into Eq.
(1) to calculate the radial electromagnetic force caused by
the DC excitation, as shown in Eq. (8). To indicate the fre-
quency and spatial order of the radial force, define the array
as (f, m), where fis the frequency order of the radial force
and m is the spatial order. The magnitude of the radial forces
at higher orders can be ignored. Therefore, the main focus
is on the radial electromagnetic forces with the spatial order
of zero and the smallest non-zero order. The source, fre-
quency, and spatial order statistics of the forces are shown
in Table 1, wherepy, 2, k1, ko € IN. Each electromagnetic
force source (each row) in Table 1 corresponds to one term
in Eq. (8).

As shown in Table 1, there are two types of radial elec-
tromagnetic forces:{( Mp(,llffg; fi(pjzst) at DC excitation,

where K, M, and N are non-zero integers.

Table 1 Radial electromagnetic force with DC excitation

For a three-phase 12-pole/36-slot claw-pole alternator,
since K#0, only (Mp, Mp£+NQ,) maybe a radial force with
the spatial order of zero, which has a frequency of+36N.

On the other hand, the lowest non-zero spatial order is
noted as T. For (Kp, Kp), T=6, the frequency is six times the
rotational frequency. However, this frequency is much lower
than the stator mode frequency under the low and middle
rotation speeds. Let Mp + NQ, =T, then M = (T/6)+ 6N. As
M, N, and T are all non-zero integers, |7] has a minimum
of six, corresponding to a radial electromagnetic force fre-
quency of 36N + 6. Therefore, the major radial forces under
DC excitation of the three-phase 12-pole/36-slot claw-pole
alternator are (£36N, 0) as well as (36N £6, 6). (6, 6) is less
likely to cause resonance, although the amplitude is large.

When the excitation current harmonics are considered,
the amplitude of the excitation current /, in Eq. (5) and
Eq. (6) will vary with time. Supposing that /, consists of
DC and the vth current harmonic (a similar approach can
be extended to any number of current harmonics), then the
excitation current becomes Eq. (9):

Ip(t) = Ipo+ Iy, cos(vwet) )

Where [, is the DC amplitude and /;,, indicates the vth cur-
rent harmonic amplitude.

By substituting Eq. (9) into Egs. (7)-(6), the rotor MMF
under the influence of current harmonics is calculated, which
is noted as £(6,z,7). The air-gap magnetic density caused by
the vth current harmonic (By, ,) is calculated by multiply-
ing F(0,z,t) with Eq. (3), as shown in Eq. (10). B,-B, are
the amplitudes of the different magnetic harmonics caused
by the vth current harmonics. The source, frequency, and
spatial order statistics of the radial electromagnetic force are
shown in Table 2.

By, , = By cos (vw.t) + Z Bs cos(kQs0 + vwet) +
ke

Z Bs cos[upd — (u £ v)wet]+ (10)

Z Z Bjcos[(kQs £+ up)0 — (p £ v)wet]
1% k

The total radial magnetic density is the sum of By, , and
By, ,asin Eq. (11).

SOURCES OF FORCE Frequency Spatial order

Fundamental magnetic field + MMF harmonic Hp Hp

Fundamental magnetic field + MMF harmonic + Slotting effect Hp up £ kQs

MMF harmonic (p1 & p2)p (1 £ p2)p

MMF harmonic + Slotting effect (1 £ p2)p (p1 £ p2)p £ (k1 £ k2)Qs
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Table 2 Main radial electromagnetic forces caused by the vth current harmonic

Source Frequency Spatial order

Fundamental magnetic field + Current harmonic vp 0

Fundamental magnetic field + Current harmonic + MMF harmonic (ntv)p Hp

Current harmonic + MMF harmonic (1 £ p2£v)p (n1 £ p2)p

Fundamental magnetic field + current harmonic +MMF harmonic+ Slotting effect (4 v)p up + kQs

Current harmonic+ MMF harmonic +Slotting effect (1 £ p2£v)p (n1 £ p2)p £ (k1 £ k2)Qs

B,(0,z,t) = By, , + Br,, (11)
Finally, Eq. (7), Eq. (10), and Eq. (11) are substituted into
Eq. (1) to calculate the radial electromagnetic force consid-
ering the excitation current harmonics. In the no-load case,
B, , is the dominant component of air-gap magnetic den-
sity for an electro-excited claw-pole alternator. Hence, the
radial electromagnetic force generated by the vth current
harmonic is derived mainly from the interaction between
By, , and By, , (i.e. By, , X By, ). The source, frequency,
and spatial order of the newly generated electromagnetic
force are summarized in Table 2.

Table 2 illustrates the influence of the vth current har-
monic on the radial electromagnetic force harmonics.
Firstly, an additional radial force harmonic with the spa-
tial order of zero is generated. Secondly, the original radial

(Kp, Kp)
Mp, Mp £ NQy)
in the frequency spectrum, which can be described as
{ (Kp+vp, Kp)

(Mp+vp, Mp+ NQs
slot claw-pole alternator, new radial forces (36N, 6) and
(36N +6, 0) will appear while v=6N =*1, and the original
radial force (36N, 0) is enhanced while v=6N. When v=1,
(36N =£6, 6) is enhanced. These new radial electromagnetic
force harmonics with low spatial order will have a signifi-
cant effect on vibration.

electromagnetic force {( is shifted +vp

) For the three-phase, 12-pole/36-

4 Computation Model of Radial
Electromagnetic Force Considering
Excitation Current Harmonics

The spatial order and frequency of the radial electromag-
netic force generated by the current harmonics at no-load
have been analyzed in Sect. 3. However, the amplitude of
the radial electromagnetic force cannot be accurately calcu-
lated by the analytical method due to the flux leakage and
magnetic saturation effects. Meanwhile, additional stator
currents are induced by the excitation current harmonics
under load conditions. These stator current harmonics are

@ Springer

193

difficult to model mathematically. Hence, the magnitude
of the electromagnetic force at load can hardly be calcu-
lated precisely using the analytical method described above.
Therefore, a 3-D finite element model is established in this
paper. The current harmonics of specific order are injected
by defining the excitation current for the rotor in the simula-
tion software. Then the radial electromagnetic force ampli-
tude changes caused by the current harmonics are calculated
and analyzed. To simplify the modeling process, the 3-D
finite element simulation is performed in current driven
mode rather than in circuit coupling mode. In current driven
mode, the excitation current is completely equal to the given
current, without considering the influence of the physical
characteristics of the voltage regulator itself and the influ-
ence of different battery voltages, nor the influence of cur-
rent harmonics on itself through circuit coupling.

Figure 4 shows the stator and rotor structure of the elec-
tromagnetic simulation model of a three-phase 12-pole/36-
slot electric excitation claw-pole alternator. The relevant
parameters are shown in Table 3. During the operation of
the claw-pole alternator, the voltage regulator applies a DC
field current (containing current harmonics) to the field
winding through carbon brushes and slip rings. When the
field current flows through the ring-shaped field winding,
the magnetic flux in the air gap is produced. As the rotor is
turned by the belt, the rotor magnetic field cuts the stator
winding, and a three-phase alternating current is generated
in the stator windings. Considering the circumferential sym-
metry of the claw-pole alternator, a 1/6 3-D finite element
model is employed as an example of the calculation [26],
as shown in Fig. 5. In the finite element model, only four
components need to be defined their materials, in which the
stator winding and the rotor field winding are copper, the
stator core and rotor claw-poles are silicon steel.

It is difficult to measure tmodel unchanged, the excitation
current distribution on the inner surface of the claw-pole alter-
nator stator. Therefore, the accuracy of the current and elec-
tromagnetic force simulations is verified by measuring the
back-EMF. The reverse driving method was used to measure
the back-EMF of the test prototype at an excitation current of
3 A and a rotation speed of 1500 r/min. The layout of the test
system is illustrated in Fig. 6. In the experiment, the claw-pole
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Fig.4 Claw-pole alternator struc- Stator Wl ndlng

tural model

Stator core

Field winding

Table 3 Main parameters of the claw-pole alternator

Parameter Value
Number of rotor pole pairs p 6
Number of stator slots O 36
Stator inner diameter R (mm) 49.5
Rotor outer diameter » (mm) 49.175
Slot width b, (mm) 3.07
Air-gap length g (mm) 0.325
Air-gap at chamfer g’ (mm) 0.929
Circumferential angle corresponding to the chamfer J (rad) 0.0313
Rotor pole jaw length L (mm) 23.65
Rotor pole jaw tip width b; (mm) 6
Rotor pole jaw root width b, (mm) 26.1
Number of turns of rotor excitation windings N, 355
Number of turns per slot of stator winding N, 9

DC component of the excitation current /;, (A) 4
Rated rotor speed (1r/min) 6000
Rated power (kw) 1.54
Rated output current (A) 110

Fig.5 1/6 3-D finite element model of claw-pole alternator

Fig. 6 Experimental system to
measure the back-EMF
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alternator is fixed on a bench. After disconnecting its recti-
fier circuit, an external power supply is employed to provide
3 A DC power to the rotor field winding. An induction motor
drags the rotor of the alternator to provide a fixed speed of
1500 r/min. The speed of the claw-pole alternator is measured
by a photoelectric speed sensor, and the induced EMF at the
ends of the phase windings is measured by an oscilloscope.
The test results obtained and the calculations of the finite ele-
ment model, as shown in Fig. 7, generally coincide, which
indirectly indicates that the model can precisely calculate the
current amplitude and radial electromagnetic forces.

Keeping the structural parameters of the finite element
model unchanged, the excitation current with the vth current
harmonic is artificially defined as in Eq. (12):

If(t)=1f, 0+0d1f, vcos(vpwrt)(d ==+1) (12)
The coefficient o reflects the phase sequence of the harmon-
ics: when &=1, it means the harmonics are in a positive phase
sequence, otherwise they are in a negative phase sequence.
Current harmonics with a frequency of 1p to 6p times the
rotational speed are injected into the excitation DC. This is
because the amplitude of the current harmonics at higher
frequencies is so small that the influence on the electromag-
netic force is almost negligible.

Since the air-gap magnetic density and radial force of the
claw-pole alternator are related to the axial offset z. Therefore,
the axial order is introduced when the Fourier decomposition
of the results obtained from the simulation is performed.

5 Influence of Excitation Current Harmonics
on Radial Electromagnetic Force of Claw-
Pole Alternator

From the analysis in Sect. 3, it is known that the main radial
electromagnetic forces of the three-phase 12-pole/36-slot
claw-pole alternator under DC excitation are (f=36N, m=0)

20
< Simulation
s 197 Experiment | |
2
Lo 10r P 1
2 fo P,
2 5f |
g

J

°c 0 %
"g 3
RAY |
S
S -10}
[a1]

15 . . .

0 0.005 0.01 0.015 0.02
Time(s)

Fig.7 Back-EMF at no-load
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and (f=36N+6, m=06) at no-load. Meanwhile, the current
harmonics induced (f=36N, m=6) and (f=36N+6, m=0)
additionally. Considering that only radial forces with low
axial spatial order cause significant vibration, the effect
of current harmonics on the electromagnetic force of
(/=30,36,42, m=0,6, n=0,1) is investigated.

When the excitation current is DC, the Fourier transform
is done in circumferential and axial directions for the radial
electromagnetic force of /=30,36,42. As is shown in Fig. 8,
the =36 radial force at DC excitation is dominated by the
electromagnetic force with the circumferential spatial order
of zero (m=0); Meanwhile, the electromagnetic force of
m=6 dominates the f=36N +6 radial electromagnetic force.
This phenomenon coincides with the analysis in Sect. 3: at
no load, there is theoretically no radial force of (f=36N,
m=6) and (f=36N +6, m=0).

The influence of excitation current harmonics with differ-
ent phase sequences, frequencies, and amplitudes on the low
spatial order radial electromagnetic force is studied below.

Keep the excitation DC at 4 A and inject an even-order
current harmonic with an amplitude of 1 A. The effect of
even-order harmonic injection on the harmonic amplitude
of the low-order radial electromagnetic force is shown in
Table 4. The array (f, m, n) is redefined to describe the char-
acteristics of the radial force. Where fis the radial force fre-
quency order, m is the circumferential spatial order, and n
is the axial spatial order. For instance, (36,6,1) represents
the radial electromagnetic force harmonics with a frequency
of 36 times the fundamental frequency, the circumferen-
tial spatial order of 6, and the axial spatial order of 1. The
first 1-6 rows of Table 4 show the six major radial elec-
tromagnetic forces that contribute most to the electromag-
netic vibration of the three-phase 12-pole/36-slot claw-pole
alternator under DC excitation. 1| represent their amplitude
fluctuations of more than 15%. The remaining forces (rows
7—-12) have an amplitude of no more than 30% of the main
radial electromagnetic force under DC excitation. Hence
only in the case of amplitude fluctuations exceeding 50% is
it considered that it starts to have a significant impact on the
total radial electromagnetic force amplitude.

The most striking aspect of Table 4 is the effect of the
6th (v=6) current harmonic on the amplitude of the electro-
magnetic force in rows 1-6. These radial forces originally
act as the primary source of vibration, so changes in their
amplitude can greatly affect the total radial electromagnetic
force in the claw-pole alternator. The rate of change of the
main radial force amplitude under the influence of the 6th
current harmonic is calculated and collated to obtain Fig. 9.

As Fig. 9 illustrates, except for a relatively obvious
weakening effect on (42,6,1), the 6th current harmonic with
positive phase sequence dramatically strengthens the elec-
tromagnetic force of both (=36, m=0, n=0,1) and (=30,
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Fig. 8 Radial electromagnetic force under DC excitation
Table 4 Influence of even-order current harmonics on the amplitude of low-order radial electromagnetic force
Force harmonics Amplitude (N.m2)
Initial 2nd -2nd 4th -4th 6th -6th
(30,6,0) 4840 - - - - 573871 3599]
(30,6,1) 2477 2615 2087] 30307 1958] 29131 2184
(36,0,0) 2320 - - - - 332171 1733]
(36,0,1) 857.6 - - - - 29621 15191
(42,6,0) 2524 - - - - - -
(42,6,1) 1508 18961 1002} - - 804.2] 23211
(30,0,0) 204.5 - - - - 332.11 149.3
(30,0,1) 67.41 - - - - 39.26| 68.93
(36,6,0) 264.8 - - - - - -
(36,6,1) 236.8 - - 5771} 92.83| 124.8] 117.2]
(42,0,0) 277.1 - - - - - -
(42,0,1) 233.2 - - 272.3 80.28| 226.3 108.5|

Note: “-” represents the insignificant change in amplitude

m=6, n=0,1). Among them, the radial force (36,0,1) is
enhanced by up to 245%. The 6th current harmonic with
a negative phase sequence also causes a sharp increase
in (36,0,1) and (42,6,1), although it can weaken some of
the harmonics. Combined with the analysis in Sect. 3: the
increase in (=36, m=0, n=0,1) is due to the 6th harmonic
interacting with the fundamental magnetic field to produce
a new radial force with the spatial order of zero (Table 2,
row 1, v=6). The rise in (=30, m=6, n=0,1) is then caused
by the 6th current harmonic in combination with the funda-
mental magnetic field, MMF harmonics, and permeability

196

harmonics (Table 2, row 4, eg. v=6 u=11 k=2). Simulta-
neously, the changes at (f=42, m=6, n=0,1) are explained
by the interaction of the 6th current harmonic with the fun-
damental wave of the MMF shifting the radial force (f=6,
m=6) towards the higher frequency region (Table 2, row 3,
v=6 u=1). Therefore, the 6th current harmonic, regardless
of positive or negative phase sequence, trigger a significant
increase in the original major radial electromagnetic forces
and is a hazardous harmonic.

Notice that, in Fig. 9, the radial electromagnetic force
amplitude changes in the opposite direction for all five
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Fig.9 Influence of the 6th har-
monic on the main radial electro-
magnetic force of the prototype (42,6,1)
(42,6,0)
g
5 (36,0,1)
o
© (36,0,0)
Q.
wn
(30,6,1)
(30,6,0)

I 6th
I -6th

-50% 0

50% 100% 150% 200% 250%

Change rate of amplitude

Table 5 Influence of even-order current harmonics on the amplitude of low-order radial electromagnetic force

Force harmonics Amplitude (N.m?)

Initial st -1st 3rd -3rd Sth -5th
(30,6,0) 4840 - - - - - -
(30,6,1) 2477 - - - - - -
(36,0,0) 2320 - - - - - -
(36,0,1) 857.6 613.4| 598.9| 718.5] 926.9
(42,6,0) 2524 - - - - - -
(42,6,1) 1508 - - - - - -
(30,0,0) 204.5 293.41 187 - - 27081 25141
(30,0,1) 67.41 12.19} 72.64 - - 10631 1132¢
(36,6,0) 264.8 703.11 568.91 - - 11421 121371
(36,6,1) 236.8 425.7% 465.81 132.4| 136.5] 344.8% 105871
(42,0,0) 277.1 83.3] 377.9
(42,0,1) 233.2 71.56] 207.1 5147] 149.2 153.9 135.9]

groups except for (36,0,1), after the 6th harmonic of the
injected current is inverted. Recalling Table 4, the 4th
current harmonic with positive phase sequence enhances
(30,6,1) by 18.3%, and the 4th current harmonic with nega-
tive phase sequence will weaken the (30,6,1) amplitude by
30.0%; a similar effect is observed for the 2nd current har-
monic on (30,6,1) and (42,6,1). Hence, it can be deduced
that the influence of the even-order current harmonics on
the main radial electromagnetic force (Table 4, rows 1-6)
is phase sequence-related. In particular, if an even-order
current harmonic with a positive phase sequence boosts
a radial electromagnetic force, injecting it in reverse will
significantly reduce its enhancement of that force, or even
weaken it, and vice versa.

Finally, rows 7—12 in Table 4 illustrate that the radial
electromagnetic force does not change significantly after the
injection of even-order harmonics (In addition to the slight
enhancement of the positive-phase 6th current harmonic
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to (30,0,0). (36,6,1) is extensively suppressed by the even-
order current harmonics (Table 4, row 10), where the
positive-phase 4th current harmonic weakens this electro-
magnetic force by up to 310%. This indicates that the even-
order current harmonics do not generate the new major
source of vibration.

Similarly, the effect of odd-order current harmonics on
the lower spatial order radial electromagnetic force ampli-
tudes is shown in Table 5, which shares the format of Table
4.

From Table 5, the influence of the odd-order current har-
monics on the radial electromagnetic force is concentrated
in rows 7—12. The contribution of these forces to the vibra-
tion is relatively small when the DC excitation is applied.
The 5th and 1st current harmonics have the most noticeable
effect on the enhancement of radial forces.

Figure 10 illustrates the effect of the 5th current harmonic
on the radial electromagnetic force of f/=30. It is clear that
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the radial forces (30,0,0) and (30,0,1), respectively, are only
8.2% and 2.72% of the magnitude of the main radial force
(30,6,1) with DC excitation. However, after the 5th current
harmonic with positive phase sequence was injected, the
amplitudes of (30,0,0) and (30,0,1) increased by 1224 and
1477%, respectively. At this point, the amplitude of (30,0,0)
exceeds that of (30,6,1) and the amplitude of (30,0,1)
reaches 50% of that of (30,6,1), which means that their
effect on vibration is no longer negligible. This suggests that
certain odd-order current harmonics will cause a new major
source of vibration.

The phenomena identified above can also be explained
by the analysis in Sect. 3. The increase in (f=30, m=0,
n=0,1) is a result of the newly induced radial force whose
spatial order is zero, which is generated by the interac-
tion of the injected 5th current harmonic with the funda-
mental magnetic field (Table 2, row 1, v=5). Similarly,
the enhancement of the amplitude of (=36, m=6, n=0,1)
(Table 5, rows 9—10) by the Sth and 1st current harmonics
is attributed, respectively, to (a) The 5th current harmonic
reacts with two MMF harmonics of (u;-¢,=1), causing a
frequency shift in the radial force (=6, m=6) (Table 2, row
3,v=5u,;=2 u,=1); (b) The combined interaction of the 1st
current harmonic with the fundamental magnetic field, the
MMF harmonic and the slotting effect cause a frequency
shift in the radial force (=30, m=6) (Table 2, row4, v=1
u=5k=1).

In addition, as shown in Fig. 10, the 5th harmonics with
both the positive and negative phase sequence induce an
increase in (f=36, m=6, n=0,1). Many more similar cases
can be observed in Table 4. For example, the 3rd current
harmonics with positive phase sequence weaken (36,0,1)
and (36,6,1) (Table 5, rows 4,10) by 28.5% and 44.1%
respectively, while the 3rd order harmonic with negative
phase sequence also reduces both radial electromagnetic

5000 =20
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Fig. 10 Variation of radial electromagnetic force (f=30) amplitude
before and after 5th harmonic injection
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forces by 30.2% and 42.4% individually, with no significant
change in trend or magnitude. Hence, it can be deduced that
the influence of the odd-order current harmonics on elec-
tromagnetic force is phase sequence-free. Specifically, if an
odd-order excitation current harmonic diminishes a radial
electromagnetic force, then its inversion will still have a
weakening effect on that force, and vice versa.

From Tables 4 and 3, it can be observed that: the 3rd cur-
rent harmonic with positive phase sequence and the 2nd cur-
rent harmonics with negative phase sequence reduce one of
the main low spatial order electromagnetic forces (Table 4,
Table 5, rows 1-6) by more than 25% and suppress other
electromagnetic forces, which are beneficial harmonics. The
6th harmonic will, on the other hand, increase the amplitude
of at least two of the main radial electromagnetic force and
is therefore a hazardous harmonic. Hence, the three current
harmonics mentioned above are used as examples to inves-
tigate the influence of the harmonic amplitude on the radial
electromagnetic force.

Set the DC component of the excitation current to 4 A.
For the 2nd current harmonic with negative phase sequence
and the 3rd current harmonic with positive phase sequence,
their amplitudes range are set to 0—4 A. Considering that the
6th current harmonic with an amplitude of 1 A would then
drastically increase the amplitude of the main electromag-
netic force, such as (36,0,1), the amplitude of such harmon-
ics is limited to 0—1 A.

Figure 11 illustrates that, as the amplitude of the 2nd
current harmonic with negative phase sequence increases,
the electromagnetic force harmonics (30,6,0), (30,6,1), and
(42,6,1) are approximately linearly decreased. For each 1A
increase in harmonic amplitude, the corresponding electro-
magnetic force is diminished by 20% to 33%. Meanwhile,
the electromagnetic force harmonics (36,0,0) and (36,6,0)
are also weakened as the amplitude of the 2nd harmonic
increases, with no appreciable change in the remaining elec-
tromagnetic force. Consequently, the ability of the inverse
2nd harmonic to weaken the radial electromagnetic force is
positively related to its amplitude.

From Fig. 12, it can be seen that the sum of /=36 elec-
tromagnetic force is lowest when the amplitude of the 3rd
current harmonic is injected up to half of the DC ampli-
tude, which is only 58% of that before injection. However,
when the current harmonic amplitude reaches 75% of the
DC (3A), the total electromagnetic force for /=36 increases
instead. The /=366 electromagnetic force is affected simi-
larly, only if the harmonic amplitude is less than 25% of the
DC will it ensure that the total radial forces do not rise after
injection. Therefore, there exists an optimum amplitude
of the 3rd current harmonics to weaken the radial electro-
magnetic force. In actual excitation currents, the harmonic
amplitude generally does not exceed 15% of the DC. Within
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Fig. 11 Influence of the 2nd current harmonic with negative phase sequence on radial electromagnetic forces

this range, the 3rd current exhibits an overall suppression
effect on electromagnetic force.

Notice that the 3rd harmonic is an odd-order harmonic.
As the harmonic amplitude increases, the radial electromag-
netic force (36,6,0) continues to increase and eventually
replaces the original (36,0,1) as the new dominant vibration
source. This is consistent with the conclusions drawn above.

As shown in Fig. 13, the amplitudes of both force har-
monics (f=30, m=6, n=0,1) and (=36, m=6, n=0,1)
increase approximately linearly with the 6th current har-
monic amplitude, except for (42,6,1) which is weakened.
The (36,0,1) increases most dramatically, with each 0.25A
rise in harmonic amplitude causing a 60% increase in radial
force amplitude over that before injection. Thus, increases
in the amplitude of the 6th current harmonic show an overall
enhancement of the electromagnetic force.

To verify the accuracy of the simulation analysis results,
vibration testing of the claw-pole alternator was conducted
under varying excitation current conditions. The alternator
was first secured to the test bench, with an asynchronous
motor driving the rotor via a belt. A DC power supply was
connected to the rotor’s excitation windings to provide
power, allowing for adjustments to the excitation current.
To match the simulation setup, the DC component of the
excitation current was set to 4A, and the amplitude of the
harmonic current was set to 1A. A vibration accelerometer
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was then attached to the surface of the claw-pole alternator
housing, as shown in Fig. 14(a). Figure 14(b) presents the
vibration acceleration spectrum at a rotor speed of 60001/
min under different excitation currents. As illustrated, the
introduction of the 2nd harmonic current with a negative
phase sequence significantly reduces the vibration ampli-
tude at 3000Hz, 4200Hz, 6600Hz, and 7800Hz, while
also attenuating vibrations at 3600 Hz and 7200 Hz to some
extent. Conversely, the introduction of the 6th harmonic cur-
rent with a positive phase sequence increases the vibration
amplitude at these frequencies, particularly at 3600 Hz and
7200 Hz, which aligns with the simulation analysis results.

From the analysis above, it is clear that specific current
injection can suppress radial electromagnetic force. The
influence of the current harmonics on the output current of
the claw-pole alternator is then studied below. To prevent
overloading of the circuit, the amplitudes of the injected
harmonics are generally low. Hence, the DC component of
the excitation current is set to 4 A and the current harmonic
amplitude is limited to 1 A. The variation of the output cur-
rent amplitude with the order and phase sequence of the cur-
rent harmonics is shown in Fig. 15, where ‘Initial’ indicates
that the excitation current is DC.

From Fig. 15, when the amplitude of the current harmon-
ics reaches 25% of the DC, the 1st current harmonic has the
strongest amplitude attenuation effect on the output current
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(—=2.2%), while both the 2nd and the 3rd current injection
cut the output current by about 1.5%. Therefore, it can be
assumed that the current harmonics with small amplitudes
do not cause a significant deterioration in the power genera-
tion performance of the claw-pole alternator.

6 Conclusion

In this study, the influence of excitation current harmonics
on the radial electromagnetic forces of electric excitation
claw-pole alternators was systematically examined. A novel
analytical framework was developed to derive the frequency
and spatial order of the radial electromagnetic forces consid-
ering excitation current harmonics. Additionally, a compre-
hensive simulation was performed on the zero-order spatial
components of the radial electromagnetic forces, taking into
account various types of excitation current harmonics with
different phase sequences, frequencies, and amplitudes. The
underlying influence mechanism of these harmonics on
the electromagnetic forces was thoroughly explored. The
simulation analysis results were validated through vibration

200

bench test. Based on the results, the following key conclu-
sions are drawn:

(a) The frequency and phase sequence of excitation cur-
rent harmonics significantly affect the amplitude of
the radial electromagnetic force, with distinct impacts
observed for different harmonic orders.

Even-order current harmonics do not generate new
major sources of vibration but only modulate the ampli-
tude of existing vibrations. In contrast, odd-order cur-
rent harmonics induce new major sources of vibration,
thereby influencing the vibration characteristics more
profoundly.

Specifically, the 2nd current harmonic with a nega-
tive phase sequence and the 3rd current harmonic with
a positive phase sequence can effectively reduce the
radial electromagnetic force, whereas the 6th current
harmonic, regardless of phase sequence, enhances the
electromagnetic force.

(b)

(©)

These findings present a novel perspective on the inter-
action between excitation current harmonics and radial

@ Springer
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<

Accelerometer \Uve

electromagnetic forces in claw-pole alternators, providing
valuable insights for optimizing alternator design to mitigate
unwanted vibrations. Future work could focus on further
investigating the harmonic characteristics of the output cur-
rent from the voltage regulator at varying battery voltages

@ Springer

Vibration acceleration (m/sz)

N
o

-
[&)]

o
o

&)

201

==w»=s DC excitation
== DC excitation + 2nd harmonic
DC excitation + 6th harmonic

0 1200 2400 3600 4800 6000 7200 8400 9600
Frequency (Hz)

(b)

Fig. 14 Vibration testing of claw pole alternator under different excitation currents. (a) experimental setup. (b) test result

or rotor speeds, as well as exploring the coupling effects of
multiple current harmonics on electromagnetic forces. This
study opens new avenues for enhancing the performance
and efficiency of claw-pole alternators by addressing the
impact of current harmonics on their operational dynamics.
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