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Abstract 

In this paper, a marine regional power distribution model based on improved kernelized 
Extreme learning machine (Kelm) is proposed for fault diagnosis of marine regional 
power distribution system. Firstly, the simulation model of marine regional power 
distribution system is built by Simulink, and the data of each working condition is 
extracted. The variational mode decomposition (VMD) algorithm is improved by using 
the difference optimization Algorithm (DE) to extract the energy signal characteristics 
of the voltage, current and electric generator of distribution lines, and Kelm is optimized 
by using the carnivorous plant algorithm (CPA) , a CPA-KELM diagnostic model is 
constructed to diagnose regional power distribution faults on ships. The experimental 
results show that the proposed method is more accurate and reliable than other models 
in classification performance. 
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1. Introduction 

With the continuous development of large and intelligent ships, the number and types of ships' 
equipment are also increasing. Ensuring the stable operation of ships and equipment requires 
higher power supply quality and reliability of ships' power grid[1].Because of its high reliability, 
Marine ring area power distribution scheme has been developed, and the study of Marine 
power system fault recovery provides a further guarantee for improving power supply 
reliability.Fault diagnosis is an essential part of fault recovery. Establishing a perfect and 
efficient fault diagnosis system can ensure that the fault is diagnosed and removed as soon as 
possible at the initial stage of fault occurrence. 

Fault diagnosis mainly consists of feature extraction and classification model construction.For 
feature extraction method, literature [2] combine the variational mode decomposition (VMD) 
algorithm with the dispersion entropie (DE) , and propose a new fault feature extraction 
method, which not only shortens the computing time but also improves the accuracy of fault 
identification, literature [3] is proposed based on a kind of VMD and improve D - S algorithm is 
applied to the coal mill vibration signal fault identification, VMD algorithm was used to process 
the time series of different grinding currents, and the fault features were extracted and the 
decision analysis was carried out by information fusion method.For the fault identification 
module, literature [4] proposed an improved multi-scale permutation entropy and KELM 
algorithm to be applied to the fault identification of rolling bearings, and the improved KELM 
model effectively realized the fault diagnosis.Literature [5] proposed an optimized KELM 
algorithm using quantum particle swarm optimization (QPSO) to be applied to fault 
identification of Marine transformers, and proved that the improved algorithm has high 
stability and high identification accuracy. 
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Considering the characteristics of multiple fault types, monitoring quantity and sample 
imbalance in the fault diagnosis of ship regional power distribution system, a ship regional 
power distribution model based on improved kernel extreme Learning Machine (KELM) is 
proposed for fault diagnosis.Furthermore, the stability of KELM model is improved, and the 
classification performance of KELM model in fault diagnosis of ship regional power distribution 
system is improved.The simulation model of ship annular area power distribution system is 
built by SIMULINK. The original data of the system model under various operating conditions 
are obtained by sampling the voltage and current at each position of the distribution line and 
the output power of the generator set and the rotor speed.The improved VMD algorithm is used 
to extract energy features from continuous original data.The CPA-KELM diagnostic model is 
used to diagnose the regional distribution faults of ships. 

2. System model and data acquisition 

2.1. System Model 

FIG. 1 shows a typical annular regional power distribution system for ships. Each power 
generation unit forms an annular connection through the Main Switchboard , and each regional 
load is connected to the bus through the Main Switchboard.Normally, the power source for the 
area load is the bus on one side.When a fault occurs on this side, you can switch to the other 
side to ensure the reliability of the power system. 
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Gx        ---- Generating Unit x
MSBx  ---- Main switchboard x
ADUx  ---- Area Distribution Unit x
Aux     ---- Load Unit x

 
 

Figure 1:Typical ship ring area distribution network 

 
Figure 2: simulation model 

In this paper, a simulation model of ship regional power distribution system is built through 
SIMULINK, as shown in FIG. 2.The system has two 5MVA and two 30MVA power generation 
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units, and the two regional power distribution units are connected to the bus through the 
regional power distribution board. The specific parameters of system construction are shown 
in literature [6]. 

 FIG. 3 is the response curve comparison diagram of the active power of the four generators 
under normal working conditions and when A ground contact fault occurs in area 2 (position 
⑤).When the system works normally, power supply for region 1 is provided by power 
generation units 1 and 2, and power supply for region 2 is provided by power generation units 
3 and 4.The system stabilizes about 7 seconds after startup.When A ground-to-ground fault 
occurs in area 2 at 8s, G3 and G4 show strong fluctuations under the influence of the fault.In 
order to ensure system safety, the system cut off the power supply on the faulty side of area 2 
at 8.1 seconds and switched to power supply from power generation units 1 and 2. Therefore, 
due to the sudden increase of load, G1 and G2 produced certain oscillation and increased output 
power. 

       
(a) Normal working condition (b) fault working condition 

Figure 3: Generator active power response of the simulation model  

2.2. Data Collection 

In this paper, the common single-phase grounding fault and two-phase short-circuit fault are 
combined[7], 13 kinds of system operating states under normal operation and distribution area 
failure are studied, and the specific conditions are shown in Table 1. 

Table 1: Fault types 

label Running state The fault location 

1 normal - 

2 A phase to ground 

Distribution unit 1 

Location③ 

3 B phase to ground 

4 C phase to ground 

5 AB phase short connection 

6 AC phase short connection 

7 BC phase short connection 

8 A phase to ground 

Distribution unit 2 

Location⑤ 

9 B phase to ground 

10 C phase to ground 

11 AB phase short connection 

12 AC phase short connection 

13 BC phase short connection 
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For 13 system working conditions in Table 1, 44 signals including line voltage and current (① 
to ⑥) as shown in Figure1 and rotor speed and active power of 4 power generation units were 
sampled at a sampling frequency of 1KHz.In order to ensure the diversity of data, the load in 
each area of the system was divided into 80 grades, and 80 groups of original signal data under 
each working condition were obtained by changing the load.In order to make the data more 
consistent with the reality, on the basis of measuring the original signal intensity, the original 
signal was added with the signal-to-noise ratio of 40, 30, 20 and 10 Gaussian white noise, 
respectively, to reflect the system conditions under different noise levels. 

2.3. Fault feature extraction based on VMD-DE 

Original operating status data of ship regional distribution system is continuous signal data, 
which cannot directly reflect system characteristics and changes, and is difficult to be applied 
to classification model training. Therefore, it is very important to extract effective classification 
features from the original model for fault diagnosis.Compared with empirical mode 
decomposition (EMD), VMD algorithm can automatically find the optimal solution in less time 
according to its variational iteration framework, so as to obtain the quantitative inherent modal 
function (IMF) and its central frequency and bandwidth, and obtain the narrowband IMF 
component through k iterations of preset scale [8]. VMD algorithm has good denoising effect. It 
can effectively suppress mode aliasing and is suitable for non-stationary sequences.The core 
idea of VMD algorithm is to construct and solve variational problems.Let the original data signal 
f be decomposed into k modal functions Uk, its decomposition sequence is k modal components 
with central frequency and limited bandwidth.The constraint conditions are: the sum of the 
expected bandwidths of each modal component is minimum, and ukThe sum is always equal to 
f.Its expression is: 

{
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Among them, {uk}={u1,u2,...uk} is the IMF components obtained by decomposition; 
{ωk}={ω1,ω2,…ωk} is the frequency center of each component;𝑒−𝑗𝜔𝑘tIs the center frequency.The 
modal function ukThe single side spectrum can be obtained by Hilbert transform, and the 
corresponding fundamental frequency band can be obtained through the spectrum.𝑒−𝑗𝜔𝑘t 

In order to transform the above constrained problem into unconstrained problem and reduce 
the interference of Gaussian noise, quadratic penalty factor  and Lagrange multiplication 
operator λ are introduced to obtain the augmented Lagrange expression: 
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Where,  is the convergence criterion and is always greater than 0. Finally, the final sum is 
printed.�̂�𝑘

𝑛、𝑘
𝑛。 

Differential Evolution (DE) algorithm is a heuristic search algorithm proposed by Storn and 
Price based on genetic algorithm. It is also a global multi-objective optimization algorithm, 
which can search for global optimal solution in multi-dimensional space. DE algorithm model 
has simple structure, strong adaptability and easy to use.[9]-[10] DE algorithm achieves target 
optimization through hybridization, mutation and selection operations.Therefore, DE 
algorithm can optimize the selection of the combination of decomposition number k and 
penalty factor α of modal components, and find the optimal parameters k and α in VMD feature 
extraction model through initialization, mutation, crossover, selection and other operations, so 
as to obtain IMF components. 

3. Research on regional distribution fault diagnosis of ships based on 
improved kernel extreme learning machine 

3.1. Core extreme learning machine 

ELM is a kind of single hidden layer feedforward neural network, which generates hidden layer 
node weights and bias by random or artificial Settings, so that ELM has more advantages in 
learning rate than traditional neural network[11]. 

Multi-core extreme learning machine introduces the kernel function theory on the basis of ELM, 
under the condition of unknown activation function h(x), Change Characteristic Operation 
Matrix HHT to multi-kernel function K(xi,xj)[12]: 

ΩELM = 𝐻𝐻T: ΩELM = ℎ(𝑥𝑖)ℎ(𝑥𝑗) = 𝐾(𝑥𝑖, 𝑥𝑗) (4) 

Where H is the output matrix of the hidden layer, h(x) is the mapping function of hidden layer 
nodes, C is the regularization coefficient .The corresponding kernel function vector is: 

ℎ(𝑥)𝐻T = [
𝐾(𝑥, 𝑥1)

⋮
𝐾(𝑥, 𝑥𝑁)

] (5) 

KELM output function is: 
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3.2. Carnivorous plant algorithm 

Carnivorous Plant Algorithm (CPA) is a new meta-heuristic algorithm based on population 
proposed by Ong Kok Meng in 2020. He was inspired by the behavior of carnivorous plants 
adapting to harsh environment. The growth, reproduction and recombination of carnivorous 
plants and prey were simulated.CPA algorithm can solve the search space problems with 
multiple constraints, high dimensional design variables and multiple local optimal solutions 
smoothly.[13] The main principle is as follows: a group of solutions are randomly initialized and 
divided into prey and carnivorous plants, and then grouped again according to their growth 
and reproduction process to update their fitness values until the termination conditions are 
met, and finally all solutions are combined.The specific steps are as follows: 

1) Population initialization 

First, the individual population of prey and carnivorous plants should be randomly initialized 
as nPray and nCPlant. The expression is 
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𝑃𝑜𝑝 = [

𝐾1 𝛼1
𝐾2 𝛼2
⋮ ⋮
𝐾𝑛 𝛼𝑛

] (7) 

Among them, [Kn,αn] is the nth individual, Kn Denotes the number of nth individual 
decomposition modes, αn represents the second penalty factor of the nth individual, and n is the 
sum of nCPlant and nPrey.The random initialization expression for each individual is: 

𝐾, 𝛼 = 𝐿𝑏 + (𝑈𝑏 − 𝐿𝑏) × 𝑟𝑎𝑛𝑑 (8) 

Where, Lb and Ub are the upper and lower limits of the search range for desired optimization 
parameters.In order to evaluate the fitness of an individual, the fitness function value should be 
calculated, and the fitness value storage matrix is: 

𝐹𝑖𝑡 = [

𝑓(𝐾1, 𝛼1)

𝑓(𝐾2, 𝛼2)
⋮

𝑓(𝐾𝑛, 𝛼𝑛)

] (9) 

Where, 𝑓(𝐾n, 𝛼n) is the fitness value of the nth individual. The individual is also represented as 
the solution vector of the problem, and its fitness value represents the quality of the solution 
vector. The smaller the value, the higher the quality. 

2) Classification and grouping 

Pop individuals in the population were arranged in ascending order according to their fitness 
values, that is, the minimization problem was considered.The former nCPlant individuals were 
classified as carnivorous plants and the remaining nPrey individuals were classified as prey. 
The fitness expression  after sorting was as follows: 

Sorted_Fit =

[
 
 
 
 
 
 
 
 

𝑓𝐶𝑃(1)
𝑓𝐶𝑃(2)
⋮

𝑓𝐶𝑃(𝑛𝐶𝑃𝑙𝑎𝑛𝑡)
𝑓Proy (𝑛𝐶𝑃𝑙𝑎𝑛𝑡+1)

𝑓Prey (nCPlant +2) 

⋮
𝑓Prey (𝑛𝐶𝑃𝑙𝑎𝑛𝑡+𝑛𝑝𝑟𝑒𝑦)]

 
 
 
 
 
 
 
 

(10) 

The process of classification and grouping is to simulate the environment of carnivorous plants 
and prey.During this process, the ranking of carnivorous plants is determined by the fitness of 
prey.The prey with the highest fitness value corresponds to the carnivorous plant with the 
highest ranking, and the subsequent ranking also corresponds to the carnivorous plant with the 
highest ranking. The process is repeated, and the nCPlant with the highest fitness value 
corresponds to the carnivorous plant with the nCPlant with the highest fitness value.This step 
can reduce the influence of inferior prey on the distribution of carnivorous plants and improve 
the survival ability of plants. 

3) The growth process 

The growth process mimics that of carnivorous plants hunting prey.Due to poor soil, 
carnivorous plants need to emit odors to attract and capture prey, so the concept of attraction 
rate is introduced into the model, and the growth rate in the model is usually 0.8.If the attraction 
rate is higher than the randomly generated number, the prey will be captured by the plant for 
growth.Its growth model is expressed as: 

NewCP𝑖,𝑗 = growth × CP𝑖,𝑗 + (1 − growth) × CP𝑣,𝑗 (11) 
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growth = growthrate × rand𝑖,𝑗 (12) 

Where, CP𝑖,𝑗 is the grade i carnivorous plant, NewCP 𝑖,𝑗is the updated grade i carnivorous plant, 

Prey 𝑣,𝑗  is the prey randomly selected in grade i, i =1,2... n, growth_rate is the growth rate and 

growth is the growth factor.If the attraction rate is lower than the number randomly generated, 
it means that the prey successfully escapes and continues to grow. Its growth model is 
expressed as follows: 

NewPrey 𝑖,𝑗 = growth × Prey𝑢,𝑗 + (1 − growth) × Prey 𝑣,𝑗  , 𝑢 ≠ 𝑣 (13) 

Where, NewPrey 𝑖,𝑗  is the updated i-level prey, and Prey 𝑢,𝑗  is the prey randomly selected from 

i-level prey. The growth process of the two keeps repeating until the predetermined number of 
iterations is met. 

4) The reproductive process 

The reproduction process mimics the carnivorous plant's ability to reproduce by absorbing 
nutrients from its prey.In order to ensure that the global optimal solution is obtained, the 
optimal solution (the first level) of carnivorous plant population can be propagated. nCPlant 
will be repeated for the whole process, and the expression of the optimal solution propagation 
process is as follows: 

NewCP 𝑖,𝑗 = CP1,𝑗 + reproductionrate ×  rand  𝑖,𝑗 ×  mate 𝑖,𝑗 (14) 

Where, CP1,𝑗 is the optimal solution, 𝑚𝑎𝑡𝑒𝑖,𝑗  is the difference between carnivorous plant 𝐶𝑃𝑣,𝑗 

and𝐶𝑃𝑖,𝑗 . 

5) Population renewal 

 A new population was obtained by combining the propagated population, and the top N names 
were selected as new candidate solutions after ascending sorting.The above process is repeated 
until the maximum number of iterations is reached, and the finally obtained coordinate CP is 
the optimal parameter optimization combination. 

3.3. Improve the diagnostic model of kernel extreme learning machine 

Optimizing Kelm fault diagnosis model by CPA.Firstly, KELM model parameters and CPA 
population are initialized. CPA repeats the population classification, growth and reproduction 
process until the optimal parameters are iterated.By using the optimized KELM model, the fault 
diagnosis model is trained and tested, and various indicators are finally obtained to complete 
the fault identification work. 

4. Research on regional distribution fault diagnosis of ships based on 
improved kernel extreme learning machine 

4.1. Evaluation indexes of the model 

In the training of the MGELM model, it is necessary to evaluate the performance of the trained 
model, so appropriate performance indicators should be selected to evaluate the training 
model.In this paper, there are 13 kinds of operating states of ship area distribution system, 
which is a typical multi-classification problem. Classification accuracy (ACC) is an intuitive 
evaluation of the overall performance of the model, but it cannot be used as a decisive index. 
The expression is: 

𝐴𝐶𝐶 =
1

𝐻
∑  

C

𝑖=1

𝑐𝑓𝑠𝑖𝑖 (15) 
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 Where,The cfsii is the element of the confusion matrix, represents the number of actual label i 
and predicted label i in the output, H is the total number of samples, and C is the number of 
sample categories. 

4.2. Simulation experiment and result analysis 

VMD - DE based fault diagnosis system of regional distribution power system flow chart for its 
implementation steps are: the collected 13 kinds of data input to the diagnosis model of ship 
running, under various operating conditions to get the original spectrum, to obtain the optimal 
parameters of VMD model are optimized by the DE K with alpha, to optimize the feature 
extraction model.The energy signals extracted from IMF components were input into the 
diagnostic identification model, and the optimal solution of parameter C and rbf in KELM model 
was obtained through CPA algorithm, and the accurate identification of various ship working 
conditions was realized by using the diagnostic model. 

Original spectrum of 

each working condition

 IMF components are 

obtained by optimizing 

the VMD model

Extract the signal

Fault identification by 

optimizing the KELM 

model

The optimization 

parameters K and α are 

obtained by DE optimizing 

the VMD model

The optimization parameter 

C and the kernel function 

coefficient are obtained in 

the Kelm model optimized 

by CPA

Output indicators

Input the original fault 

data

 
Figure 4:  fault diagnosis model of ship regional distribution power system based on VMD-DE 

In this paper, 13 kinds of ship operating conditions in Chapter 2 are studied, and two sets of 
data without noise and with 40 Gaussian white noise are selected for fault diagnosis 
research.Firstly, the feature extraction part of the model was initialized. The optimization range 
of the number of target parameter components K and penalty factor α were [2,10] and 
[100,1000], respectively. The maximum number of evolutionary iterations G=10, the dimension 
of auxiliary variables D=2, the crossover operator CR=0.1, and the mutation operator F=0.4. 
Finally, the optimal parameters k=5 and α=536 are obtained.The figure 5 shows the fitness 
evolution curve of DE algorithm. It can be seen that the objective function can be optimized 
after the fourth iteration. 
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Number of iterations  
Figure 5:   DE algorithm fitness evolution curve 

Due to the limitation of space, the two states of normal working condition and the ground-to-
ground fault of A in power distribution unit 1 are selected as examples. The waveform method 
is adopted to obtain the original working condition signal, and the waveform of the original 
spectrum and the spectrum of IMF component is shown in figure 6-9. 

 
Figure 6:   original spectrum under normal operating conditions 
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Figure 7:  normal working condition component diagram 

 
Figure 8:  A phase-to-ground fault original spectrum 
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Figure 9:  A phase-to-ground fault IMF component 

After feature extraction, model parameters were initialized for fault diagnosis. In CPA algorithm, 
nPray=2, nCPlant=4, reproductive rate=1.8, attraction_rate=0.8, The optimization range of 
regularization coefficient C and RBF coefficient was set as [1,1024], and the CPA iteration 
diagram was shown as FIG 10. After 10 iterations, the optimal objective function was satisfied, 
and the optimized parameters were finally obtained as C= 368 and RBF =927.The classification 
accuracy of the optimized ELM model is 0.981, and that of the unoptimized ELM model is 
0.921.It is obvious that the optimization effect is better. 

 
Figure 10:   CPA iteration curve 
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Conclusion 

This chapter proposes a VMD-DE optimization KELM fault diagnosis method for ship regional 
distribution network. The diagnosis model is mainly composed of two parts: feature extraction 
part and fault identification part.In the feature extraction part, the advantages, characteristics 
and algorithm models of the differential evolution algorithm and the variational modal 
decomposition algorithm adopted in this paper are firstly introduced. Using the advantage of 
DE algorithm in global parameter optimization, the two core parameters k and α  of VMD 
algorithm are optimized, and the energy value of the original data is obtained by feature 
extraction.In the fault recognition part, the CPA heuristic algorithm is used to optimize the main 
parameters C and RBF coefficients of the kernel function ELM. Finally, the accuracy index is 
obtained through the optimized fault recognition model. The recognition accuracy of the 
original KELM algorithm model is 0.921, and the recognition accuracy of the optimized model 
can reach 0.981. By comparison, the improved kernel ELM fault diagnosis and recognition 
model has more advantages than the unimproved model. 
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