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Hydrogen energy is one of the best energy carriers for achieving carbon
peak and carbon neutrality, with the characteristics of high energy and
no pollution. The hydrogen internal combustion engine is one of the
important forms of hydrogen energy utilization, with the significant
advantages of high efficiency, high reliability, low cost and low emissions.
In this paper, the characteristics of hydrogen internal combustion
engines and hydrogen fuel cells were compared, and the industrialization
prospects of hydrogen energy utilization in the future were analyzed.
Focusing on the hydrogen internal combustion engine technology system,
a comprehensive analysis was conducted on the technical issues and
technical progress in hydrogen storage, combustion, NO, emissions, etc.
of hydrogen internal combustion engines.

Keywords: Hydrogen internal combustion engine; Hydrogen storage; Combustion characteristics,
Emission

Introduction

The current social energy system is dominated by disposable energy such as oil
and natural gas. With the increase in energy demand, environmental pollution and
greenhouse effect problems are becoming increasingly prominent. To achieve sustainable
development, countries around the world are vigorously developing green energy such as
solar energy, wind energy, and hydrogen energy. China has also put forward the strategic
goals of reaching carbon peak by 2030 and carbon neutrality by 2060. Due to their
inherent randomness and volatility, most renewable energy sources will produce serious
losses of light energy, wind energy, etc. As a chemical energy storage energy source,
hydrogen can effectively recover waste energy. Its high energy density (140 MJ/kg, 4.5
times that of coal, 3 times that of oil) and clean and pollution-free characteristics are
regarded as the future energy technology direction [1, 2]. The use of hydrogen energy can
reduce local pollution, lower global carbon dioxide emissions, and resolve the constraints
of non-renewable energy such as oil and natural gas on human development.

The Structure, Material and Working Principle of Hydrogen Internal
Combustion Engine

Hydrogen internal combustion engine, also known as hydrogen fuel engine, is an
internal combustion engine using hydrogen as fuel. It basically follows the standard
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working principle of internal combustion engines, including four-stroke and two-stroke
engines. This article focuses on four-stroke hydrogen internal combustion engines
because they are more common in practical applications.

Hydrogen Internal Combustion Engine Structure

The structure of the hydrogen internal combustion engine is mainly composed of
hydrogen supply system, combustion chamber, hydrogen and air mixing system, and
cooling system. The hydrogen supply system includes hydrogen storage tank, hydrogen
pipeline and injection system. Hydrogen is usually stored at high pressure and introduced
into the engine through an appropriate injection system. The combustion chamber design
needs to adapt to the characteristics of hydrogen, and usually requires higher ignition
capacity and suitable combustion chamber shape to ensure sufficient combustion
efficiency. The hydrogen and air mixing system is used to adjust and optimize the mixing
ratio of hydrogen and air in the combustion chamber to achieve the best combustion
efficiency and power output. The cooling system of internal combustion engines needs to
adapt to higher operating temperatures, especially due to the heat generated by hydrogen

[3].

Materials for Hydrogen Internal Combustion Engines

The materials used in the hydrogen internal combustion engine mainly include
burner materials, valve and piston materials, and sealing materials. Burner materials
require high temperature resistance and corrosion resistance. Common choices include
special alloys or ceramic materials. Valve and piston materials also need to choose
materials that can withstand high temperature and high pressure to ensure the long-term
reliability and performance of the internal combustion engine. Due to the small molecular
size of hydrogen, special sealing materials are needed to prevent hydrogen leakage.

Working Cycle of Hydrogen Internal Combustion Engine

The working cycle of the hydrogen internal combustion engine is divided into
intake, compression, ignition, work and exhaust. The intake is to mix hydrogen and air
into the combustion chamber. The compressed gas is compressed by the piston to
increase its temperature and pressure. The ignition system ignites the mixture and causes
combustion. The work process is that the energy of the gas drives the piston to move and
generate power. The exhaust gas after combustion in the exhaust process is discharged
through the exhaust valve [4].

Characteristics of Hydrogen Internal Combustion Engines

There are many ways to use hydrogen energy, among which hydrogen fuel cells
and hydrogen internal combustion engines are the most concerned. Hydrogen fuel cells
convert the chemical energy in hydrogen fuel directly into electrical energy through
electrochemical reactions. They have high energy utilization, stable operating conditions
and zero emissions, and were once considered the most effective way to utilize hydrogen
energy. However, the high purity of hydrogen (99.99%), the dependence on the rare
metal platinum, and the imperfect industrial system have led to the high price of
hydrogen fuel cells. In the foreseeable period of time, it will be difficult for hydrogen fuel
cells to meet the needs of the whole society through large-scale and industrialized
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production. On the contrary, although the hydrogen internal combustion engine is
insufficient in terms of energy utilization and emissions, it is not much different from the
traditional internal combustion engine in terms of structure, and the production of
hydrogen internal combustion engine can rely on the existing industrial system to carry
out mass production at low cost. On the whole, in terms of hydrogen energy utilization,
hydrogen internal combustion is more promising for large-scale production and use in the
automobile industry.

Hydrogen internal combustion engines have many advantages over hydrogen fuel
cells. Most of the parts are the same as gasoline/diesel engines, and the material cost is
about CNY 13,000. The existing production line can be used to save costs. The engine
has high durability, about 300,000 km. It has low requirements for hydrogen purity and
does not rely on rare metals. Overall, the biggest advantages of hydrogen-fueled engines
lie in cost and industrialization prospects.

Development Status of Hydrogen Internal Combustion Engines

Up to now, hydrogen internal combustion engines have a history of development
for several decades. As early as 2000, Ford officially began research on hydrogen internal
combustion engines. Subsequently, foreign automobile companies such as BMW, Mazda
and other automobile companies, and domestic companies such as Changan Automobile
have all invested in the research and development of hydrogen internal combustion
engines.

The development of hydrogen internal combustion engines has not been smooth
sailing. During the in-depth research process, problems such as engine backfire, hydrogen
embrittlement, and emissions have emerged one after another. BMW and other
automobile companies have given up on exploring hydrogen internal combustion engines
for cars due to reasons such as the inability to resolve the problem of on-board hydrogen
storage, insufficient power caused by hydrogen injection in the airway, and imperfect
hydrogen refueling stations. In the following years, the development of automotive
hydrogen internal combustion engines stagnated. As time goes by, technology and
materials continue to make breakthroughs, and problems such as storage, combustion,
and emissions of on-board hydrogen have been effectively solved. Hydrogen internal
combustion engines have regained attention in recent years. In 2019, SAIC Motor and
Bosch Group respectively released 2.0-liter in-cylinder direct-injection turbocharged
hydrogen internal combustion engines. Subsequently, in 2021, Toyota's hydrogen internal
combustion engine vehicle Toyota-Corolla held a 24h rally at Fuji Circuit in Japan. In
China, FAW, GAC, Great Wall and other automobile companies also launched different
models of in-cylinder direct injection turbocharged hydrogen engine samples.

Overall, the research on hydrogen internal combustion engines can be divided into
two phases: The first stage was from 2000 to 2007, the stage of gas-port hydrogen
injection internal combustion engines developed by BMW. The second stage was from
2019 to the present, the stage of research and development of direct-injection hydrogen
internal combustion engines represented by SAIC, Bosch and others.
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Technical Problems and Development Status of Hydrogen Internal
Combustion Engines

On-board Hydrogen Storage

The storage of hydrogen has always been a difficult problem in the research of
hydrogen energy-related technologies. Hydrogen molecules are small in size and can
easily penetrate into the interior of the storage tank material, hydrogenating the material
and causing hydrogen embrittlement of the material. At the same time, the flammable and
explosive nature of hydrogen restricts the application scenarios of hydrogen energy [5].
Especially in automotive engines, it is a huge challenge to store enough hydrogen fuel in
a limited space to ensure mileage. At present, there are three main research directions of
hydrogen storage methods: high-pressure gaseous hydrogen storage, low-temperature
liquid hydrogen storage, and material-based hydrogen storage.

As early as the end of the nineteenth century, forged metal containers were used
for hydrogen storage with a hydrogen storage pressure of 12 MPa. Because hydrogen
molecules can easily penetrate into the cylinder to corrode the cylinder, resulting in
hydrogen embrittlement. The cylinders are at risk of bursting under high pressure [6], and
therefore are not used for on-board hydrogen storage. In 1963, Brunswick developed a
high-pressure gas cylinder made of fully wound glass fiber composite material with a
plastic liner. In 2001, Quantum successfully developed a high-pressure hydrogen storage
cylinder with a carbon fiber fully wound structure with a polyethylene liner and a
working pressure of 70 MPa.

In the automotive field, the most widely used hydrogen storage technology is
high-pressure hydrogen storage cylinders. With the increasing demand for on-board
hydrogen storage applications, light weight and high pressure are the final requirements
for hydrogen storage cylinders. At present, high-pressure hydrogen storage containers
have been developed from all-metal (type I bottles) to plastic liner fiber fully wound gas
cylinders (type IV cylinders). The comparison of different types of high-pressure
hydrogen storage cylinders is shown in Table 1.

Table 1. Comparison of different types of hydrogen storage bottles [5]

Type Material quality Working Cost Vehicle
Pressure (MPa) available

Type I Pure steel metal bottles 17.5~20 Low No

Type 11 Steel liner fiber winding bottle 26.5~30 Mid No

Type III Aluminum Liner filament winding bottle 30~70 High Yes

Type IV Plastic Liner filament winding bottle >70 High Yes

Type 1 hydrogen storage tank is not suitable for vehicle-mounted hydrogen storage
because of its pure metal properties. Currently, Type Il and Type IV are the mainstream
composite hydrogen cylinders. It is mainly composed of inner liner and carbon fiber material.
The fiber material is wound around the inner liner in a ring or spiral shape, which can
effectively improve the structural strength of the inner liner. In the automotive field, Type IV
hydrogen storage bottles have been successfully commercialized. However, China's research
on high-pressure hydrogen storage started late. Limited by carbon fiber technology and
filament winding technology, it is still committed to the development of Type III hydrogen
storage bottles.
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Deflagration, Pre-ignition and Tempering

The problems of hydrogen internal combustion engine are inseparable from its
advantages. Firstly, the propagation speed of hydrogen combustion is extremely fast
(about 9 times that of gasoline combustion), which will cause the combustion time to be
too short and the combustion work time to be short. It cannot overcome the compression
work and easily cause the engine to stall, that is, the deflagration problem. Secondly,
because of the low ignition point of hydrogen, the overheating of the spark plug motor
and the hot deposition in the internal combustion engine will lead to the natural
occurrence of hydrogen and the problem of premature combustion. At the same time, due
to the fast propagation speed of combustion, the intake valve has not yet closed at this
time, and the flame will enter the intake pipe, causing backfire.

At present, enterprises are promoting direct injection technology, which injects
hydrogen directly into the engine cylinder. This not only eliminates the problem of
hydrogen occupying cylinder volume, but also greatly improves the power performance
of hydrogen internal combustion engines. Compared with the intake port injection, the
direct injection hydrogen internal combustion engine can inject hydrogen after the intake
valve is closed to avoid the tempering problem caused by hydrogen backflow. The
comparison of in-cylinder direct injection and inlet injection is shown in Table 2.

Table 2. Comparison of in-cylinder direct injection and inlet hydrogen injection [7]

Jetting Injection timing Abnormal Mixture gas Feature

method combustion

Single poin The initial stage of intake  High risk Form uneven mixtu Low sound power high
injection of stroke tempering gas combustion risk

inlet

Inlet multi- The end of the exhaust strol Low risk backfir Form a uniform Abnormal combustion risk
point mixture gas

injection

Direct The initial stage of No tempering  Basically uniform  Low power

injection  compression stroke

In a direct injection hydrogen internal combustion engine, uneven distribution of
the mixer may cause premature ignition and detonation [8]. Verhelst et al. summarized
the relationship between the knock intensity and the mass fraction of the unburned mixer.
It can be concluded that the main methods of suppressing knock in hydrogen internal
combustion engines are: optimizing the combustion chamber structure, optimizing the
injection strategy, using EGR and water injection to reduce the temperature in the dry
cylinder, and using the pressurization technology to improve the knock boundary [9].

Emission

In theory, hydrogen internal combustion engine has five emission products: Ha,
HC, CO, CO; and NOy. Among them, CO, CO, and HC are produced by oil combustion,
and the emission concentration is small. As the main emission of hydrogen internal
combustion engine, NOx is formed by the reaction of nitrogen and oxygen at high
temperature of the cylinder, and the emission can reach 0.02 g/kW-h [10]. Therefore,
controlling NOy emissions is the key to controlling emissions from hydrogen internal
combustion engines. At present, there are mainly the following means to reduce NOy
emissions.

Tr Ren Energy, 2024, Vol.10, No.3, 257-265. doi: 10.17737/tre.2024.10.3.00176 261
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Lean Burn and Injection Parameter Optimization

The NOy emission of hydrogen internal combustion engine is closely related to
the excess air coefficient A. When A reaches 2.5, it reaches the zero boundary point (as
shown in Figure 1.

4000
3500 B

' \
3000 \
2500 \'!

2000 \

1500 '\
1000 \

500 - .

NOx ppm

0= T T T T T *#7_7__*
1.0 1.8 2.0 2.5 3.0

Excess air coefficient

Fig. 1. Effect of excess air ratio on NO, emissions

Therefore, controlling the excess air coefficient is the most effective way to
reduce the emissions of hydrogen internal combustion engines. In order to ensure the
combustion stability of the internal combustion engine, A is generally less than 3.3. So,
when A is between 2.5 and 3.3, it can not only return the emission to zero, but also ensure
the stability of hydrogen combustion. The intake pressure is increased by mechanical
supercharging or turbocharging to ensure the power performance of the hydrogen internal
combustion engine under lean combustion, so that the hydrogen internal combustion
engine always works under the condition of A > 2.5, and the emission is usually less than
0.1 gkW-h.

Wanner et al. [11] studied the effect of injection phase on emissions, and
concluded that the injection was advanced and the emission was reduced under partial
load. Under heavy load conditions, delayed injection will lead to reduced emissions. This
is because under some conditions, the overall combustion is thin, and early injection can
extend the mixing time of the mixture to form a low concentration uniform mixture,
reducing emissions. Under heavy load conditions, delayed injection can make the mixture
in the cylinder stratified, avoiding the high emission stage to reduce emissions [12].
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EGR Technology and Water Injection Technology

EGR (Exhaust Gas Recirculation) technology can significantly reduce the
combustion temperature and combustion rate, thereby effectively reducing emissions [13].

The principle of the water injection technology is similar to that of EGR
technology. But compared with the EGR technology, the water injection technology can
more accurately control the combustion medium and combustion temperature without
significantly affecting the power performance of the internal combustion engine.
According to the injection method, the water injection technology can be divided into two
forms: inlet water injection and direct injection in cylinder [14].

Post-Processing Techniques

In addition to the above-mentioned means of reducing in-cylinder emissions,
further treatment of out-cylinder emissions is required to enable hydrogen internal
combustion engines to meet increasingly stringent emission standards.

Tokyo City University in Japan has proposed a new exhaust emission after-
treatment technology - a two-stage nitrogen oxide storage reduction system (NSR) and
oxidation catalyst (DOC) combined system. The system works by utilizing incompletely
burned hydrogen or injecting low-pressure hydrogen into the after-treatment system for
reduction in the NSR, where the DOC system is responsible for the unreacted oxygen and
ammonia produced during the oxidation-reduction process. According to the literature
[15], the NOy purification rate can reach 98%, while the hydrogen consumption only
increases NOy by 0.2~0.5 %. This set of post-treatment technology has a significant
effect on vehicle operation, reducing cycle emissions from 1.07 g/kW-h to 0.08 g/kW-h.
LNT (lean trap) and SCR (selective catalytic reduction) post-treatment technologies were
studied [16]. By utilizing the concentration changes in the engine mixer, periodic
adsorption-catalytic reduction and chemical reactions are carried out to completely
remove a small amount of NOx emissions and achieve double zero emissions.

CONCLUSIONS

In recent years, great progress has been made in the practical application of
hydrogen internal combustion engines. The industrialization prospect of hydrogen
internal combustion engines is relatively bright. In the short term, hydrogen internal
combustion engines are more suitable than hydrogen fuel cells for achieving carbon
neutrality and carbon peak goals.

The hydrogen internal combustion engine has effectively solved the problems of
hydrogen storage, combustion and emission, providing strong support for the future
industrialization of hydrogen internal combustion engines. However, at the same time,
under the current technical form, hydrogen storage technology and hydrogen injection
technology need to be further improved. And because hydrogen fuel is different from
diesel and gasoline fuel, we should get rid of the original internal combustion engine
framework and establish a new hydrogen internal combustion system as soon as possible
based on the characteristics of hydrogen fuel.
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When a hydrogen internal combustion engine uses intake manifold
injection to supply hydrogen, it must face the contradiction of abnormal
combustion (premature combustion, backfire, etc.). The occurrence of
abnormal combustion such as backfire can be avoided by using in-
cylinder direct injection of hydrogen. In this paper, the In-Cylinder Direct
Injection single-cylinder engine is modified, a three-dimensional
simulation model is established, and simulation tests using AVL-Fire
software on this basis is conducted. Through the analysis of the research
results, the optimal hydrogen injection flow rate for the direct injection
hydrogen engine to achieve the best power and economy under different
working conditions was obtained. The results show that: under the same
speed and load, the increase of hydrogen injection flow rate increases
the hydrogen injection speed, which promotes the turbulent motion in the
cylinder. At the same time, with the increase of hydrogen injection flow
rate, the maximum pressure, temperature, indicated power and indicated
thermal efficiency in the engine cylinder generally show a trend of first
increasing and then decreasing, and there is an optimal hydrogen
injection flow rate value.

Keywords: Hydrogen fuel;, Hydrogen injection flow rate, In-cylinder direct injection

Introduction

Currently, due to the increasingly serious energy shortage and greenhouse gas
problems, the transportation industry is actively exploring the use of clean renewable
energy to replace fossil fuels to solve these problems [1, 2]. Hydrogen has zero carbon
emissions and renewable energy characteristics, and can be used as an alternative fuel for
traditional internal combustion engines [3, 4]. The future direction of engine technology
is zero-carbon internal combustion engine, which is regarded as the future trend in the
engine field [5]. In particular, hydrogen engines, as a zero-carbon energy solution, have
great potential in addressing global energy challenges and mitigating climate change [6,
71.

Over the past few decades, as environmental issues and global warming have
become increasingly serious, major automobile producing countries have been working
hard to develop clean energy vehicles [8, 9]. Various factors are driving the shift from
traditional engine fuels to low-carbon or zero-carbon [10]. Hydrogen is expected to
become an ideal alternative fuel for internal combustion engines due to its low
conversion cost, excellent combustion performance, zero carbon emissions and
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renewable potential [11, 12]. The in-cylinder direct injection hydrogen engine can
completely avoid backfire by injecting hydrogen after the intake valve is closed [13-15].
In-cylinder direct injection hydrogen engine technology has become a hot topic in recent
years, which can increase power output by more than 17% [16, 17].

In the field of hydrogen engines, there exist two dominant injection technologies,
i.e., direct in-cylinder injection (DI) and port-feed injection (PFI). Among them, PFI
hydrogen engines often have problems such as backfire and detonation during use. These
adverse factors can easily cause damage to the engine itself and the intake system, which
has been confirmed in many studies [18-20]. As a result, DI hydrogen engines have
regained the attention of scholars around the globe, because they can significantly avoid
such problems. DI technology is able to completely eliminate the risk of backfiring and
detonation by injecting hydrogen directly into the engine cylinders and also helps to
increase the power output of the engine [21]. However, this technology also faces some
challenges, such as how to effectively organize the airflow in the cylinder to optimize the
mixing of hydrogen and air, while avoiding uneven combustion of the mixture and
excessive combustion temperature, thereby reducing heat transfer losses and NOy
emissions. These requirements make the control strategy of DI hydrogen engines more
complex and sophisticated [22].

Wallner et al. [23] provided an in-depth review of the effect of injection strategy
on the performance of direct-injection hydrogen engines. The data from their study
showed that the implementation of a dual injection technique was able to significantly
reduce NOy emissions compared to a single injection technique at an engine speed
maintained at 1000 rpm and an Indicated Mean Effective Pressure (IMEP) of 6 bar.
Further analysis revealed that when the direction of the hydrogen jet was aligned with the
spark plug, either towards or away from the spark plug, the thermal efficiency of the
engine was significantly improved. In particular, the indicated efficiency peaked at 31%
in the case of hydrogen injection to the spark plug and the ratio of hydrogen between the
two injections was optimized to be 7:3.

The study by Park ef al. [24], on the other hand, revealed the effect of delayed
start of injection (SOI) on engine performance. They found that the change in air-fuel
ratio caused by delayed SOI had a greater impact on engine performance than the effect
of reduced mixing time. Specifically, delayed SOI leads to an increase in fresh air intake
and air-fuel ratio. As a result, although the mixing time of hydrogen and air is shortened,
the engine's torque and thermal efficiency are improved.

Another study conducted by Yosri et al. [25] revealed another effect of SOI delay
on engine performance. They found that the mixture layer around the spark plug became
very thin when the SOI was delayed, which led to a decrease in the combustion rate and a
reduction in thermal efficiency.

Hamada et al. [26], on the other hand, experimentally investigated the effect of
equivalence ratio and SOI on the combustion characteristics of a direct injection
hydrogen engine at an injection pressure of 18 bar. Their results showed that the mixture
stratification achieved by delayed SOI can lead to earlier combustion initiation and
shorter combustion duration compared to early partial direct injection.

A study by Naganuma et al. [27] categorized the injection and ignition strategies
for DI hydrogen engines into three groups: early injection with premixed ignition (EI-
PMI), late injection with pre-chamber ignition (LI-PHi), and late injection with post-
chamber ignition (LI-PTi). The results of the study show that the EI-PMI mode performs
well in reducing NOy emissions, while the LI-PTi mode demonstrates a high thermal
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efficiency in combination with EGR technology under high load conditions. The
optimization resulted in a 1000 ppm reduction in NOy emissions, while maintaining a
stable thermal efficiency throughout the load range, with a maximum Maximum thermal
efficiency of 45%.

On the other hand, Oikawa et al. [28] proposed the plume combustion concept
(PCC) for hydrogen engines, which involves injecting hydrogen near the top dead center
and igniting the hydrogen-rich plume at the end to achieve diffusion combustion of the
hydrogen-rich mixture. This strategy significantly reduced NOy emissions and cooling
losses. Further studies have shown that delaying hydrogen injection time can improve
thermal efficiency but will also lead to increased NOy emissions.

A study by Wei et al. [29] showed that late injection has a positive effect on
increasing the thermal efficiency of the engine. This effect was mainly attributed to
stratified combustion due to late injection, which reduces heat transfer losses. However,
they also observed a significant rise in NOy emissions with late injection.

Using CFD simulations, the study by Rottenruber et al. [30] found that the
mixture homogeneity was slightly improved as the direct hydrogen injection pressure was
increased from 4 MPa to 15 MPa. This was attributed to the fact that the higher injection
pressure increased the turbulent kinetic energy in the cylinder and enhanced the mixing
process, thus improving the thermal efficiency.

In summary, compared with the hydrogen engine using inlet channel hydrogen
injection, the in-cylinder direct-injection hydrogen engine eliminates the problem of
hydrogen occupying the cylinder volume and the possibility of backfire. The direct-
injection hydrogen combustion engine has a wider range of excess air coefficients, which
allows it to adopt a thinner combustion mode. However, the control strategy of direct-
injection hydrogen engine is more complicated, and the improvement of thermal
efficiency has a stronger correlation with the increase of emissions. At present, research
focuses on the operating parameters of direct-injection hydrogen engines, such as ignition
timing, hydrogen injection timing, and equivalence ratio, etc. There is a relative lack of
research on the structural parameters of the in-cylinder direct-injection hydrogen,
economy and emission of the direct injection hydrogen engine can provide certain
theoretical support and data support for the study of the structural parameters of the in-
cylinder direct injection hydrogen engine, which plays an important role in the study of
the in-cylinder direct injection hydrogen engine.

Based on the characteristics of hydrogen fuel, especially its high anti-knock
performance in dilute mixtures, NOy emissions increase. The combustion of a lean
mixture of fuel and air has always been a traditional method to improve thermal
efficiency and reduce NOy. Currently, a mixture of hydrogen and air is formed by
injecting hydrogen at the beginning of the compression stroke. However, even under lean
mixture conditions, such mixing conditions do not always provide the expected thermal
efficiency improvement because mixture inhomogeneity and incomplete flame
propagation in the very lean portion can also lead to increased emissions of unburned
hydrogen. Therefore, in this paper, the thermal efficiency of a hydrogen internal
combustion engine is improved by adopting different hydrogen injection flow rates and
controlling the hydrogen injection timing (generally injected in the later stage of the
compression stroke) to optimize the distribution of the mixture in the cylinder and reduce
exhaust emissions. At the same time, it also explores the impact of different hydrogen
injection flow rates on the overall performance of the internal combustion engine. By
analyzing the effects of different hydrogen injection flow rates on the in-cylinder mixture
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and thus on the emissions and performance of the internal combustion engine, the optimal
working conditions are derived on this basis. This provides a theoretical basis for the
early realization of large-scale popularization of hydrogen engines.

Computational Model and Research Program

Research Object and Geometric Model

In this paper, the single-cylinder Gasoline Direct Injection (GDI) test engine is
used as a prototype, and further modified and designed according to the original size data
of the prototype, which is transformed into a variable compression ratio in-cylinder
direct-injection hydrogen engine to meet the requirements of the experiment. The
technical parameters as well as key points of the experimental engine after the
modification is completed are shown in Tables 1 and 2, respectively:

Table 1. Engine technical parameters

Engine Parameter Parameter Value
Displacement (ml) 1054
Cylinder Bore (mm) 108
Piston Stroke (mm) 115
Connecting Rod Length (mm) 137

Valve Number (pcs) 2
Maximum Power (w) 6000
Maximum Torque (N.m) 4500
Ignition System Spark Ignition Systems

Table 2. Working cycle and key nodes

Key points of the experimental engine Corresponding Crank Angle Range

Valve Overlap 351~394°CA
Intake 394~634°CA
Compression 634-866°CA
Exhaust 866-1071°CA
Upper Stop 360°CA/720°CA
Lower Stop 540°CA/900°CA
Intake Valve Open 351°CA
Intake Valve Closed 634°CA
Exhaust Valve Open 866°CA
Exhaust Valve Closed 394°CA
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Fig. 1. Engine geometry and mesh model

Grid Division

In the actual operation of the engine, the various parts and the internal space are in
the dynamic changes. In order to accurately calculate the entire computer numerical
simulation process, initial grid division is required. According to the engine working
process, it is divided into valve overlap part, intake part, compression part and exhaust
part. The calculation grid can be adjusted according to the requirements of the experiment.
To ensure the accuracy of the experiment and the overall efficiency of the experiment,
this paper adopts AVL-FIRE software for grid division. The specific process is as follows:

(1) The division of the surface grid and the line grid, the definition and division of
the selections of the surface grid will directly affect the subsequent experimental settings
and the accuracy of the boundary conditions and initial conditions of the computational
process. When drawing the line grid, we use the AVL-FIRE software line grid automatic
generation tool, which requires us to set the minimum angle and length of the closed
curve according to the specific requirements of the experiment.

(2) Dynamic mesh division, dynamic mesh division is a key link in the simulation
of engine internal fluid dynamics. The Fame Engine Plus dynamic mesh module in AVL-
FIRE software is used for the complex mesh division process. The steps include: Creating
and configure the fep file, importing the geometric data containing the surface mesh and
line mesh, sub-dividing the mesh according to the different operating cycles of the engine
(manifested as the range of crankshaft angle changes), determining the trajectory of the
piston surface and its direction, setting up a reasonable value of the valve lash, and
importing a valve lift curve file to further define the mesh in a refined way. The quality of
the mesh is evaluated by color coding, with green indicating high quality and suitable for
computation, yellow indicating average quality and barely usable, and red indicating low
quality and not usable for computation. After the above series of steps, high quality
dynamic mesh data that meets the requirements is successfully generated and exported to
fmo file for subsequent calculation and analysis.

Initial Conditions and Boundary Conditions

In this paper, the initial conditions mainly refer to the pressure and temperature in
the intake and exhaust tracts and cylinders at the beginning of the calculation, which need
to be met at 351°CA. At this time, the engine state is that the intake valve has just opened.
In the early stage of valve stacking period, in order to ensure the calculation speed,
accuracy and convergence of the results, it is assumed that the gas satisfies the ideal gas
state equation, and the external conditions and the initial state of the engine all meet the
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ideal state. It also assumes that the initial intake tract is full of fresh air, and the cylinder
and the exhaust tract are the combustion exhaust from the previous cycle. At the same
time, it is necessary to set corresponding boundary conditions for each region of the
engine. The boundary conditions mainly include import and export boundaries, wall
boundaries, and symmetry surface boundaries. The wall boundaries are divided into fixed
walls and moving walls. Various boundaries are mainly divided into pressure and
temperature types, according to the actual process of the corresponding type of setting.
As shown in Tables 3 and 4, the air inlet and exhaust port are inlet and outlet boundaries,
and the type is set to pressure boundary; the inlet and exhaust channels are fixed wall
boundaries, and the inlet and exhaust valves are moving wall boundaries, and the type is
set to thermostatic boundary, and so on.

Table 3. Setting of initial conditions

Parameters Intake Tract Combustion Chamber Exhaust Tract
Temperature (K) 293 950 900
Pressure (MPa) 0.1 0.108 0.106

Table 4. The setting of boundary conditions
Boundary area Boundary types  Set Values

Air inlet Inlet 0.1 MPa
Exhaust Air Outlet Outlet 0.106 MPa
Air Inlet Stationary wall 300 K
Exhaust tract Stationary wall 600 K

Inlet valve seat Stationary wall 450 K
Exhaust Valve Seat  Stationary wall 650 K

Intake Valve Moving wall 500 K
Exhaust Valve Moving wall 750 K
Cylinder Wall Stationary wall 470 K

Piston Moving wall 580K
Cylinder head Stationary wall 580K
Symmetrical surface Symmetry 580 K

Model Validation

To verify the reliability of the model, the model was validated under normal
combustion conditions when the JH600 engine was converted into a hydrogen internal
combustion engine. The engine specifications include a cylinder bore of 94 mm, a stroke
of 85 mm, and a compression ratio of 15:1. During the test, the engine was operated at a
speed of 3000 r/min with an equivalent transmission ratio of 0.4. The injection timing
was set at 394 °CA and the ignition advance angle was 715 °CA. The average in-cylinder
pressure was chosen as the comparison parameter, and the results are shown in Figure 2.
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Fig. 2. Comparison of test and simulation in-cylinder pressure

Figure 2 shows that the relative error between test data and simulation data is
within 5%, which is within the allowable error range. Therefore, the improved model
method in this paper can effectively reflect the actual operation process of the direct
injection hydrogen engine, and the simulation results are practical and reliable.

Results

The Effect of Hydrogen Injection Flow on the In-Cylinder Mixture Velocity Field
under Different Working Conditions

Figure 3 shows the in-cylinder velocity field at different hydrogen injection flow
rates and moments. The effect of hydrogen injection flow rate on the mixture of the in-
cylinder direct injection hydrogen engine is mainly concentrated in the second half of the
process of the piston upward after the intake is closed. It can be seen from the cloud
diagram that in the pre-injection of hydrogen, a high-speed hydrogen jet begins to appear
and concentrates in the axial direction of the hydrogen injection hole, impacting the
cylinder wall and a part of the high speed of the hydrogen jet as the piston. After
impacting the cylinder wall, part of the high-speed hydrogen jet moves with the bottom
of the piston, and part of it moves upward along the cylinder wall. At the same time, with
the crankshaft running the piston upward, part of the fuel forms a new vortex at the
bottom of the cylinder under the influence of the piston movement after contacting the
cylinder wall. When influenced by the structure of the piston combustion chamber, the
hydrogen jet will expand its vortex after hitting the bottom of the piston, causing the flow
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velocity of the mixture at the bottom of the piston to accelerate and gradually develop
upwards. At the end of the piston stroke, the turbulent flow developing upward from the
bottom of the piston contacts the top surface of the combustion chamber, forming a front
that increases the flow velocity of the mixture at the bottom of the spark plug, which is
beneficial for improving the flame propagation speed. At the same time, as the hydrogen
injection flow rate increases, the flow rate of the mixture in the cylinder also increases,
enhancing the turbulent movement in the cylinder. Compared with the low-flow situation,
at the end of the compression stroke, the velocity of the mixture in the cylinder is more
concentrated and evenly distributed, and the turbulent movement near the spark plug is
stronger, which is more conducive to the formation of the flame front, thereby facilitating
the propagation of the combustion flame and accelerating the combustion speed.

Flowerselocity. LI[mis]

o 6 12 18 24 30 36 42 483 54 6O
0.003 kg/s 0.0033 kg/s 0.0036 kg/s 0.0039 kg/s

Fig. 3. Variation of velocity field of cylinder mixture with hydrogen injection flow rate

Influence of Hydrogen Injection Flow Rate on Cylinder Pressure and
Temperature of Direct-Injection Hydrogen Engine under Different Working
Conditions

During the operation of a direct injection hydrogen engine, the changing trends of
the pressure and temperature in the cylinder are important indicators of the fuel
combustion performance. This paper summarizes the changing trends of the maximum
pressure and temperature in the cylinder under various operating conditions, analyzes the
changing trends of the maximum pressure and temperature, and explores the influence of
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the hydrogen injection flow rate on the changing trends of the maximum pressure and
temperature in the cylinder of a direct injection hydrogen engine.

Figure 4 shows the trend of the maximum in-cylinder pressure with the hydrogen
injection flow rate under different operating conditions. In Figure 4(a), it can be seen that
the maximum in-cylinder pressure increases with the increase of load at 3000 r/min,
which is due to the fact that when the load is increased to achieve the target equivalence
ratio, the mass of the combustible mixture in the cylinder increases, and more
combustible mixture is involved in combustion. As a result, the maximum pressure in the
cylinder is further increased. In addition, under most working conditions, the maximum
pressure in the cylinder increases first and then decreases with the increase of hydrogen
injection flow rate. Under medium and high load conditions, the maximum pressure in
the cylinder generally reaches its peak at 0.029kg/h. However, under low load conditions,
the maximum pressure in the cylinder reaches its peak level at 0.026kg/h and gradually
decreases with the increase of flow. This is because after the hydrogen reaches the target
equivalence ratio, in order to increase the mass of the combustible mixture in the cylinder,
more combustible mixture participates in the combustion. The highest pressure in the
figure gradually decreases after reaching its peak, because hydrogen has a wide ignition
limit, strong diffusion ability, and fast flame propagation speed after ignition. Under low-
speed and low-load conditions, a larger hydrogen injection flow rate shortens the duration
of hydrogen injection, and the diffusion ability of hydrogen is strong. Hydrogen rapidly
diffuses in the cylinder to form a relatively dilute mixture. In addition, the higher
hydrogen injection flow rate also accelerates the gas flow velocity inside the cylinder,
and the turbulent motion of the mixture also accelerates the diffusion of hydrogen gas,
forming a relatively lean mixture and ultimately leading to a decrease in the maximum
pressure inside the cylinder during combustion. The increase in mixture turbulence also
accelerates the diffusion of hydrogen, forming a leaner mixture and causing a decrease in
the maximum pressure in the cylinder during combustion. Under medium and high load
conditions, in order to achieve the target equivalence ratio, it is necessary to adjust the
size of the hydrogen injection flow rate to achieve a good distribution of the mixture in
the cylinder. The smaller the hydrogen injection flow rate, the longer the hydrogen
injection duration is required, which is not conducive to the enrichment of hydrogen.
When the hydrogen injection flow rate is large, the hydrogen injection duration is greatly
shortened, which intensifies the fuel diffusion. Finally, the best mixture is obtained at
0.0029kg/h, and the combustion state is the best at this time.

Figures 4 (b) and (c) show the trend of the maximum in-cylinder pressure at 4500
r/min and 6000 r/min under each working condition with the increase of different
hydrogen injection flow rates, respectively. From the overall point of view, with the
increase of rotational speed, the maximum in-cylinder pressure under various working
conditions increases to varying degrees compared with 3000 r/min. As the engine speed
increases, the piston movement of the engine intensifies. The only way to achieve
stratified combustion is to increase the hydrogen injection flow rate while keeping the
hydrogen injection timing unchanged, so that the fuel near the spark plug becomes
concentrated. At medium and high speeds, the maximum in-cylinder pressure first
increases and then decreases with the increase of flow rate. The optimal hydrogen
injection flow rate increases from 0.0026kg/h at 3000r/min to 0.0036kg/h and 0.0041kg/h.
This is because the in-cylinder pressure increases to varying degrees with the increase of
speed. This is because as the rotation speed increases, the flow rate of the mixed gas in
the cylinder increases. The initial turbulence intensity in the cylinder increases, and it is
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necessary to increase the hydrogen injection flow rate to improve the penetration of the
hydrogen jet, reduce the duration of the hydrogen injection cycle, and achieve local
hydrogen-rich stratified combustion. At the same time, under medium and low loads,
with the increase in hydrogen injection flow rate, the increase in the maximum pressure
in the cylinder is large and the change range is large, while under high loads, the increase
in the maximum pressure in the cylinder is small, that is, the maximum pressure in the
cylinder is low at low loads, and the increase in the maximum pressure in the cylinder is
large at high loads. This shows that the maximum pressure in the cylinder is strongly
influenced by the hydrogen injection flow rate when the load is small.

In general, under different working conditions, the maximum in-cylinder pressure
increases and then decreases with the increase of hydrogen injection flow rate, and there
exists an optimal hydrogen injection flow rate. In addition, with the increase of rotational
speed, the optimal flow rate of hydrogen injection in the cylinder is also increased
accordingly, and the change of cylinder pressure under high load is significantly less
affected by the flow rate than that of the low and medium load conditions. Therefore,
when the working state of the direct injection engine changes, the appropriate flow rate
needs to be adjusted to achieve optimal performance.
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Fig. 4. The variation of the maximum in-cylinder pressure with the hydrogen injection flow rate
under different working conditions
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Figure 5 shows the trend of the maximum in-cylinder temperature with the
hydrogen injection flow under different working conditions of the in-cylinder direct-
injection hydrogen engine at engine speeds of 3000 r/min, 4500 r/min, and 6000 r/min. It
can be seen from the figure that under different working conditions and different speeds,
the maximum temperature in the cylinder shows a trend of first increasing and then
decreasing with the increase of hydrogen injection flow rate. When the hydrogen
injection flow rate is 3 000 r/min, the maximum temperature in the cylinder reaches a
peak at 0.0029 kg/h. When the cylinder temperature reaches the peak value, the minimum
hydrogen injection flow rate is 0.0029kg/h. As the speed increases further, the highest
cylinder temperature is obtained when the hydrogen injection flow rate is 0.0036kg/h at
4500 r/min, and the cylinder temperature reaches the peak value when the hydrogen
injection flow rate is 0.0041kg/h at 6000 r/min. This is because, compared with other
hydrogen injection flow rates, the combustion conditions under this condition are
significantly better than other conditions. Stratification occurs in the mixture in the
cylinder, the hydrogen fuel is enriched near the spark plug, and the combustion speed is
fast, resulting in an increase in the temperature in the cylinder.

At the same speed and different loads, as the load increases, the maximum
temperature in the cylinder gradually increases. At 3000r/min, the maximum temperature
is 2461K at the optimal hydrogen injection flow rate; at 4500r/min, the maximum
temperature is 2661K at the optimal hydrogen injection flow rate; and at 6000r/min, the
maximum temperature is 2789K at the optimal hydrogen injection flow rate. When the
hydrogen injection flow rate is 0.032kg/s and the load is 100%, the maximum
temperature inside the cylinder is 2789K.The greater the load, the more power the engine
requires. Therefore, in order to achieve the target equivalence ratio, during the
combustion process of the engine, as the amount of fuel in the cylinder increases, the
total heat released by combustion also increases accordingly, which causes the maximum
temperature that can be reached in the cylinder to also increase. By comparing the
combustion characteristics under different operating conditions, it can be observed that
there is a significant difference in the maximum temperature that can be achieved in the
cylinder under low-speed and low-load conditions, compared to high-speed and high-load
conditions. This is due to the longer duration of hydrogen injection at low speeds and the
diffusivity of hydrogen, which tends to form a thinner mixture, leading to an increase in
the duration of combustion. This reduces the stability of the combustion process and
results in a lower maximum temperature in the cylinder.

From the effect of hydrogen injection flow on the maximum temperature in the
cylinder, it can be seen that the overall trend of temperature change is roughly consistent
with the change of the maximum pressure in the cylinder, both of which show a trend of
first rising and then falling with the increase of flow. The pressure and temperature in the
cylinder are relatively high during combustion under medium and high load conditions,
which is conducive to improving the power of the engine. However, the high temperature
and high pressure environment is the most favorable environment for the production of
nitrogen oxides, the most important pollutant in the direct injection hydrogen engine.
Therefore, choosing the appropriate hydrogen injection flow rate while ensuring power
will minimize the generation of contamination.
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Influence of Hydrogen Injection Flow Rate on the Dynamics of In-Cylinder Direct
Injection Hydrogen Engine under Different Operating Conditions

As an energy conversion device, the basic principle of an engine is to effectively
convert the heat energy released by the chemical energy of the fuel into usable
mechanical energy through a series of orderly working cycles. The indicated performance
index of the engine is based on the work done on the piston after the combustion in the
combustion chamber is completed. It can be directly reflected in a working cycle. The
quality of the work done on the piston in the cylinder after the combustion is completed is
an important parameter for evaluating the comprehensive performance of the engine. The
indicated power refers to the indicated work done by the combustion engine per unit time,
and the unit is KW. The indicated power is an important parameter for evaluating the
power of the engine. Its calculation formula is as follows:

Wini
=t Eq.1
Y307 a
W; = fpdv Eq.2

where n is the engine speed with a unit of r/min, i is the number of cylinders, 7t is the
number of engine strokes, and Wj is the engine indicated power.
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The variation trend of indicated power under different operating conditions with
hydrogen injection flow rate obtained in this section based on the simulation of the full
experimental design scheme is shown in Figure 6. The indicated power of each working
condition increases to varying degrees with the increase of rotational speed. This is
because the higher the speed, the shorter the unit working cycle time of the engine, the
more intense the turbulent motion in the cylinder, the more intense the piston motion, and
the better the engine power. At the same time, under the same compression ratio, the
indicated power of the engine increases as the load increases. At low load, as the
hydrogen injection flow rate increases, the indicated power of the engine changes rapidly.
Under high load conditions, the change of the indicated power is relatively gentle. Under
low and medium load conditions, the indicated power of the engine is greatly affected by
the hydrogen injection flow rate. And as the load increases, the influence of the hydrogen
injection flow rate on the change of the indicated power of the engine is small.
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Fig. 6. The effect of hydrogen injection flow rate on the indicated power under different working
conditions.

By analyzing the effect of hydrogen injection flow on the engine indicated power
under different working conditions, it can be seen that the trend of the indicated power of
the hydrogen engine under various working conditions is generally the same as the trend
of the highest pressure in the cylinder. The change of combustion pressure in the cylinder
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can reflect the ability of the fuel to convert chemical energy into thermal energy and then
into mechanical energy for external output, while the corresponding relationship between
pressure in the cylinder and power ensures the accuracy of factor analysis. In general, the
indicated power under each working condition gradually increases with the increase of
hydrogen injection flow rate. At the same time, due to the fixed hydrogen injection time,
the flow rate for obtaining the best indicated power also gradually increases. When other
conditions are the same, the flow rate for obtaining the highest indicated power under low
load is significantly smaller than the flow rate for obtaining the highest indicated power
under medium and high loads.

Conclusion

As the hydrogen injection flow rate increases, the initial velocity of the hydrogen
jet increases, thereby accelerating the flow of the mixture in the cylinder, enhancing the
intensity of the turbulence in the cylinder, and increasing the vortex in the cylinder. On
the one hand, it increases the collision probability between the spark plug electrode and
the combustible mixture molecules, shortens the reaction time of hydrogen and oxygen,
and accelerates the formation and development of the flame center. On the other hand,
the enhanced in-cylinder vortex enhances the intensity of hydrogen turbulent combustion
and accelerates the in-cylinder combustion process.

The maximum pressure in the cylinder increases first and then decreases with the
increase of hydrogen injection flow rate, and there is an optimal hydrogen injection flow
rate. In addition, as the speed increases, the optimal hydrogen injection flow rate in the
cylinder also increases accordingly. Under high load conditions of 3000, 4500, and 6000
r/min, the maximum pressure in the cylinder reached its peak value when the hydrogen
injection flow rate was 0.0029, 0.0036, and 0.0041 kg/s. Moreover, the change of
cylinder pressure under high load is significantly less affected by flow rate than that
under medium and low load. Therefore, when the operating conditions of a direct
injection engine change, the appropriate flow rate needs to be adjusted to achieve optimal
performance. The overall trend of the maximum temperature change in the cylinder is
basically consistent with that of the maximum pressure change in the cylinder, that is, it
shows a trend of first rising and then falling with the increase of flow rate. In addition,
the combustion pressure and temperature in the cylinder are relatively high under
medium and high load conditions, which is conducive to improving the engine power. By
analyzing the effect of hydrogen injection flow rate on engine power under different
working conditions, it can be seen that the overall trend of the indicated power of the
hydrogen engine under various working conditions is roughly the same as the trend of the
maximum pressure in the cylinder.
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Direct injection of hydrogen into the cylinder can avoid abnormal
combustion such as backfire, and the hydrogen engine can operate in a
wider range of excess air coefficient. However, direct injection hydrogen
engines still have problems such as high NO, emissions under high load
conditions, reduced power output due to lean combustion, and low
thermal efficiency. This paper adopts a variable compression ratio
structural design to study the impact of compression ratio changes on
the comprehensive performance of direct injection hydrogen engines.
The results show that under the same working conditions, as the engine
compression ratio increases, the turbulence in the engine cylinder
becomes more intense, increasing the back pressure in the cylinder,
inhibiting the diffusion of hydrogen, making the hydrogen distribution
more concentrated and the combustion conditions in the cylinder better.
The overall performance of the engine is significantly improved.

Keywords: Direct injection;, Compression ratio; Hydrogen; Indicated power; Indicated thermal efficiency;
Turbulent kinetic energy

Introduction

With the development of automobile engines, the demand for new alternative
fuels continues to increase. This trend has promoted the continuous innovation and
development of energy technology. The emergence of new alternative fuels not only
brings new development opportunities to the automotive industry, but also puts forward
higher requirements for the energy industry, environmental protection and sustainable
development. The promotion and application of alternative fuels has a positive
contribution to the realization of environmental protection and emission reduction goals.
The combustion of traditional fuels produces a large amount of greenhouse gases and
harmful emissions, which have serious impacts on the atmospheric environment and
human health. The application of new alternative fuels often has lower emission levels,
which can reduce the emission of air pollutants, improve air quality and protect the
ecological environment. In particular, some zero-emission alternative fuels, such as
hydrogen fuel and electric vehicles, provide important support for achieving carbon
neutrality and responding to climate change [1-3]. Hydrogen is considered a zero-carbon
emission fuel with a very low production cost. It can be synthesized through a variety of
chemical reactions such as ammonia decomposition, water gas, and water electrolysis.
Hydrogen is known as the most promising alternative engine fuel at present, with the
characteristics of clean combustion and no pollution. However, when used as a fuel in
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automobile engines, if hydrogen is not properly controlled, abnormal combustion is likely
to occur. Common abnormal combustion in hydrogen engines [4-7] includes pre-ignition,
backfire, detonation, etc.

As a renewable energy source, hydrogen energy can effectively reduce the
emission of harmful substances from automobiles by utilizing its characteristics,
providing a better solution to the contradiction between current environmental pollution
and automobile emissions [8-9]. Currently, the application of hydrogen in the engine field
mainly includes two modes [10-17]: One is to use it as a single fuel to directly drive the
engine; the other is to mix it with traditional fuels such as gasoline and natural gas.
However, due to the physical properties of hydrogen itself, the density of hydrogen is
relatively small. When injecting hydrogen into the intake inlet method is adopted, the
hydrogen expands immediately after being sprayed into the intake port, and quickly fills
the entire intake port, which has a certain hindering effect on the entry of air. In severe
cases, it will cause air to be unable to enter, the filling coefficient is low, and the
incomplete combustion of fuel also brings about the negative effects of increased
emissions and reduced engine power. In-cylinder direct injection technology solves the
problem of hydrogen taking up cylinder volume and enhances the power performance of
hydrogen internal combustion engines. Compared with intake inlet injection, direct-
injection hydrogen combustion engines are able to inject after the intake valve is closed,
effectively preventing backfire caused by hydrogen flowing back into the intake port.
Under similar operating conditions, direct-injection hydrogen internal combustion
engines can use a leaner combustion method to reduce pumping losses, thereby
improving engine thermal efficiency.

Park et al. [18-19] investigated the engine performance and emission
characteristics of hydrogen-natural gas blended fuels. The results show that when the
excess air coefficient is constant, the thermal efficiency decreases with the increase of
CO content; the increase of the heat capacity of the mixture reduces the combustion
temperature, thereby inhibiting the formation of NOy. Shivaprasad et al. [20] conducted
tests on the performance and emission characteristics of a high-speed single-cylinder
engine by selecting hydrogen-gasoline mixtures with different hydrogen enrichment
levels, and studied the effects of hydrogen addition on the engine's brake mean effective
pressure (Bmep), brake thermal -efficiency, volumetric efficiency and emission
characteristics. The results showed that hydrogen enrichment improved combustion
performance, fuel consumption and Bmep. The experimental results also showed that the
brake thermal efficiency was higher than that of pure gasoline conditions.. Both HC and
CO emissions were reduced after hydrogen enrichment. Sukumaran & Kong [21]
numerically simulated the direct in-cylinder hydrogen injection and the formation of the
in-cylinder mixture. Early injection can produce a more uniform mixture during ignition.
It is more advantageous to place the injector near the intake valve to take advantage of
the interaction between the hydrogen jet and the intake flow to produce a more
homogeneous mixture

This study adopts a higher compression ratio to improve thermal efficiency.
However, as higher compression ratios are applied, NOy emissions also increase. The
traditional method to improve thermal efficiency and reduce NOy is to burn a lean
mixture of fuel and air. Currently, this is done by injecting hydrogen at the beginning of
the compression stroke to form a mixture of hydrogen and air. In this paper, the thermal
efficiency of a hydrogen internal combustion engine is improved by using at different
compression ratios. It also further explores the effect of compression ratio on the thermal
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efficiency of the hydrogen engine at the same rotational speed, and analyzes the effects of
different compression ratios on the in-cylinder mixture, emissions and performance of
internal combustion engines.

Computational Models and Research Programs

This study uses a single-cylinder gasoline direct injection (GDI) test engine as a
prototype, and further modifies the design based on the original size data of the prototype,
converting it into a variable compression ratio in-cylinder direct injection hydrogen
engine to meet the experimental requirements. The technical parameters of the
experimental engine have been described in pervious publication [22].

Geometric and Mesh Models

In this experiment, based on the designed variable compression ratio engine
combustion structure and the actual engine specifications, four groups of experimental
engine models with different compression ratios were established using the 3D modeling
software Creo. The four groups of models with different compression ratios were
exported in stl format to obtain a preliminary mesh model. The specific model is shown
in Figure 1.

Compression
ratio

b
10:1 / < o _
Y Y o

12:1

Engine Geometry Model Initial mesh model of the engine

15:1
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Fig. 1. Engine geometric model and mesh under different compression ratios

Initial and Boundary Conditions

The boundary conditions mainly include inlet and outlet boundaries, wall
boundaries, symmetry surface boundaries, etc., among which wall boundaries are divided
into fixed walls and moving walls. Various boundaries are mainly divided into pressure
type and temperature type, and the corresponding type can be set according to the actual
process. For example, the air inlet and exhaust port are inlet and outlet boundaries, and
the type is set to pressure boundary; the inlet and exhaust channels are fixed wall
boundaries, and the inlet and exhaust valves are moving wall boundaries, and the type is
set to constant temperature boundary, etc. Both initial and boundary conditions have been
described in pervious publication [22].

Model Validation

When the JH600 engine was converted to a hydrogen internal combustion engine,
the model was validated under normal combustion conditions. The engine specifications
include a cylinder diameter of 94 millimeters, a stroke of 85 millimeters, and a
compression ratio of 15:1. The validation data has been described in pervious publication
[22].

Results

Effect of Compression Ratio on In-Cylinder Mixture Velocity Field under Different
Operating Conditions

Figure 2 shows the in-cylinder velocity field at 667° CA, 680° CA, 698° CA,
respectively, when the compression ratio is 10:1. The effect of compression ratio on the
mixture of in-cylinder direct hydrogen injection engine is mainly concentrated in the rear
part of the upward movement of the piston after the intake closes. After the high-speed
hydrogen is sprayed onto the cylinder wall, part of it moves with the bottom of the piston,
and part of it moves upward along the cylinder wall. At the same time, as the crankshaft
rotates and the piston moves upward, part of the fuel in contact with the cylinder wall is
impacted by the piston movement and forms a new vortex at the bottom of the cylinder.
With the injection of hydrogen, the speed of the mixture in the cylinder is further
increased, and the mixture flowing outward from the top of the combustion chamber is
affected by the crowding effect. The turbulent motion of the mixture at the top of the
combustion chamber is restricted, and the mixture flowing outward from the top of the
piston and the mixture flowing outward from the top of the combustion chamber are more
turbulent. The turbulent motion in the combustion chamber is generated by the piston
combustion chamber structure. The vortex formed by the hydrogen jet after touching the
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bottom of the piston further expands, which accelerates the velocity of the mixed gas at
the bottom of the piston and gradually develops upward. At the end of the piston stroke,
the turbulent flow from the bottom of the piston develops upward to the top surface of the
combustion chamber, and then forms a head-on downward after contacting the top
surface of the combustion chamber. In this way, the velocity of the mixed gas at the
bottom of the spark plug is at a larger position, which is beneficial to the flame
propagation speed.

667° CA 680° CA 698° CA
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Fig. 2. In-cylinder mixture velocity field distribution at the compression ratio of 10:1
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Fig. 3. In-cylinder mixture velocity field distribution at the compression ratio of 12:1

Figure 3 shows the velocity field distribution of the mixture in the cylinder at
three moments when the compression ratio is 12:1, 667° CA, 680° CA, and 698° CA,
respectively. From the velocity cloud diagram of the mixture in the cylinder at each
moment, it can be seen that the movement law of the mixture in the cylinder when the
compression ratio is 12 is basically the same as the development trend when the
compression ratio is 10. However, as the compression ratio is further increased, the depth
of the combustion chamber on the top surface of the piston continues to decrease, and the
corresponding combustion chamber volume also decreases accordingly. At the same time,
the squeezing effect of the piston bottom and the combustion chamber wall is also
strengthened, which also promotes the turbulent movement of the mixture in the cylinder.
As it can be seen in the figure, the depth of the combustion chamber is reduced due to the
increase in compression ratio before hydrogen injection. Hydrogen injection promotes the
movement of air flow in the cylinder, forming a vortex on the left side of the cylinder. At
the same time, with the movement of the piston and the squeezing effect of the cylinder
head, the center of the vortex located on the outside gradually moves toward the center of
the cylinder. After the hydrogen injection is completed, the center of the vortex gradually
moves toward the center, and then moves closer to the center. Simultaneously, with the
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movement of the piston and the squeezing effect of the cylinder head, the center of the
side vortex gradually moves toward the center of the cylinder. After the hydrogen
injection is completed, the velocity distribution of the mixed gas in the cylinder is uneven
due to the influence of the side vortex.
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Fig. 4. In-cylinder mixture velocity field distribution at the compression ratio of 15:1

Figure 4 shows the velocity field and turbulence development trend of the mixture
in the cylinder, when the compression ratio is 15:1. The increase in compression ratio
further reduces the depth of the concave cavity on the top surface of the piston, and the
volume of the combustion chamber also decreases accordingly. When the volume of the
combustion chamber decreases, the movement of the mixture in the cylinder is enhanced
under the impetus of the hydrogen jet, and the scope of influence is also expanded. After
being squeezed by the cylinder wall, a new vortex is formed along the cylinder wall at the
bottom of the cylinder. After encountering the hydrogen jet, the upper vortex moves
along the center of the cylinder and promotes the movement of the hydrogen jet. On both
sides of the hydrogen jet, after being squeezed by the cylinder wall, new vortices are
formed along the cylinder wall. The vortex at the bottom of the cylinder moves along the
center of the cylinder and drives the hydrogen jet to move. The upper vortex moves
toward the middle of the cylinder under the enhancement of the circulation and finally
forms a front, which enhances the flow rate of the mixture in the middle of the cylinder.
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Fig. 5. In-cylinder mixture velocity field distribution at the compression ratio of 18:1

Figure 5 shows the velocity field distribution of the in-cylinder mixture at
compression ratio of 18:1. The volume of the combustion chamber reaches its minimum
with the increase of compression ratio. With the increase of compression ratio, the
turbulence intensity of the mixture in the cylinder also increases continuously. At the
same time, the range of influence of the hydrogen jet on the mixture in the cylinder also
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expands with the increase of compression ratio. As shown in Figure 5, with the increase
of compression ratio, the squeezing effect of the bottom of the piston takes effect later
than the effect on the mixture in the cylinder at low compression ratio. The vortex effect
at the bottom of the cylinder is weaker than the vortex at the top of the cylinder, and the
large vortex at the top of the cylinder moves toward the center of the cylinder under the
action of the cylinder wall, resulting in an overall increase in the velocity of the mixture
in the cylinder. In addition, the increase in the flow rate of the hydrogen jet significantly
enhances the turbulent motion inside the cylinder and accelerates the flow velocity of the
mixture in the cylinder.

Effect of Compression Ratio on Turbulent Kinetic Energy of In-Cylinder Mixture
and Mixture Distribution under Different Operating Conditions

According to the above analysis, it can be seen that the turbulent movement of the
mixture in the cylinder will affect the combustion process of the engine. As the
compression ratio increases, the turbulent movement in the cylinder becomes more active.
From the change process of the velocity field in the cylinder with the crankshaft angle, it
can be found that the part of the cylinder with higher gas flow velocity is mainly
concentrated in the middle of the cylinder, which is beneficial to the propagation of the
flame during the combustion process. In addition, the distribution of the mixture
concentration field in the cylinder before combustion starts also has an important
influence on the combustion and emission process of the engine. Reasonable mixture
distribution is conducive to accelerating the combustion process and reducing emissions.

Turbulent kinetic energy refers to the flow kinetic energy generated by the mixing
of fuel and air in the cylinder of a direct injection hydrogen engine due to different
mixing degrees and the combustion of fuel during the combustion process [23-24]. The
turbulent kinetic energy in the cylinder is an important indicator for evaluating the fuel
energy conversion efficiency in the combustion chamber of a direct injection hydrogen
engine and the fluidity of the fuel in the engine. Turbulence occurs throughout the entire
process of the engine, especially in the mixing stage of the mixture in the cylinder.
During the mixing stage of the mixture in the cylinder, the turbulent energy of the
turbulent motion in the cylinder directly affects the quality of engine combustion and
emissions, and also has an important impact on the engine's output power and the
comprehensive utilization rate of fuel. Therefore, studying the turbulent energy of the
mixture in the cylinder is of great significance to the comprehensive performance of the
direct injection hydrogen engine. In hydrogen engines, due to the extremely high
combustibility and diffusion rate of hydrogen fuel, the degree of mixture homogeneity
and turbulence intensity play a decisive role in the combustion speed, combustion
stability, combustion efficiency, and generation of harmful emissions.

Under different loads, the required amount of fuel is different, and the total
amount of fuel required increases with the increase of load. Generally, the hydrogen
injection mixing time at medium speed is longer than that at high speed. Therefore, this
paper studies the changes in the state of the mixture in the cylinder when the compression
ratio changes under different load conditions at 3000 r/min, hydrogen injection flow rate
0f 0.003 kg/h.
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Fig. 6. Mixed gas concentration field and turbulent kinetic energy after hydrogen injection at 3000
rpm and 10% load

Figure 6 shows the concentration field of the mixture and the distribution of the
mixture in the cylinder under different compression ratios at the end of the hydrogen
injection period at 10% load and 3000 r/min. It can be seen from the figure that after the
hydrogen injection stage, the hydrogen in the cylinder is mainly distributed in the left part
of the cylinder. And the distribution of hydrogen in the cylinder is more concentrated,
forming a fuel plume. The slice in the Y direction of the figure shows the distribution of
hydrogen in the cylinder more three-dimensionally. The distribution of hydrogen is
mainly concentrated in the center of the cylinder and moves to the right when the
compression ratio is 10:1. However, as the compression ratio increases, the distribution
of hydrogen in the cylinder gradually moves to the left. This is because when the piston
rises during the hydrogen injection process, the hydrogen jet contacts the bowl-shaped
structure at the bottom of the cylinder, and is squeezed by the piston and turbulently
moves along the cylinder wall. The hydrogen moves to the right along the combustion
chamber wall, then to the right, and then to the right. The combustion chamber wall
moves to the right. At the end of hydrogen injection, the thicker part of the mixture in the
cylinder is mainly distributed in the right part of the combustion chamber. However, with
the increase of compression ratio, the depth of the combustion chamber gradually
decreases. During the hydrogen injection process, the time when the hydrogen jet
contacts the piston is delayed. Finally, at the end of continuous hydrogen injection, the
main distribution of hydrogen in the cylinder moves to the left, and the hydrogen
concentration in this area increases. According to the turbulent kinetic energy distribution
diagram in the cylinder, it can be seen that the flow velocity and turbulent motion of the
cylinder mixture in the hydrogen injection area are relatively concentrated after the
hydrogen injection is completed. Therefore, the turbulent kinetic energy in the cylinder is
relatively high at this time. However, as the compression ratio increases, the turbulent
kinetic energy in the cylinder mixture concentration area is weakened by the turbulence
in the cylinder.
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Fig. 7. Mixed gas concentration field and turbulent kinetic energy after hydrogen injection at 3000
rpm and 50% load
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Fig. 8. Mixed gas concentration field and turbulent kinetic energy after hydrogen injection at 3000
rom and 100% load

Figure 7 shows the distribution of the concentration field and turbulent kinetic
energy of the mixture in the cylinder at 3000 r/min and 50% load. It can be seen from the
in-cylinder concentration field and the Y-direction slice cloud diagram that when the load
increases to 50%, the fuel required by the engine increases. In order to achieve the target
equivalence ratio, more hydrogen needs to be injected. Therefore, compared with the area
of the combustion chamber occupied by the fuel at low load, the distribution of the in-
cylinder concentration field increases. As the area of the combustion chamber increases,
the diffusion rate and diffusion range of hydrogen further increase, and an obvious
concentration gradient appears. However, with the increase of the compression ratio, the
diffusion rate of hydrogen is limited, causing the mixture to gather in the middle of the
cylinder. The reason for this phenomenon is that with the increase of the compression
ratio, when the piston runs near the top dead center, the back pressure in the combustion
chamber at a high compression ratio is higher than the back pressure in the cylinder at a
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low compression ratio, thereby further limiting the diffusion of fuel in the cylinder. At the
same time, as the load increases, the turbulent kinetic energy intensity of the turbulent
flow in the cylinder is also increasing. It can be seen that the turbulent intensity in the
cylinder at a low compression ratio is significantly higher than that at a high compression
ratio.

Figure 8 shows the distribution of concentration field and turbulent kinetic energy
of the mixture in the cylinder at 3000 r/min and 100% load. It can be seen from the cloud
diagram that with the further increase of load, the change patterns of the in-cylinder
concentration field and turbulent kinetic energy are the same at 100% load and 50% load.
However, compared with low load, the area occupied by the in-cylinder concentration
field at high load further increases, but the concentration gradient distribution of
hydrogen is smaller than at low load, and the diffusion range of hydrogen is further
reduced.

Effect of Compression Ratio on Cylinder Pressure and Temperature of Direct-
Injection Hydrogen Engine under Different Operating Conditions

This section takes 50% load as an example to show the variation trend of
maximum cylinder pressure and temperature with compression ratio at different speeds.
Figure 9 shows that under the same load and different speeds, the maximum pressure in
the cylinder under each working condition increases with the increase of compression
ratio. For example, at 4500 r/min and 0.0036 kg/h, the compression ratio increases from
10 to 18, and the maximum pressure in the cylinder increases from 4.835MPa to
7.453MPa. This is because, under the same other conditions, with the increase of
compression ratio, the volume of the combustion chamber gradually decreases before the
piston reaches the top dead center of the cylinder. The increase of compression ratio
under the same load leads to the increase of pressure and temperature in the cylinder,
thereby accelerating the propagation speed of the combustion flame. In addition, with the
increase of compression ratio, the vortex inside the cylinder becomes more intense, and
the space for vortex in the cylinder continues to increase. At the same time, the squeezing
effect between the bottom of the piston and the cylinder head becomes more obvious, and
the enhancement of the vortex in the cylinder greatly enhances the combustible mixture.
The enhancement of the cylinder eddy current greatly improves the probability of ignition
of the combustible mixture molecules, thereby accelerating the reaction process and
causing an increase in the maximum cylinder pressure in the cylinder.

Figure 9 also shows that as the engine speed increases, when the speed increases
from 3000 r/min to 6000 r/min, the maximum in-cylinder pressure under different
working conditions at each compression ratio increases to varying degrees. At low speeds,
as the compression ratio increases, the rate of increase in the highest cylinder pressure
also increases. The highest cylinder pressure is affected by the compression ratio at low
speeds, and as the speed increases, the highest external pressure decreases while the
highest internal pressure increases. As the rotational speed increases, the rate of increase
in maximum pressure decreases, and the maximum pressure inside the cylinder is less
affected by the compression ratio.
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Fig. 9. The influence of the change of compression ratio at different speeds on the maximum
pressure in the cylinder

As can be seen from Figure 10, under different working conditions of 50% load
and different speeds, the maximum combustion temperature in the cylinder shows a
positive correlation with the compression ratio, that is, as the compression ratio increases,
the peak temperature that can be achieved in the cylinder rises synchronously. This shows
that the increase in compression ratio improves the combustion quality of the mixture in
the cylinder, speeds up the reaction speed of the mixture, and can increase the
combustion heat in the cylinder, thereby increasing the maximum temperature in the
cylinder. Figure 10a shows that at low speed and the same load, the maximum
temperature in the cylinder is slightly higher than the peak temperature at high speed.
This is because at low speed and the same load, the combustion duration of the mixture in
the cylinder is longer and the heat release combustion is more complete. In addition, at
low speed, the cylinder temperature of the mixture combustion is smaller than the
combustion chamber structure, and the heat transfer loss is reduced, which increases the
peak temperature in the cylinder. When the speed increases to 4500 r/min and 6000 r/min
(Figures 10b,c), the peak temperature in the cylinder decreases. On the one hand, as the
speed increases, the time of each cycle becomes shorter, and the heat transfer loss of the
engine increases. On the other hand, as the speed increases, the combustion duration
shortens, the combustion time of the mixture in the cylinder is relatively reduced, and the
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mixture cannot release the heat in the cylinder in a timely and complete manner. But
overall, the increase in compression ratio is beneficial to speeding up the combustion
speed of the mixture in the cylinder, promoting combustion stability, and accelerating the
heat release rate of the fuel.
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Fig. 10. The influence of the change of compression ratio on the maximum temperature in the
cylinder at different speeds.

Effect of Compression Ratio on the Dynamics of Direct Injection Hydrogen
Engines under Different Operating Conditions

As can be seen from Figure 11, taking 6000 r/min and 0.0041 kg/s as an example,
when the compression ratio increases from 10:1 to 18:1, the indicated power of the
engine increases from 26.4kW to 33.2kW. And at 50% load, the maximum indicated
power at different speeds increases with the increase of rotational speed. This is because
under the same conditions, as the compression ratio increases, the higher the compression
ratio, the smaller the combustion chamber volume. Before the piston moves to the upper
end point, the turbulent motion of the working material in the combustion chamber in the
cylinder becomes more intense, which can be improved, effectively shortening the flame
development period and accelerating the spread of the flame. At the same time, the
increase in compression ratio reduces the combustion chamber volume, increases the
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back pressure in the cylinder, and can inhibit the diffusion of the mixture, thereby
increasing the indicated power of the engine.

By analyzing the effect of compression ratio on engine indicated power under
different working conditions, it can be seen that the trend of indicated power of hydrogen
engine under various working conditions is roughly the same as that of the highest
pressure in the cylinder. The change of combustion pressure in the cylinder can indicate
the ability of the fuel to convert chemical energy into heat energy and then into
mechanical energy for external output, while the corresponding relationship between
pressure in the cylinder and power ensures the accuracy of factor analysis. Under the
same conditions, increasing the compression ratio can significantly improve the power
loss of hydrogen engines caused by lean combustion. Therefore, by increasing the
compression ratio, the overall indicated power of the engine can be significantly
improved.
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Fig. 11. The influence of compression ratio on the indicated power under different working
conditions.
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Effect of Compression Ratio on the Economy of Direct Injection Hydrogen
Engines under Different Operating Conditions
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Fig. 12. The effect of compression ratio on indicated thermal efficiency of hydrogen engine under
different working loads

Figure 12 shows the changing trend of indicated thermal efficiency with the
increase of compression ratio at 3000 r/min, 4500 r/min, and 6000 r/min under some
working conditions. This section mainly examines the influence of the single
compression ratio factor on the indicated thermal efficiency of the hydrogen engine.
Therefore, the compression ratios at 3000 r/min, 4500 r/min, and 6000 r/min are selected
to study the influence of compression ratio on the indicated thermal efficiency at different
speeds and loads. It can be seen that with the increase of compression ratio, the indicated
thermal efficiency of hydrogen engine under different loads also gradually increases, and
the economy of the engine gradually improves. This is because under the same conditions,
the compression ratio increases, the combustion chamber volume decreases, and the
pressure in the cylinder increases during the upward movement of the piston. The
increase in cylinder pressure reduces the diffusion degree of the hydrogen jet, forming a
high-quality mixture with local enrichment of hydrogen. At the same time, the increase in
compression ratio also increases the temperature of the combustion chamber, accelerates
the combustion reaction, shortens the combustion duration, and makes the hydrogen
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combustion more sufficient and complete. Taking 3000 r/min and 50% load as an
example, as the compression ratio increases, the best indicated thermal efficiency of the
hydrogen engine increases from 41.8% to 48.7%. This shows that increasing the
compression ratio is one of the important ways to improve the indicated thermal
efficiency of the engine.

From Figure 12, the best indicated thermal efficiency obtained at 50% load, a
compression ratio of 18, and 3000 r/min, 4500 r/min and 6000 r/min are 48.7%, 49.5%
and 48.7%, respectively. The indicated thermal efficiency at 3000 r/min and 4500 r/min
50% load conditions is significantly higher than that at other conditions. In addition, as
the speed increases, the indicated thermal efficiency at 6000 r/min 10% load condition is
the best. This is because increasing the target equivalence ratio of load-corresponding
combustion increases the pressure and temperature of the combustion process, thereby
improving the overall indicated thermal efficiency. However, with the increase in speed
and load, the maximum temperature of the in-cylinder reaction in the high load
conditions greatly increased, increasing the heat transfer loss of the cylinder wall and
other walls. In addition, a fixed ignition timing was used during the experimental
simulation, and the turbulent motion in the cylinder was more intense under high-speed
and high-load conditions, which accelerated the flame propagation speed and increased
the actual compression negative work of the engine. This reduces the indicated thermal
efficiency of the hydrogen engine under high load conditions.

Conclusions

(1) With the increase of compression ratio, during the upward movement of the
piston, the in-cylinder mixture is enhanced by the squeezing effect of the bottom surface
of the piston and the cylinder wall, which promotes the turbulence movement of the in-
cylinder mixture and the expansion of the in-cylinder vortex distribution range. In
addition, with the continuous increase of the hydrogen injection flow rate, it increases the
initial velocity of the hydrogen jet, which accelerates the in-cylinder mixture flow rate
and enhances the enhancement of the in-cylinder vortex.

(2) As the compression ratio increases, the main distribution center of hydrogen in
the cylinder gradually moves toward the center. When the compression ratio is 18:1, the
hydrogen concentration in the middle of the cylinder is higher, and obvious stratification
occurs at low load. This is because the increase in compression ratio is affected by the
crowded flow on the cylinder wall and the vortex in the cylinder, causing the main
distribution of hydrogen in the cylinder to move toward the center of the cylinder. Due to
the increase in compression ratio, the background pressure in the cylinder increases,
which inhibits the diffusion of hydrogen and causes more hydrogen to diffuse toward the
center of the cylinder. As the load increases, the cylinder area occupied by hydrogen fuel
gradually increases, and obvious stratification occurs at low loads. The hydrogen
concentration gradient decreases under medium and high load conditions.

(3) The increase of compression ratio under different working conditions has a
significant effect on the maximum pressure and temperature in the cylinder. On the one
hand, the increase of compression ratio enhances the turbulence movement in the
cylinder, optimizes the distribution of hydrogen in the cylinder and increases the chance
of ignition of the combustible mixture. On the other hand, it helps accelerate the
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combustion speed of the mixture in the cylinder, promotes the stability of the combustion,
and accelerates the heat release rate of the fuel.
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Based on a set of indicative overhead low voltage broadband over power
lines (OV LV BPL) topologies of respective OV LV BPL topology classes,
Neural Network Topology Generator Methodology (NNTGM) is
theoretically proposed in this paper, so that its generated OV LV BPL
topologies (NNTGM OV LV BPL topologies) can populate the OV LV
BPL topology classes. Given the indicative topology of the OV LV BPL
topology class, the NNTGM OV LV BPL topologies can be statistically
familiar with the corresponding indicative OV LV BPL topology in terms
of the theoretical channel attenuation behavior. Actually, NNTGM is
based on the reverse procedure of the Neural Network Identification
Methodology for the distribution line and branch Line Length
Approximation (NNIM-LLA); say, NNTGM generates theoretical channel
attenuation behaviors given the number of branches, the distribution line
lengths and the branch line lengths, when appropriate NNTGM default
operation settings are assumed. The statistical familiarity between the
examined indicative OV LV BPL topology and an NNTGM OV LV BPL
topology is examined after the application of appropriate channel
attenuation metrics. On the basis of the channel attenuation metrics,
class maps are theoretically defined so that the relative positions of
indicative OV LV BPL topologies and their respective NNTGM OV LV
BPL topologies (NNTGM virtual topologies) can be further studied.

Keywords: Smart Grid; Broadband over Power Lines (BPL) Networks; Power Line Communications
(PLC); Distribution and Transmission Power Grids; Neural Networks; Simulation; Modeling

Introduction

Among the communications solutions that can be integrated across the smart grid
in order to support its intelligent [P-based communications network of two-way
information flows, Broadband over Power Lines (BPL) networks may exploit the
available wired power grid infrastructure without investing additional costs in networking
cables [1-7].

Deterministic Hybrid Model (DHM), which describes the BPL signal propagation
and transmission across the topologies of the overhead low voltage (OV LV) BPL
networks while feeding the Topology Identification Methodology (TIM) BPL topology
database with the big data of the operation of OV LV BPL topologies, is considered to be
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the channel model basis where all the artificial intelligence (Al), machine learning (ML)
and neural network (NN) features have been built on [3, 4, 8-16]. As the added Al - ML -
NN functionalities are concerned, the neural network identification methodology for the
branch number identification (NNIM-BNI) of OV LV BPL topologies has been proposed
in [17]. Then, the neural network identification methodology for the distribution line and
branch line length approximation (NNIM-LLA) has been proposed for the OV LV BPL
topologies in [2] while its performance has been assessed for various usage scenarios in
[6, 7]. Actually, NNIM-LLA approximates the distribution line and branch line lengths
for a given OV LV BPL topology theoretical channel attenuation behavior thus
performing the tomography of the OV LV BPL topology.

In this paper, the Neural Network Topology Generator Methodology (NNTGM) is
theoretically proposed and aims at reversing the operation of NNIM-LLA so that virtual
topologies can populate existing OV LV BPL topology classes [18-21]. For the NNTGM
operation, the available big data of the TIM BPL topology database for the OV LV BPL
topologies of [15, 16], the NN architectures / training / methodology of [2, 17] and the
conclusions for better approximation performances for the family products of TIM and
NNIM of [2, 6, 7, 17] are exploited. The NNTGM output is a collection of NNTGM
virtual topologies that present only theoretical channel attenuation behaviors when their
topological characteristics are set to be derived from the topological characteristics of the
indicative OV LV BPL topology of the examined class that anyway acts as the basis for
the topological characteristics of the NNTGM virtual topologies. In accordance with [2, 6,
7, 17], since default operation settings play a critical role in the operation of the family
products of TIM and NNIM, they are also going to determine the operation of NNTGM.
However, the NNTGM default operation settings, which are going to be analytically
reported in this paper, are different from the NNIM-based ones in terms of the
preparation parameters of the TIM OV LV BPL topology database since the vicinity to
the examined indicative OV LV BPL topology is of interest for NNTGM rather than the
representativeness of all the OV LV BPL topologies.

To examine the statistical familiarity of the NNTGM virtual topologies with the
respective indicative OV LV BPL topologies, channel attenuation metrics, such as the
average theoretical channel attenuation (ACA) and the root mean square delay-spread
(RMS-DS), are going to be exploited. With reference to [18-22], new OV LV BPL
topology class maps are here defined by the graphical ACA / RMS-DS combination of
their respective indicative OV LV BPL topologies. NNTGM virtual topologies that come
from an indicative OV LV BPL topology graphically define the NNTGM virtual
topology footprint of the indicative OV LV BPL topology. The graphical vicinity of the
NNTGM virtual topology footprints to their respective indicative OV LV BPL topologies
is examined on the OV LV BPL topology class maps. Then, the impact of the parameters
of the NNTGM default operation settings on the relative position and the size of the
NNTGM virtual topology footprints are further graphically and numerically assessed in
the companion paper [23].

The rest of this paper is organized as follows: Section 2 briefly presents the
indicative OV LV BPL topologies of the classes that are going to be used during the
benchmark process of these two papers. Also, this Section summarizes the basics of
DHM, TIM OV LV BPL topology database and NNIM-LLA as well as NNIM-LLA
default operation settings. Section 3 analyzes the operation of the proposed NNTGM.
Also, the NNTGM default operation settings and the channel attenuation metrics of ACA
and RMS-DS are here reported. Section 4 concludes this paper.
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Indicative OV LV BPL Topologies of Topology Classes, DHM, TIM OV LV
BPL Topology Database and NNIM-LLA

In this Section, four indicative OV LV BPL topologies that are the representative
ones of the four main OV LV BPL topology classes of [18-21, 24] are reported. Then,
DHM, which creates the big data pool, and TIM OV LV BPL topology database are
briefly discussed. Finally, NNIM-LLA, which is going to be procedurally reversed for
the sake of the NNTGM definition, is presented as well as NNIM-LLA default operation
settings.

OV LV BPL Topologies and Respective Topology Classes

As already mentioned in [8, 10, 25, 26], OV LV BPL networks are divided into
cascaded OV LV BPL topologies of typical lengths of 1000m while a typical OV LV
BPL topology is shown in Figure 1. With reference to Figure 1, the typical OV LV BPL
topology is bounded by its transmitting and receiving ends. Across the transmission path
of the OV LV BPL topology, N branches of open-circuit terminations may occur. The
arbitrary k, k=1,...,N branch has length equal to Ly; while it is located at distance Z;(:l L;
from the transmitting end. In accordance with [2, 10, 17, 25], the topological
characteristics and the number of branches for four indicative OV LV BPL topologies —
i.e., Line-Of-Sight (LOS), rural, suburban and urban— are listed in Table 1. The
aforementioned four indicative OV LV BPL topologies are the representative ones of the
respective main OV LV BPL topology classes, which are detailed in [18, 20, 21].

DHM

DHM is a synthetic BPL channel model of three cascaded modules; say, the
bottom-up, the top-down and the coupling scheme modules [2, 8-10, 17, 19, 25, 29, 30],.
In detail, the bottom-up and top-down modules of DHM address the propagation and
transmission issues of the BPL signal across the OV LV BPL topologies, respectively,
while the coupling scheme module is responsible for studying the injection / extraction of
the BPL signal across the OV LV Multi-conductor Transmission Line (MTL)
configurations and the OV LV BPL topologies. The theoretical coupling scheme channel
transfer function, which is the output of DHM for given OV LV MTL configuration, OV
LV BPL topology and coupling scheme, is stored in the TIM OV LV BPL topology
database. Trying different variations on the applied OV LV MTL configurations, OV LV
BPL topologies and coupling schemes, TIM OV LV BPL topology database compiles a
wealth of case studies thus creating the necessary big data for A, ML and NNIM-based
methodologies to operate.

TIM OV LV BPL Topology Database

In accordance with [2, 17], TIM OV LV BPL topology database has already acted
as the big data pool for NNIM-BNI and NNIM-LLA. Depending on the operation
scenario, the records of the TIM OV LV BPL topology database for NNIM-BNI and
NNIM-LLA may contain the following fields: (i) the ID number p of the OV LV BPL
topology when the number of all OV LV BPL topologies in the TIM OV LV BPL
topology database is equal to P; (ii) the actual number of branches N of the OV LV BPL
topology; (iii) the actual lengths of the distribution lines L=[L; L, - Ly4] of each
ov LV BPL topology;
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Fig. 1. Typical OV LV BPL topology with N branches [17, 27]

Table 1. Indicative OV LV BPL Topologies [10, 17, 18, 20, 21, 25, 28]

OV LV BPL OV LV BPL Branch Length of Main Lines Length of Branches
Topology Name Topology Class Name | Number
@)
Urban case A Urban 3 L,=500m, L,=200m, Ly =8m, Li,=13m, L;,;=10m
(Typical urban case) L;=100m, L,=200m
Suburban case Suburban 2 L=500m, L,=400m, Ly,;=50m, Li,=10m
L;=100m
Rural case Rural 1 L,=600m, L,=400m Ly,;=300m
LOS case LOS 0 L=1000m -
(iv) the actual lengths of the branch lines Ly = [Lp; Ly Lyy] of each OV LV BPL

topology; and (v) the theoretical coupling scheme channel transfer function values with
respect to the frequency. Here, it should be noted that the size of the TIM OV LV BPL
topology database, which further affects the performance and the execution times of the
family products of NNIM-based methodologies, depends on the default operation settings
that are applied and are presented in the following subsection.

NNIM-LLA and NNIM-LLA Default Operation Settings

NNIM-LLA has first been presented in [2] while its performance has been
assessed during various operation scenarios in [6, 7]. NNIM-LLA is based on an NN
architecture where its fully connected NN of HL hidden layers of neurons receives as
input the amplitude of the coupling scheme channel transfer functions of the OV LV BPL
topologies of the TIM OV LV BPL topology database in dB and gives as output the
NNIM-LLA approximation for the lengths of the examined indicative OV LV BPL
topology (i.e., the NNIM-LLA approximation lengths of the distribution and branch lines
are
Ly+1,nNM-LLA] and
Ly nniM-1pa = [LbinNiM-LLA  LbzNNIM-LLA Lpn,nnim-Lial, Tespectively). Actually, NNIM-
LLA approximates the distribution line and branch line lengths of the examined OV LV
BPL topology when its OV LV BPL topology theoretical channel attenuation behavior is
separately fed to NNIM-LLA. The core of NNIM-LLA is its MATLAB NN training
program, which is detailed in [31, 32], that jointly processes the big data of the TIM OV
LV BPL topology database with the OV LV BPL topology theoretical channel
attenuation. The MATLAB NN training program is divided into three phases; say,

Laniv-rea = [LanniM-Lia Lo nNiM-LLA
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training, validation and testing phases, while these three phases segment the big data of
the TIM OV LV BPL topology database in accordance with the respective participation
percentages. In accordance with [2, 6, 7], the critical factor for the high performance and
accuracy of NNIM-LLA is the selection of appropriate NNIM-LLA default operation
settings.

According to [2, 6, 7, 17], the adoption of elaborate NNIM-LLA default operation
settings, which may support higher accuracies for the TIM OV LV BPL topology
database, can significantly improve the performance of NNIM-LLA. The NNIM-LLA
operation settings that can be configured for the included OV LV BPL topologies in the
TIM OV LV BPL topology database and for the operation of the MATLAB NN training
program are: (i) the number of branches; (ii) the length spacings for the branch distance
and the branch length; (iii) the branch line length range; (iv) the total distribution line
length; (v) the coupling scheme; (vi) the frequency range; (vii) the flat-fading subchannel
frequency spacing; and (viii) the default participation percentages of the three phases.
However, a trade-off between the accuracy of the applied default operation settings and
the total execution time of NNIM-LLA has been revealed in [6].

NNTGM is going to be the procedural reversal of NNIM-LLA while NNTGM
default operation settings are going to exploit the NNIM-LLA ones and the good
practices learned from their study. NNTGM is first presented in the coming Section.

NNTGM: Definition, Default Operation Settings, Channel Attenuation
Metrics and Class Maps

In this Section, NNTGM is proposed based on the NNIM-based family products;
say, NNIM-BNI and NNIM-LLA. Apart from its definition, NNTGM default operation
settings are reported while their parameters that are going to be configured for the
included OV LV BPL topologies in the TIM OV LV BPL topology database are
discussed. Finally, the channel attenuation metrics of ACA and RMS-DS are
mathematically defined so that they can be applied to the indicative OV LV BPL
topologies and their respective NNTGM virtual OV LV BPL topologies for the
preparation of the OV LV BPL topology class maps.

NNTGM Definition

With reference to Figure 2 of [2] and [17], NNTGM is going to implement the
inverted NN architecture that has been applied in NNIM-BNI and NNIM-LLA. The
structure of the NNTGM fully connected NN is assumed to have HL hidden layers of
neurons. The input of the NN is P column vectors where P is the total number of the used
OV LV BPL topologies that come from the records of the TIM OV LV BPL topology
database while the p, p=1,...,P column vector consists of the actual lengths of the
distribution and branch lines of the arbitrary p OV LV BPL topology of the TIM OV LV
BPL topology database, namely:

OVLV,C
LTIM,p.hl:O{'} = [Lp Ly ]T = [L1,,, Lyp Lysyip Loy Luzp LbN-p]T (1)

where [-]T denotes the transpose of the matrix and each column vector consists of

N+1 + N =2N+1 lines. After the input layer, HL hidden layers occur. The

—— [
number of number of
main lines branches
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output of the fully connected NN is a Q X 1 channel attenuation difference column vector
that is given by

AHOVMVEEY = [|Hynren ()l 4 — [Hios ()l g
= [Hywrem(fo)lgs = [Hios ()l gg - [Hinrem(fo)l g5 — [Hios™ (fo) 4 17 @)
where |H§¥¥é§[{ }| B is the amplitude of the coupling scheme channel transfer function
of the NNTGM generated OV LV BPL topology in dB, |H€3’SLVC{ }| 4p 18 the amplitude

of the coupling scheme channel transfer function of LOS case of Table 1 in dB, [-]¢
denotes the applied coupling scheme and f,, ¢ = 1, ..., Q are the operating frequencies
when the examined frequency range is divided into Q flat-fading subchannels. With
reference to eq. (2), the output of the NNTGM is the Q X 1 NNTGM generated channel
attenuation column vector that is given by
ROV () = AHOr) +

+[|Hios " () g5 -+ IHios ()l g5 = [Hios™ “(f)l g 17 )
As the operation of the NNTGM fully connected NN is concerned, NNTGM is based on
the MATLAB NN training program of [31, 32] where the inner big data handling of the
TIM OV LV BPL topology database is divided into training, validation and testing
phases with respective participation percentages. In fact, the MATLAB NN training
program randomly splits the supplied big data from the TIM OV LV BPL topology
database into 3 portions in accordance with the aforementioned participation percentages
of the three phases. In addition, training is achieved using the Levenberg-Marquardt
algorithm while RMS-DS is the applied criterion for deciding the best NN approximation
of the MATLAB NN training program.

To generate NNTGM virtual topologies for given indicative OV LV BPL
topology, the option of testing additional external data that may be offered to the
MATLAB NN training program is exploited while appropriately defining the insertions
of the TIM OV LV BPL topology database. In contrast with the preparation of the TIM
OV LV BPL topology database for NNIM-BNI and NNIM-LLA, TIM OV LV BPL
topology database for NNTGM should contain only OV LV BPL topologies with the
lengths of the distribution and branch lines that remain close to the respective values of
the examined indicative OV LV BPL topology since NNTGM virtual topologies are
expected to present only theoretical channel attenuation behaviors when their topological
characteristics are assumed to be the same with the topological characteristics of the
indicative OV LV BPL topology of the examined class. Hence, with reference to eq. (2),
the actual lengths of the distribution and branch lines of the arbitrary p OV LV BPL
topology during the preparation of the TIM OV LV BPL topology database for NNTGM
are bounded as follows:

Li,p L - tg <Ll,, S<Lip+Lsts, Liy—Ls-ts=0, i=l,....N (4)

ip €{Lip* t|tE{0 Jts Lt ez’ y, i=1,...,N (5)

LN+1p =1,000m — XL, L, (6)

Lpip = Lbs * tos < Lpip < Lpip + Lps * ths, Lpip — Lps " tps =0, =1,...,N (7)
Lpip € {Lpip * Lps - tlt €{0,-, tps },t €Z°F 3}, i=1,....N (8)

where L, and L, are the length of the distribution and branch line segments, respectively,
and t; and t,; are the number of the distribution and branch line segments that are going
to be used during the preparation of the TIM OV LV BPL topology database for
NNTGM operation, respectively. From eqs. (4)-(8), given Lg-t, and Ly - tps remain
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relatively small, the following observations concerning the preparation of the TIM OV
LV BPL topology database are given:
e The total number of the OV LV BPL topologies that are going to be added in the
TIM OV LV BPL topology database is equal to:
P=Q ts+ DV Q2 tys + DV 9)
eqs.(49)—(6) eqs.(7),(8)
when the examined indicative OV LV BPL topology is included into the TIM OV
LV BPL topology database during the NNTGM operation. Conversely, when the
examined indicative OV LV BPL topology is omitted from the TIM OV LV BPL
topology database during the NNTGM operation, the total number of the OV LV
BPL topologies from the TIM OV LV BPL topology database becomes equal to:
P= (2t )V - (2 tps)V (10)
eqs.(4)—(6) eqs.(7),(8)
It is evident that the inclusion or not of the examined indicative OV LV BPL

topology in the TIM OV LV BPL topology database may affect the degree of
variation of the amplitude of the coupling scheme channel transfer function of the
NNTGM generated OV LV BPL topologies in dB with respect to the amplitude of
the coupling scheme channel transfer function of LOS case. The impact
assessment of the inclusion or not of the examined indicative OV LV BPL
topology in the TIM OV LV BPL topology database on the NNTGM performance
is going to be numerically evaluated in the companion paper of [23].

e Apart from the total number of the OV LV BPL topologies that is going to be
contained in the TIM OV LV BPL topology database for the NNTGM operation
purposes as given in egs. (9) and (10), the length and the number of distribution
and branch line segments may further affect the degree of wvariation of the
amplitude of the coupling scheme channel transfer function of the NNTGM
generated OV LV BPL topologies in dB with respect to the amplitude of the
coupling scheme channel transfer function of LOS case. Higher lengths and
numbers of distribution and branch line segments entail higher variations of the
amplitude of the coupling scheme channel transfer function of the NNTGM
virtual OV LV BPL topologies due to the variety of the channel attenuation
behaviors of the OV LV BPL topologies that are contained in the TIM OV LV
BPL topology database. The assessment of the NNTGM virtual OV LV BPL
topologies can be done by applying channel attenuation metrics such as the ACA
and RMS-DS. Anyway, the lengths and numbers of distribution and branch line
segments remain an essential part of the NNTGM default operation settings as
theoretically shown in egs. (4)-(8).

e The graphical vicinity of the NNTGM virtual topologies with their respective
indicative OV LV BPL topologies is examined on the OV LV BPL topology class
maps. The OV LV BPL topology class maps of this pair of papers are going to be
plotted with reference to ACA and RMS-DS while the indicative OV LV BPL
topologies of Table 1 will define their respective class map footprint center.
Given the TIM OV LV BPL topology database and the examined indicative OV
LV BPL topology, the respective NNTGM virtual topologies may define an
NNTGM virtual topology footprint while its extent and its relative position inside
the class of the corresponding indicative OV LV BPL topology depend on several
factors with reference to eqs. (4)-(10), such as: (i) The inclusion or not of the
examined indicative OV LV BPL topology in the TIM OV LV BPL topology
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database during the NNTGM operation; (ii) the length of the distribution / branch
line segments; and (ii1) the number of the distribution / branch line segments.
Note that 100 NNTGM virtual topologies are assumed to be generated per each
OV LV BPL topology class and thus per indicative OV LV BPL topology
excluding the LOS class. The correlation among the length and the number of
distribution and branch line segments and the extent and relative position of the
NNTGM virtual topology footprints are going to be investigated in the companion
paper [23]. In the following subsection, the parameters of the NNTGM default
operation settings that are going to be configured for the included OV LV BPL
topologies of the TIM OV LV BPL topology database, which have already been
defined in this subsection, are discussed.

NNTGM Default Operation Settings

In contrast with the default operation settings of NNIM-BNI and NNIM-LLA, the

NNTGM default operation settings are strictly based on the database representativeness
principle of [2] rather than the richness and the diversity of the applied big data, namely:

For given examined indicative OV LV BPL topology, its number of the branches
and its actual lengths of the distribution and branch lines are assumed to be known
thus the OV LV BPL topologies that are going to be included in the TIM OV LV
BPL topology database are defined by egs. (4)-(8) in each case. For given
examined indicative OV LV BPL topology, the total number of the OV LV BPL
topologies that are added in the TIM OV LV BPL topology database is given in
eq. (9) with the inclusion of the indicative OV LV BPL topology in the TIM OV
LV BPL topology database that is the default option of the parameter. If the
indicative OV LV BPL topology is excluded from the TIM OV LV BPL topology
database, which is the variant option of the parameter, the total number of the OV
LV BPL topologies that are added in the TIM OV LV BPL topology database is
given from eq. (10) while ¢ of eq. (5) and eq. (8) deals with only the positive
integers. As the default operation setting values are concerned in this pair of
papers, the length of the distribution and branch line segments are assumed to be
equal to 1m and 1m, respectively, while the number of the distribution and branch
line segments are assumed to be equal to 1 and 1, respectively. It is clear that the
aforementioned NNTGM default operation setting parameter selection focuses on
generating NNTGM virtual topology footprints that derive from the examined
indicative OV LV BPL topology in each scenario while higher values of the
aforementioned parameters are expected to relax the relative position and the
extent of the NNTGM virtual topology footprints.

The total distribution line length is assumed to be equal to 1,000 m in all the OV
LV BPL topologies of the TIM OV LV BPL topology database. Also, the
terminations of all the OV LV BPL topologies of the TIM OV LV BPL topology
are assumed to be open-circuit ones in a similar way to the indicative OV LV
BPL topologies of Table 1. With reference to [11, 33], the applied coupling
scheme of interest in this pair of papers is the WtG' one.

As the operating frequencies of interest are concerned in this pair of papers, the
frequency range is assumed to be equal to 1-30 MHz while the flat-fading
subchannel frequency spacing is equal to 1 MHz. Hence, the number of flat-
fading subchannels is equal to 29. With reference to eq. (2), the amplitudes of the
coupling scheme channel transfer functions are stored in dB in the TIM OV LV
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BPL topology database for its OV LV BPL topologies with respect to the

frequency.

e As the NNTGM is based on the MATLAB NN training program of [31, 32], the
default participation percentages of the three phases of NNIM-BNI and NNIM-

LLA of [2, 17, 31, 32] are also assumed in this pair of papers; say, training,

validation and testing phases during the operation of NNTGM are assumed to be

equal to 70%, 15% and 15%, respectively.

Apart from the default operation settings, to assess the performance of NNTGM,
the channel attenuation metrics of ACA and RMS-DS are mathematically defined in the
following subsection. Also, the definition of the aforementioned channel attenuation
metrics remains a crucial task for the design of the OV LV BPL topology class maps as
well as the impact evaluation of the operation settings of this subsection on the NNTGM
virtual topology footprints.

NNTGM Channel Attenuation Metrics and NNTGM Topology Class Maps

With reference to eq. (3), the output of the NNTGM is the ¢ X 1 NNTGM

generated channel attenuation column vector Hg‘l\?{a‘éf,[ -} for each of the generated OV

LV BPL topologies. Based on the NNTGM generated channel attenuation column vector,
the NNTGM channel attenuation metrics of ACA and RMS-DS can be mathematically
defined, as follows [22]:

e ACA: As the BPL channel is frequency selective and f;, ¢ = 1,...,Q are the
operating frequencies when the examined frequency range is divided into Q flat-
fading subchannels, ACA can be calculated for each NNTGM virtual topology by
averaging over the flat-fading subchannels:

ACARNrom = 5 Zaa|Hynram (fo) | 45 (11)
In fact, ACA depends on the multipath nature of the examined OV LV BPL
topologies. In accordance with [22], when the number of branches is small and
their electrical length is large, like in the rural and suburban cases of Table 1,
shallow spectral notches are observed across the theoretical channel attenuation
while low values of ACA are expected. Conversely, when the number of branches
is large and the electrical length is small, like in the urban case A of Table 1, deep
spectral notches are observed across the theoretical channel attenuation while high
values of ACA are expected. In accordance with [8, 9, 29, 30], note that LOS case
of Table 1 is characterized by the lowest value of ACA among all the OV LV
BPL topologies (i.e., either real or NNTGM virtual ones) since no spectral
notches are observed. Therefore, NNTGM virtual topologies, which are generated
by the respective indicative OV LV BPL topologies of Table 1, are expected to
present similar theoretical channel attenuation behaviors and ACA with the ones
of the respective indicative OV LV BPL topologies depending on the applied
NNGTM operation settings.

e RMS-DS: Another channel attenuation metric that assesses the multipath richness
of a BPL channel is RMS-DS. With reference to eq. (11), RMS-DS can be
calculated for each NNTGM virtual topology as follows:

2
RMS — DSONRES = [£ B0, [[HONRGS (£, — ACASESLS] (12)
In fact, the RMS-DS measures the average channel attenuation distance from
ACA. It is expected that OV LV BPL topologies with rare and shallow spectral
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notches across their theoretical channel attenuation present low values of RMS-

DS whereas OV LV BPL topologies with frequent and deep spectral notches

across their theoretical channel attenuation present high values of RMS-DS.

Similarly to ACA, NNTGM virtual topologies, which are generated by the

respective indicative OV LV BPL topologies of Table 1, are expected to present

similar RMS-DS with the one of the respective indicative OV LV BPL topologies
depending on the applied NNGTM operation settings.

From egs. (11) and (12), it is obvious that each OV LV BPL topology can be
characterized by a pair of values (ACA, RMS-DS) regardless of being either a real
topology or a NNTGM virtual one. Also, the NNTGM virtual topologies are expected to
have pairs of values that remain relatively close to the pair of values of their respective
indicative OV LV BPL topology of Table 1 thus populating the class of the respective
indicative OV LV BPL topology.

Similarly to the class maps of [18, 21, 34-36], new class maps can be plotted
where their two axes correspond to the ACA and RMS-DS while each indicative OV LV
BPL topology of Table 1 with its NNTGM virtual topologies can define its footprints on
the class maps. Since NNTGM virtual topologies are expected to graphically approach
their respective indicative OV LV BPL topology, the shape of the footprints of the
indicative OV LV BPL topology classes concerning their relative positions and the sizes,
depends on the applied NNTGM operation settings.

On the basis of the NNTGM default operation settings of Section 3.2, the impact
of the following parameters, which have been identified in this paper, on the relative
position and the size of the NNTGM virtual topology footprints is going to be assessed in
the companion paper [23]: (i) The inclusion or not of the examined indicative OV LV
BPL topology in the TIM OV LV BPL topology database during the NNTGM operation;
(i1) the length of the distribution / branch line segments; and (iii) the number of the
distribution / branch line segments.

Conclusions

In this first paper, the required theory for populating OV LV BPL topology
classes by applying NNTGM has been proposed. First, it has been introduced NNTGM as
the new member of the family products of NNIM-based methodologies; say, NNIM-BNI
and NNIM-LLA. In fact, it has been shown that NNTGM is based on the reverse
procedure of the NNIM-LLA since NNTGM can generate theoretical channel attenuation
behaviors given the topological characteristics of an indicative OV LV BPL topology,
when appropriate NNTGM operation settings are assumed. Prior to the detailed
presentation of NNTGM in this paper, the indicative OV LV BPL topologies of topology
classes had been reported while the TIM OV LV BPL topology database and NNIM-
LLA, which are critical components for the operation of NNTGM, had been synopsized.
Then, the definition of NNTGM has been given focusing on its NN behavior and its
mathematical outputs. Apart from the NNTGM default operation settings, the parameters
that affect the NNTGM performance and require additional study have been recognized,
namely: (1) The inclusion or not of the examined indicative OV LV BPL topology in the
TIM OV LV BPL topology database during the NNTGM operation; (ii) the length of the
distribution / branch line segments; and (iii) the number of the distribution / branch line
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segments. Actually, the aforementioned parameters are numerically evaluated in the
companion paper of [23] for the OV LV BPL topology classes.
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In [1], Neural Network Topology Generator Methodology (NNTGM) has
been theoretically proposed, so that its generated overhead low-voltage
broadband over power lines topologies (NNTGM OV LV BPL topologies)
may populate the existing OV LV BPL topology classes. Apart from the
methodology, NNTGM default operation settings and the applied
performance metrics, such as the average theoretical channel
attenuation (ACA) and the root mean square delay-spread (RMS-DS),
have been presented in [1]. In this companion paper, the new OV LV
BPL topology class maps, which are defined by the graphical
combination of ACA and RMS-DS of the OV LV BPL topologies, are
shown. With reference to the graphical combination of ACA and RMS-DS,
NNTGM OV LV BPL topology footprints for given indicative OV LV BPL
topology are demonstrated on the OV LV BPL topology class maps. The
impact on the relative position and the size of the NNTGM OV LV BPL
topology footprints is assessed with reference to the following factors
that affect the preparation of the Topology Identification Methodology
(TIM) OV LV BPL topology database being used during the NNTGM
operation, namely: (i) The inclusion or not of the examined indicative OV
LV BPL topology; (ii) the length of the distribution / branch line segments;
and (iii) the number of the distribution / branch line segments. The
performance assessment of NNTGM is supported by suitable Graphical
Performance Indicators (GPIs).

Keywords: Smart Grid; Broadband over Power Lines (BPL) networks, Power Line Communications
(PLC); Distribution and Transmission Power Grids, Neural Networks; Simulation; Modeling

Introduction

In Broadband over Power Lines (BPL) networks, populating BPL topology
classes can become a crucial task for optimizing network performance and reliability.
Neural Network Topology Generator Methodology (NNTGM) that has been theoretically
proposed in [1] addresses this need by generating overhead low-voltage BPL topologies
(NNTGM OV LV BPL topologies) based on the indicative OV LV BPL topologies of the
topology classes, thus simulating channel attenuation behavior for NNTGM virtual
topologies that maintain the same topological characteristics as the indicative ones.
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Actually, NNTGM, which is the new member of the neural network identification
methodology (NNIM) -based family products; say, neural network identification
methodology for the branch number identification (NNIM-BNI) [2] and neural network
identification methodology for the line length approximation (NNIM-LLA) [3-5],
enhances the speed of populating OV LV BPL topology classes, thus facilitating better
planning and management of OV LV BPL networks. Exploiting artificial intelligence
(AI), machine learning (ML) and neural network (NN) features, the ability of NNTGM to
create virtual topologies that imitate the characteristics of real-world topologies may
allow communications engineers to predict and mitigate potential issues, leading to more
robust and resilient communication systems [6-8]. Therefore, the adoption of NNTGM
for populating OV LV BPL topology classes offers a significant advancement in the field
of BPL networks, ensuring efficient and reliable network operation.

To examine the statistical and graphical similarity of the NNTGM OV LV BPL
topologies with the respective indicative OV LV BPL topologies and to evaluate the
procedure of populating of the OV LV BPL topology classes, new class maps have been
described in [1] and are going to be implemented in this companion paper. The new class
maps exploit the NNTGM performance metrics; say, the average theoretical channel
attenuation (ACA) and the root mean square delay-spread (RMS-DS) [9]. With reference
to other versions of class maps that have been used in OV LV BPL topologies so far
[10]-[13], the OV LV BPL topology class maps, which are based on the graphical ACA /
RMS-DS combination, allows the graphical examination of the vicinity of the NNTGM
OV LV BPL topologies to their respective indicative OV LV BPL topologies while the
group of the NNTGM OV LV BPL topologies defines the NNTGM virtual topology
footprint. Then, the impact of the parameters of the NNTGM default operation settings
on the relative position and the size of the NNTGM virtual topology footprints are further
graphically assessed in this companion paper through the prism of the Graphical
Performance Indicators (GPIs); say, the percentage of the NNTGM OV LV BPL
topologies that remain inside the OV LV BPL topology class of their respective
indicative OV LV BPL topology and the percentage of the NNTGM OV LV BPL
topologies that remain inside specific ACA / RMS-DS limits with respect to their
indicative OV LV BPL topology. In accordance with [1] and with reference to the class
maps and the GPIs, the impact of the following parameters on the NNTGM virtual
topology footprints is going to be assessed, namely: (i) The inclusion or not of the
examined indicative OV LV BPL topology in the Topology Identification Methodology
(TIM) OV LV BPL topology database during the NNTGM operation; (ii) the length of
the distribution / branch line segments; and (iii) the number of the distribution / branch
line segments.

The rest of this paper is organized as follows: Section 2 presents the new class
maps with respect to the indicative OV LV BPL topologies of [1]. Then, the
superimposition of NNTGM virtual topology footprints on the class maps and the
application of GPIs are analyzed when the NNTGM default operation settings of [1] are
adopted. In Section 3, the impact of the aforementioned parameters of the NNTGM
default operation settings on the NNTGM virtual topology footprints and GPIs is
assessed. Section 4 concludes this paper.
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OV LV BPL Topology Class Maps and NNTGM Default Operation Settings

In this Section, the four indicative OV LV BPL topologies that are the
representative ones of the four main OV LV BPL topology classes of [1, 10-14] are here
adopted. With respect to these OV LV BPL topology classes, the OV LV BPL topology
class map, which is based on the graphical ACA / RMS-DS combination, is first
presented with reference to the NNTGM default operation settings of [1]. Then,
NNTGM virtual OV LV BPL topologies per indicative OV LV BPL topology are
graphically grouped into the respective NNTGM virtual topology footprints that are
going to be superimposed on the class maps. Finally, GPIs that are going to be applied
across the result presentation of this companion paper are reported.

OV LV BPL Topologies and Respective Topology Classes

As already mentioned in [1, 3, 15-19], OV LV BPL networks are divided into
cascaded OV LV BPL topologies of typical lengths of 1000 m while a typical OV LV
BPL topology is shown in Figure 1 of [1]. In Table 1 of [1], the topological
characteristics for the four indicative OV LV BPL topologies of interest —i.e., Line-Of-
Sight (LOS) case, rural case, suburban case and urban case A— are reported. The
aforementioned four indicative OV LV BPL topologies are the representative ones of the
respective OV LV BPL topology classes, which have extensively been used until now [10,
12, 13]. Deterministic Hybrid Model (DHM), which describes the BPL signal
propagation and transmission across the OV LV BPL topologies [16, 17, 20-26], is here
used for evaluating the theoretical channel attenuation of the four indicative OV LV BPL
topologies with reference to the NNTGM default operation settings analyzed in [1]. Then,
NNTGM performance metrics of ACA and RMS-DS that are going to be used in class
maps are calculated for the four indicative OV LV BPL topologies.

In Figure 1, the OV LV BPL topology class map, which is based on the graphical
ACA / RMS-DS combination of the four indicative OV LV BPL topologies, is plotted
with reference to ACA and RMS-DS when the NNTGM default operation settings of [1]
are applied. From Figure 1, the following observations can be made:

e In accordance with [16, 20, 27, 28], LOS case is characterized by the lowest value
of ACA among all the OV LV BPL topologies. Since no spectral notches are
observed, low value of RMS-DS is also shown. Anyway, LOS case is a unique
OV LV BPL topology and there is no need for supporting an OV LV BPL
topology class with NNTGM virtual topologies. In the rest of this companion
paper, LOS case is not presented on the class maps and is not populated by
NNTGM virtual topologies.

e In accordance with [10, 11, 16, 17, 20], in general terms, as the number of
branches of the OV LV BPL topologies increases, their theoretical channel
attenuation described by DHM is getting higher thus entailing higher values of
ACA. Conversely, as the length of branches of the OV LV BPL topologies
decreases, their theoretical channel attenuation described by DHM is getting
higher due to the resulting stressed multipath environment thus entailing higher
values of RMS-DS. The combination of the aforementioned two general
principles of the OV LV BPL topologies explains the ranking and the position of
the four indicative OV LV BPL topologies on the class map of Figure 1.
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e In order to define the OV LV BPL topology class areas, the class borderlines that
spatially demarcate the class areas are roughly derived as the median lines
between the neighboring indicative OV LV BPL topologies that anyway define
the class areas. Beyond that, around each indicative OV LV BPL topology, the
ACA / RMS-DS box of +10% is here defined and represented with dashed lines
around each examined topology in Figure 1, resulting from the variation of £10%
in the values of ACA and RMS-DS of the examined topology.

! T
O Urban case A
11| % Suburban case|
L Rural case
| + LOS case

RMS-DS (dB)

9 10 11 12 13 14 15

ACA (dB)
Fig. 1. OV LV BPL topology class map when the NNTGM default operation settings are applied.

OV LV BPL Topology Class Map and NNTGM Virtual Topology Footprints

NNTGM virtual topologies are expected to present similar theoretical channel
attenuation behaviors, ACA and RMS-DS with the ones of the respective indicative OV
LV BPL topologies but not the same ones. This inherent property of NNTGM virtual
topologies securely allows populating of the OV LV BPL topology classes given the
indicative OV LV BPL topology in each case. In accordance with the NNTGM default
operation settings of [1], 100 NNTGM virtual topologies are assumed to be generated per
each indicative OV LV BPL topology thus forming the respective NNTGM virtual
topology footprints.

In Figure 2, the OV LV BPL topology class map of Figure 1 enhanced with the
NNTGM virtual topology footprints of the rural case, suburban case and urban case A is
presented. Observing Figure 2, it is evident that 100 NNTGM virtual topologies are
related with each indicative OV LV BPL topology thus defining respective footprints that
remain inside the respective class area in all the classes examined. In fact, the majority of
the NNTGM virtual topologies remain significantly close to the respective indicative OV
LV BPL topologies and inside the ACA / RMS-DS box of +10% in each case.
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Fig. 2. OV LV BPL topology class map with NNTGM virtual topology footprints of the three
indicative OV LV BPL topologies when the NNTGM default operation settings are applied.

On the basis of the aforementioned observations regarding the extent and the
relative position of NNTGM virtual topology footprints in Figure 2, two GPIs can be
defined in order to evaluate the populating of the OV LV BPL topology classes, namely:

e [nside the class: This GPI has to do with the percentage of the NNTGM OV LV
BPL topologies that remain inside the OV LV BPL topology class of their
respective indicative OV LV BPL topology, and

e [nside the box: The percentage of the NNTGM OV LV BPL topologies that
remain inside the ACA / RMS-DS box of £10% with respect to their indicative

OV LV BPL topology.

With reference to Figure 2, the aforementioned GPIs are applied to the NNTGM OV LV
BPL topologies of the three OV LV BPL topology classes and are reported in Table 1.
Indeed, the three NNTGM virtual topology footprints remain tightly near their respective
indicative OV LV BPL topologies when the NNTGM default operation settings are
assumed. 100% of the NNTGM OV LV BPL topologies remain inside the OV LV BPL
topology class regardless of the examined indicative OV LV BPL topologies while the
majority of the NNTGM OV LV BPL topologies (i.e., above 84%) remain inside the
ACA / RMS-DS box of +£10% of the examined indicative OV LV BPL topologies. From
Table 1, it is evident that NNTGM default operation settings may support NNTGM
virtual topology footprints of reduced extents with positions that stand close to the
indicative OV LV BPL topologies of origin.

The impact of the parameters of the NNTGM default operation settings on the
relative position and the size of the NNTGM virtual topology footprints can further be
graphically examined and numerically assessed by GPIs so that footprints of custom
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Table 1. GPIs of the NNTGM OV LV BPL topologies of the three OV LV BPL
topology classes (NNTGM default operation settings are applied)

OV LV BPL topology class
GPI Rural case class Suburban case class Urban case A class
Inside the class (%) 100 100 100
Inside the box (%) 84 99 100

relative positions and size can later be produced on demand. In accordance with [1] and
with reference to the class maps and the GPIs, the effect of certain parameters of the
NNTGM default operation settings of [1] on the NNTGM virtual topology footprints is
going to be assessed in the following Section.

The Impact of the Different NNTGM Operation Settings on the NNTGM
Virtual Topology Footprints

In this Section, the effect of the following parameters of the NNTGM default
operation settings of [1] on the NNTGM virtual topology footprints is going to be
investigated, namely: (i) The inclusion or not of the examined indicative OV LV BPL
topology in the TIM OV LV BPL topology database during the NNTGM operation; (ii)
the length of the distribution / branch line segments; and (iii) the number of the
distribution / branch line segments.

Excluding Indicative OV LV BPL Topologies from TIM OV LV BPL Topology
Database and Its Impact on NNTGM Virtual Topology Footprints

In accordance with [1], the NNTGM default operation settings assume that the
inclusion of the indicative OV LV BPL topology in the TIM OV LV BPL topology
database during the operation of NNTGM for given indicative OV LV BPL topology is
the default option of the parameter. Indeed, the total number of the OV LV BPL
topologies that are added in the TIM OV LV BPL topology database is given in eq. (9) of
[1]. The concept for including the indicative OV LV BPL topology in the TIM OV LV
BPL topology aims at preserving the representativeness principle of [3] for the TIM OV
LV BPL topology database rather than enhancing the richness and the diversity of the
applied big data.

In this subsection, the option of excluding the indicative OV LV BPL topology
from the TIM OV LV BPL topology database during the operation of NNTGM for given
indicative OV LV BPL topology is investigated. Anyway, the theoretical study of the
aforementioned exclusion, which is the variant option of the parameter, concerning the
total number of the OV LV BPL topologies that are added in the TIM OV LV BPL
topology database has been given in eq. (10) of [1]. Here, the preservation of the
representativeness of the TIM OV LV BPL topology database is challenged through
excluding the indicative OV LV BPL topology from the TIM OV LV BPL topology
database while the remaining NNTGM default operation settings of [1], which anyway
support NNTGM virtual topology footprints of reduced extents as presented in Section
2.2, remain the same.

In Figure 3, the OV LV BPL topology class map and the NNTGM virtual
topology footprints of the rural case, suburban case and urban case A are illustrated when
the NNTGM default operation settings are applied but the indicative OV LV BPL
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topologies are excluded from the TIM OV LV BPL topology database in each examined
case. With reference to Figure 3, the GPIs of Section 2.2 are applied to the NNTGM
virtual topology footprints of the rural case, suburban case and urban case A and their
values are reported in Table 2.

Comparing Figure 3 and Table 2 with Figure 2 and Table 1, respectively, it is
evident that the representativeness of the TIM OV LV BPL topology database still occurs
even though the indicative OV LV BPL topologies have been excluded from the TIM OV
LV BPL topology database. In fact, all the NNTGM virtual topology footprints after the
exclusion of the indicative OV LV BPL topologies present almost the same extents,
relative positions and GPIs with all the respective NNTGM virtual topology footprints
occurring with the inclusion of the indicative OV LV BPL topologies. Anyway, the
NNTGM default operation settings allow the TIM OV LV BPL topology database to
consist of OV LV BPL topologies presenting similar channel attenuation behavior to the
examined indicative OV LV BPL topology in each case. Therefore, the exclusion of the
indicative OV LV BPL topology little affects NNTGM virtual topology footprints and
corresponding GPIs. Anyway, like the other NNIM-based family products, NNTGM is a
stochastic methodology where Al, ML and NN coexist and for that reason small GPI
percentage differences are expected even for executions of the same set of NNTGM
operation settings. In the following Section, the impacts of the length of the distribution
line segments and the number of the distribution line segments on the NNTGM virtual
topology footprints are benchmarked.

The Impact of Distribution Line Parameters of the NNTGM Default Operation
Settings on NNTGM Virtual Topology Footprints

In accordance with [1], the NNTGM default operation settings assume that the
length of the distribution line segments and their number are equal to 1m and 1,
respectively. In fact, the length and the number of distribution line segments affect the
degree of variation of the amplitude of the coupling scheme channel transfer functions of
the OV LV BPL topologies being included in the TIM OV LV BPL topology database
that further is going to affect the NNTGM results.

Length of Distribution Line Segments of the NNTGM Default Operation Settings and
NNTGM Virtual Topology Footprints

In Figure 4(a), the OV LV BPL topology class map and the NNTGM virtual
topology footprints of the rural case, suburban case and urban case A are illustrated when
the NNTGM default operation settings are applied but the length of the distribution line
segments is equal to 10m. In Figure 4(b), similar plots are given with Figure 4(a) but the
length of the distribution line segments is equal to 50m. With reference to Figures 4(a)
and 4(b), the GPIs of this companion paper are applied to the NNTGM virtual topology
footprints of the rural case, suburban case and urban case A and their values are
comparatively reported in Table 3.
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Fig. 3. OV LV BPL topology class map with NNTGM virtual topology footprints of the three
indicative OV LV BPL topologies when the NNTGM default operation settings are applied but the
indicative OV LV BPL topologies are excluded from the TIM OV LV BPL topology database.

Table 2. GPIs of the NNTGM OV LV BPL topologies of the three OV LV BPL
topology classes (NNTGM default operation settings are applied without the
indicative OV LV BPL topologies during the preparation of TIM OV LV BPL

topology database)
OV LV BPL topology class
GPI Rural case class Suburban case class Urban case A class
Inside the class (%) 100 100 100
Inside the box (%) 85 99 100
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Fig. 4. OV LV BPL topology class map with NNTGM virtual topology footprints of the three
indicative OV LV BPL topologies when the NNTGM default operation settings are applied and
various lengths of the distribution line segments are considered. (a) 10m, (b) 50m
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Table 3. GPIs of the NNTGM OV LV BPL topologies of the three OV LV BPL
topology classes (NNTGM default operation settings are applied with various
lengths of the distribution line segments)

OV LV BPL topology class
(Distribution line segment length)
Rural case class Suburban case class Urban case A class
GPI (10m) (50m) (10m) (50m) (10m) (50m)

Inside the

class (%) 100 100 100 100 100 100
Inside the

box (%) 75 82 10 9 99 85

Comparing Figures 4(a), 4(b) with Figure 2, it is evident that the change of the
distribution line parameter values of the NNTGM default operation settings has a direct
impact on the size and the relative position of the NNTGM virtual topology footprints of
the examined indicative OV LV BPL topologies. Indeed, as the length of the distribution
line segments changes, the NNTGM virtual topology footprints move away from their
indicative OV LV BPL topology while their extents get wider thus sparsely populating
the respective OV LV BPL topology classes. Although the NNTGM virtual topology
footprints cover greater regions of their respective OV LV BPL topology class, they
remain strictly within the class boundaries with reference to Table 3.

Comparing “inside the box” GPIs of Tables 3 with the ones of Table 1, it is
evident that the length change of the distribution line segments critically affects the
position of the NNTGM virtual topology footprints in relation with the ACA / RMS-DS
box of £10% of their respective indicative OV LV BPL topologies. The movement and
the wider extents of the NNTGM virtual topology footprints of Figures 4(a) and 4(b) are
reflected on lower values of their respective “inside the box™ GPIs. More specifically, the
“inside the box” GPIs of the NNTGM virtual topology footprints of the suburban case are
the most affected ones by the change of the lengths of the distribution line segments since
the two branches of the indicative suburban case allow NNTGM to enrich the respective
TIM OV LV BPL topology database with OV LV BPL topologies that vary regarding
their channel attenuation behavior as well as their multipath environment due to the
branch movement. In a similar way, the change of the lengths of the distribution line
segments has a less severe effect on the “inside the box™ GPIs of the NNTGM virtual
topology footprints of the rural case, since the one electrically long branch of the
indicative rural case does not allow NNTGM to significantly enhance the diversity of the
respective TIM OV LV BPL topology database. In contrast, the different versions of the
anyway heavy multipath environment of the indicative urban case A that come from the
length increase of the distribution line segments and are included in the TIM OV LV BPL
topology database has a small effect on the “inside the box GPIs of the NNTGM virtual
topology footprints of the urban case A.

From the perspective of sparse populating of classes, the increase of the length of
the distribution line segments mainly supports sparse NNTGM virtual topology footprints
for the suburban class. In the following subsections, apart from the length, the impact of
the number of distribution line segments of the NNTGM default operation settings that is
expected to focus in a similar way to this subsection on the diversity and the high number
of OV LV BPL topologies in the TIM OV LV BPL topology database is investigated.
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Number of Distribution Line Segments of the NNTGM Default Operation Settings and
NNTGM Virtual Topology Footprints

In Figure 5, the OV LV BPL topology class map and the NNTGM virtual
topology footprints of the rural case, suburban case and urban case A are illustrated when
the NNTGM default operation settings are applied but the number of the distribution line
segments is equal to 2. With reference to Figure 5, the GPIs of this companion paper are
applied to the NNTGM virtual topology footprints of the rural case, suburban case and
urban case A and their values are reported in Table 4.

Comparing Figure 5 with Figures 4(a) and 4(b), it is evident that the number
increase of the distribution line segments of the NNTGM default operation settings
presents similar results with the length increase of the distribution line segments on the
size and the relative position of the NNTGM virtual topology footprints of the examined
indicative OV LV BPL topologies but in a more drastic way for the suburban case. As the
position of the NNTGM virtual topology footprints is concerned, even if the default
length of the distribution line segments, which is assumed to be equal to 1m, is assumed,
the number increase of the distribution line segments achieves to move almost the entire
NNTGM virtual topology footprint of the suburban case outside the ACA / RMS-DS box
of £10% of the indicative suburban case. Conversely, the NNTGM virtual topology
footprints of the rural case and the urban case A remain inside the ACA / RMS-DS boxes
of £10% of the respective indicative OV LV BPL topologies. Anyway, all the NNTGM
virtual topology footprints remain inside the classes of the respective indicative OV LV
BPL topologies. In comparison with Figure 2, the NNTGM virtual topology footprints of
Figure 5 present comparable relative positions and extents with the ones of Figure 2
except for the NNTGM virtual topology footprint of the suburban case that is
significantly dislocated with larger extent due to the fact that OV LV BPL topologies of
lengths of distribution line segments that are equal to 2 x Im = 2m are also included in
the TIM OV LV BPL topology database in accordance with eq. (5) of [1]. In comparison
with Figures 4(a) and (b), the extent of the NNTGM virtual topology footprints of Figure
5 is significantly reduced than the ones of OV LV BPL topologies with the increased
lengths of the distribution line segments of the NNTGM default operation settings.

Synoptically, the impact of the changes of the lengths and the number of
distribution line segments of the NNTGM default operation settings on the NNTGM
virtual topology footprints of the examined indicative OV LV BPL topologies present
similarities concerning their position, their extent and the affected indicative OV LV BPL
topologies. In accordance with GPIs, the most affected NNTGM virtual topology
footprint from the distribution line segment parameter changes of the NNTGM default
operation settings is the one of the suburban case as well as the one of the rural case but
in lower intensity. The changes of the distribution line segment parameters of the
NNTGM default operation settings little affect the NNTGM virtual topology footprints of
the urban case A. In the following subsection, the impacts of the length and the number
of the branch line segments on the NNTGM virtual topology footprints are examined.
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Fig. 5. OV LV BPL topology class map with NNTGM virtual topology footprints of the three
indicative OV LV BPL topologies when the NNTGM default operation settings are applied and 2
distribution line segments are considered.

Table 4. GPIs of the NNTGM OV LV BPL topologies of the three OV LV BPL
topology classes (NNTGM default operation settings are applied when 2
distribution line segments are assumed)

OV LV BPL topology class
GPI Rural case class Suburban case class Urban case A class
Inside the class(%) 100 100 100
Inside the box (%) 100 1 100

The Impact of Branch Line Parameters of the NNTGM Default Operation Settings
on NNTGM Virtual Topology Footprints

In accordance with [1], the NNTGM default operation settings assume that the
length of the branch line segments and their number are equal to 1m and 1, respectively.
In fact, the length and the number of branch line segments affect the number and the
depth of the notches of the amplitude of the coupling scheme channel transfer functions
of the OV LV BPL topologies being included in the TIM OV LV BPL topology database
that further are going to affect the corresponding NNTGM results.

Length of Branch Line Segments of the NNTGM Default Operation Settings and NNTGM
Virtual Topology Footprints

In Figure 6(a), the OV LV BPL topology class map and the NNTGM virtual
topology footprints of the rural case, suburban case and urban case A are plotted when
the NNTGM default operation settings are applied but the length of the branch line
segments is equal to 4m. In Figure 6(b), similar plots are given with Figure 6(a) but the
length of the branch line segments is equal to 8m. With reference to Figures 6(a) and
6(b), the GPIs of this companion paper are applied to the NNTGM virtual topology
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footprints of the rural case, suburban case and urban case A and their values are
comparatively reported in Table 5.

Comparing Figures 6(a) and 6(b) with Figures 4(a) and 4(b), it is clear that the
length change of the branch line segments of the NNTGM default operation settings has
an opposite effect on the NNTGM virtual topology footprints of the examined indicative
OV LV BPL topologies in relation with the impact of length increase of the distribution
line segments. In fact, the length increase of the branch line segments primarily affects
the NNTGM virtual topology footprints of the rural case and urban case A. The number
and the lengths of the branches determine the number and the depth of the spectral
notches across the coupling scheme channel transfer functions of the OV LV BPL
topologies being included in the TIM OV LV BPL topology database; say, the intensity
of the multipath environment of the OV LV BPL topologies. As the length of the branch
line segments changes, the NNTGM virtual topology footprints spread rapidly away from
the respective indicative OV LV BPL topologies with wide extents thus sparsely
populating the respective OV LV BPL topology classes. In the case of the length increase
of the branch line segments of this subsection, the NNTGM virtual topology footprints of
rural case and urban case A cover great regions that are beyond their respective OV LV
BPL topology class borderlines in many times.

Comparing GPIs of Tables 5 and 3, the opposite effect of the length increase of
the branch line segments on the NNTGM virtual topology footprints of the examined
indicative OV LV BPL topologies with respect to the length increase of the distribution
line segments is quantitatively verified. As the “inside the class” lines of Table 5 are
concerned, the “inside the class” GPIs of the NNTGM virtual topology footprints of the
rural case are the only affected ones by the change of the length of the branch line
segments. As the “inside the box” lines of Table 5 are regarded, the “inside the box™ GPIs
of the NNTGM virtual topology footprints of primarily the urban case A and of
secondarily the rural case are the most affected. In the aforementioned cases, NNTGM
enriches the respective TIM OV LV BPL topology database with OV LV BPL topologies
that vary regarding their channel attenuation behavior in terms of the number and the
depth of notches. In fact, the “inside the box™ GPI deterioration for the NNTGM virtual
topology footprints of the urban case A is greater when the length of the branch line
segments is equal to 4m rather than 8m.

From the perspective of sparsely populating the OV LV BPL topology classes, the
increase of the length of the branch line segments mainly supports sparse NNTGM
virtual topology footprints for the rural and urban classes. Here, it should be highlighted
the complementary NNTGM operation of the change of the length of the branch line
segments of this subsection to the one of the change of the length of the distribution line
segments, which has been presented in Section 3.2.1. Except for the increase of the length
of the branch line segments, the impact of the number of branch line segments of the
NNTGM default operation settings on the NNTGM virtual topology footprints is
investigated in the following subsection.
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Fig. 6. OV LV BPL topology class map with NNTGM virtual topology footprints of the three
indicative OV LV BPL topologies when the NNTGM default operation settings are applied and
various lengths of the branch line segments are considered. (a) 4m. (b) 8m.
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Table 5. GPIs of the NNTGM OV LV BPL topologies of the three OV LV BPL
topology classes (NNTGM default operation settings are applied with various
lengths of the branch line segments)

OV LV BPL topology class
(Branch line segment length)
Rural case class Suburban case class Urban case A class
GPI (4m) (8m) (4m) (8m) (4m) (8m)
Inside the
class (%) 80 78 100 100 100 100
Inside the
box (%) 61 56 100 99 1 78

Number of Branch Line Segments of the NNTGM Default Operation Settings and
NNTGM Virtual Topology Footprints

In Figure 7, the OV LV BPL topology class map and the NNTGM virtual
topology footprints of the rural case, suburban case and urban case A are drawn when the
NNTGM default operation settings are applied but the number of the branch line
segments is equal to 2. With reference to Figure 7, the GPIs of this companion paper are
applied to the NNTGM virtual topology footprints of the rural case, suburban case and
urban case A and their values are reported in Table 6.

Comparing Figure 7 with Figures 6(a) and 6(b), it is obvious that the number
increase of the branch line segments of the NNTGM default operation settings intensifies
the NNTGM virtual topology footprint behavior that has been analyzed in the previous
subsection where the length increase of the branch line segments has been studied.
Indeed, the NNTGM virtual topology footprints of rural case and urban case A still
spread away from the respective indicative OV LV BPL topologies demonstrating wide
extents. GPIs of Table 6 indicate that the NNTGM virtual topology footprints of rural
case and urban case A sparsely populate the respective OV LV BPL topology classes
with “inside the class” GPIs that are equal to 93% and 29%, respectively, when the
respective “inside the class” GPIs of Table 5 for the scenario of the length increase of the
branch line segments were 78%-80% and 100%. But the real critical effect of the number
increase of the branch line segments occurs when the “inside the box” GPIs of Table 6
are discussed. The vast majority of the NNTGM OV LV BPL topologies of the NNTGM
virtual topology footprints of rural case and urban case A lie outside the ACA / RMS-DS
boxes of £10% of the respective indicative OV LV BPL topologies while the NNTGM
virtual topology footprint of suburban case starts to go away from the ACA / RMS-DS
boxes of £10% of the indicative suburban case not being observed so far in the scenarios
of the length increase of the branch line segments of Figures 6(a) and 6(b). In contrast
with the impact of the distribution line parameters on NNTGM virtual topology footprints
of Section 3.2, the extent of the NNTGM virtual topology footprints is significantly
increased when higher numbers of branch line segments are assumed than the ones of OV
LV BPL topologies with increased lengths of the branch line segments. In total, the
impact of the changes of the lengths and of the number of branch line segments of the
NNTGM default operation
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Fig. 7. OV LV BPL topology class map with NNTGM virtual topology footprints of the three
indicative OV LV BPL topologies when the NNTGM default operation settings are applied and 2
branch line segments are considered.

Table 6. GPIs of the NNTGM OV LV BPL topologies of the three OV LV BPL
topology classes (NNTGM default operation settings are applied when 2 branch
line segments are assumed)

OV LV BPL topology class
GPI Rural case class Suburban case class Urban case A class
Inside the class (%) 93 100 29
Inside the box (%) 23 79 0

settings on the NNTGM virtual topology footprints of the examined indicative OV LV
BPL topologies present similarities concerning their position, their extent and the affected
indicative OV LV BPL topologies but differences with the impact of the changes of the
lengths and the number of distribution line segments of the NNTGM default operation
settings. In accordance with GPIs, the most affected NNTGM virtual topology footprints
from the branch line segment parameter changes of the NNTGM default operation
settings are the ones of the urban case A and the rural case but also the NNTGM virtual
topology footprint of the suburban case may be affected when the number of branch line
segment gets increased.

In conclusion, from the perspective of generating virtual topologies for populating
OV LV BPL topology classes, the previous findings concerning the impacts of
distribution and branch line parameter changes of the NNTGM default operation settings
on NNTGM virtual topology footprints may offer a plethora of populating scenarios.
Depending on the distribution and branch line parameter of the NNTGM default
operation settings, various shapes of NNTGM virtual topology footprints may be
generated in terms of their position and extent with respect to their indicative OV LV
BPL topologies. Therefore, OV LV BPL topology classes can be populated by NNTGM
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virtual topologies of different characteristics that may be defined by the user taking into
account his simulation scenario requirements.

Conclusions

In this companion paper, the numerical results for populating OV LV BPL
topology classes by applying NNTGM are demonstrated and analyzed. In [1], the theory
for populating OV LV BPL topology classes by applying NNTGM has been given. With
reference to the class maps and the GPIs, the impact of the following NNTGM
parameters on the NNTGM virtual topology footprints, whose significance has already
been identified in [1], has been assessed, namely: (i) The inclusion or not of the examined
indicative OV LV BPL topology in the TIM OV LV BPL topology database during the
NNTGM operation; (ii) the length of the distribution / branch line segments; and (iii) the
number of the distribution / branch line segments. First, as the inclusion of the examined
indicative OV LV BPL topology in the TIM OV LV BPL topology database is
concerned, NNTGM virtual topology footprints and GPIs of the indicative OV LV BPL
topologies have shown that the TIM OV LV BPL topology database remains robust after
the exclusion of the examined indicative OV LV BPL topology thus having small effect
on the NNTGM class maps and footprints. Second, the length increases of the
distribution and branch line segments of NNTGM default operation settings have
complementary impacts on the NNTGM virtual topology footprints of the indicative OV
LV BPL topologies. In fact, the length increase of the distribution line segments mainly
moves and extends the NNTGM virtual topology footprints of the suburban case while
the increase of the branch line segments mainly affects the position and extent of the
NNTGM virtual topology footprints of the urban case A and the rural case. The
aforementioned complementary behaviors offer an important tool for NNTGM in order to
efficiently populate various OV LV BPL topology classes in various patterns. Third, the
number increases of the distribution and branch line segments of NNTGM default
operation settings present similar impacts on the NNTGM virtual topology footprints of
the indicative OV LV BPL topologies of this pair of paper with the ones of the length
increases of the distribution and branch line segments, respectively, but in a more drastic
way with reference to GPIs of this paper. Concluding this pair of papers, NNTGM can
generate theoretical channel attenuation behaviors given the topological characteristics of
an indicative OV LV BPL topology, when appropriate NNTGM default operation
settings are assumed, while the tuning of NNTGM operation settings may offer a plethora
of populating scenarios for OV LV BPL topology classes that may be defined by the user
taking into account his simulation scenario requirements.
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