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Abstract 

The current emergency power supply measures are not perfect and standardized in response to 

large-scale power failures, such as city-wide ones. This thesis focuses on reasonably using the 

emergency electric power source to supply power in case of an abnormal urban power grid, to 

ensure the regular operation of urban electrical equipment and the daily life of the people. 

The purpose of this study is to investigate potential emergency electric power sources and 

identify the most effective future emergency power distribution approaches, given their critical 

applications during power outages. Initially, a literature review is conducted to evaluate three 

common emergency electric power sources and two emergency distribution methods. 

Additionally, the feasibility of utilizing electric vehicle (EV) batteries for emergency energy 

supply (EES) and the energy router (ER) as an efficient distribution method is proposed. 

Building on this foundation, the study then delves into the relevant theories and techniques to 

ensure practical application. Specifically, the study introduces an ER composed of two power 

electronic converters: a bidirectional AC/DC converter and a partial power processing (PPP) 

based triple active bridge (TAB) converter. These components are detailed to demonstrate their 

reliability. Furthermore, an automatic power direction control strategy is proposed to facilitate 

efficient and consistent power transfer within the system, eliminating the need for manual 

adjustments, particularly during emergencies. Finally, by integrating multiple energy routers 

into an emergency power system within microgrids, the automatic power direction control 

method can be extended to manage power transfer not only between ports within a single 

energy router but also between different energy routers, enabling peer-to-peer (P2P) trading. 

Key words: Energy router; bidirectional AC/DC converter; partial power processing based 

triple active bridge converter; automatic power direction control method
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 Introduction 

1.1 Motivation 

The reason people need emergency energy is that there are lots of unexcepted accidents causing 

the paralysis of the urban power grid, which has a severe effect on people’s lives. For example, 

a significant power scale power failure in China was caused by a snow disaster. About 4.5 

million people lived without electricity for about two weeks in 2008 [1].  There was also a large 

power outage in Northeast Brazil because of an accidental break-down of the dam power 

supply system [2]. Nearly one-third of the Brazilian population was caught in a power outage 

for about 4 hours. In addition, 12 million Indians in India suffered from a large power outage 

for about two days because the power supply could not meet the peak demand [3]. More 

importantly, some malignant social events can also cause a large power outage. 9 million 

people living in New York once experienced a period of power failure for a period of 24 hours 

[4]. Various reasons can lead to a large power outage, and the harm of a large-scale power 

outage is also severe. Firstly, the most direct impact is the damage to power grid equipment 

which can  require a lot of material, financial and time resource to repair [5]. Secondly, people 

can be seriously affected such that their life and work will become inconvenient. Because of 

the power outage, people have to cook by open fire [6]. Besides, a power outage can also be 

life-threatening. For example, a doctor must operate without the assistance of any electronic 

medical equipment, which significantly increases the risk and difficulty of operation [7]. 

Therefore, emergency energy is reasonably necessary because it can replace the urban power 

grid to supply the power when the urban power grid is abnormal.  

Various applications of electricity have been an essential part of human life which means 

almost all industries need electricity to drive the corresponding electrical equipment to 

complete the work. This causes a problem that cannot be ignored. When a power outage 

happens, a severe problem can be caused that people cannot complete the regular work, which 

further results in economic loss and even loss of life and safety [8]. Considering the above 

reasons, it is necessary to prevent these losses in an unexpected power failure. So far, 

emergency electric power sources and related distribution methods which are explained 

carefully in this review have been considered effective. Up to now, three kinds of emergency 
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electric power sources and two emergency power distribution methods have been widely used 

in daily life, but a potential emergency electric power source the battery of electric vehicle and 

a potential emergency power distribution method energy router which is the energy router have 

been proposed and proven to be feasible. This emergency power source and energy routers are 

analysed and explained in detail in this review. In particular, the energy router is also 

considered as a potential emergency power distribution method [9]. It can apply to multiple 

different types of emergency electric power sources as the input at the same time [10]. It can 

also be applied in the current hot research areas: smart power grid and microgrid [11] [12] [13]. 

Considering its function such as high energy utilization, multiple power forms, energy storage 

and monitoring the state of the main power grid, the energy router is quite suitable to be the 

power supply in the smart power grid and microgrid [14]. 

This research focuses on investigating an emergency energy supply method in microgrid and 

realize the P2P trading in this emergency energy power system. The progressive objectives of 

this study can be summarized as follows:  

i. To review the different kinds of emergency electric power sources and the 

distribution methods that can be used to supply power, including the controlling 

method. Their advantages and disadvantages are introduced. Additionally, a potential 

emergency electric power source and its connecting and controlling method is proposed. 

Three methods of using the emergency electric power sources are shown when the 

power grid is paralyzed. 

ii. To propose a topology of multi-port energy router (MER) composed with a 

bidirectional AC/DC converter and a PPP TAB converter. This design of MER 

improves the power efficiency significantly through PPP technology to realize the 

power transmission among the main power grid, emergency electric power 

sources including a potential emergency electric power source which is the battery 

of EV and clients’ loads. The control methods of the power transmission of two power 

electronic converters in MER, are also illustrated. The bidirectional AC/DC converter 

is used to realize efficient energy management, increased energy efficiency and P2P 

trading technology. PPP is a technology that uses converters to process part of the total 

power, while most of the unprocessed system energy is transferred directly through the 

power cables. a PPP TAB converter has three ports, and power is exchanged between 

them using a phase-shift pulse-width modulation (PWM) mechanism. 

iii. To propose an automatic power direction control method for dual active bridge 
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(DAB)/TAB converters at a microgrid level, enabling bidirectional power 

transmission without manual intervention. This approach simplifies operations and 

enhances system safety by eliminating the need for human supervision. A well-

implemented model containing an automatic control method ensures efficient and 

consistent power transfer within the system, replacing manual operations whenever 

power direction adjustment is necessary especially in emergencies.  

iv. To implements emergency energy power system (EEPS) in microgrids by 

proposing an automatic power direction control strategy for multiple MERs 

consisting of TAB converters based on PPP technology in a microgrid. A well-

implemented model containing an automatic control method ensures efficient and 

consistent power transfer within the system, replacing manual operations whenever 

power direction adjustment is necessary especially in emergencies.  

1.2 Dissertation Outline 

The dissertation consists of seven chapters. An outline of the structure is organized as follows: 

Chapter 1 introduces the motivation of this study. Besides, the main objectives and a brief 

introduction of the research contents are illustrated. 

Chapter 2 reviews the different kinds of emergency electric power sources and the distribution 

methods that can be used to supply power, including the controlling method. Additionally, a 

potential emergency electric power source and its connecting and controlling method is 

proposed. Three methods of using the emergency electric power sources are shown when the 

power grid is paralyzed.  

Chapter 3 propose a topology of MER composed with a bidirectional AC/DC converter and a 

PPP TAB converter. The control methods of the power transmission of two power electronic 

converters in MER, are also illustrated. Power dissipation can be reduced as the PPP converter 

processes less power, which has the effect of improving system efficiency and power density. 

Chapter 4 propose an automatic power direction control method for DAB/TAB converters, 

enabling bidirectional power transmission without manual intervention for EES. The direction 

of power transmission varies based on the different lag/lead relationships, as each port of the 

PPP TAB converter can facilitate bidirectional power flow. Therefore, an automatic power 
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direction control method can adjust power direction automatically according to the states of 

the ports of the PPP TAB converter. 

Chapter 5 implements EEPS in microgrids by proposing an automatic power direction control 

strategy for multiple ERs consisting of TAB converters based on PPP technology in a microgrid.  

Chapter 6 is the conclusion part. The main contributions of this study are summarized. The 

future work that can be carried out to further improve the EEPS is also introduced.
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  Review of Emergency Electric Power 

Sources and Distribution Methods in Cities  

The current emergency power supply measures are not perfect and standardized in response to 

large-scale power failures [15], such as city-wide ones. This review chapter focuses on 

reasonably using the emergency electric power source to supply power in case of an abnormal 

urban power grid, to ensure the regular operation of urban electrical equipment and the daily 

life of the people. This study first introduces the different kinds of main emergency electric 

power sources and analyzes their advantages and disadvantages. The battery of an electric 

vehicle as a potential emergency electric power source is introduced that can also avoid the 

loss caused by unexpected power failure. Finally, three different emergency power supply 

methods are explained in detail for different emergency occasions. Among them, the energy 

router is reviewed comprehensively considering it is the most potential emergency power 

distribution approach in the future because of its various applications. Through the review work, 

the author discovered a valuable research topic that can be summarized as energy router for 

EES for the rest of this research.  

 

2.1 Emergency Electric Power Sources 

There are mainly three kinds of emergency electric power sources that are used to supply 

emergency power. Three types of emergency electric power sources: Diesel/Gas generator set, 

uninterrupted power supply (UPS) and emergency power supply (EPS) are shown in Fig. 2-1. 

This section introduces the following types of power supplies used as urban emergency electric 

power sources: Diesel/Gas generator set, EPS, UPS.  
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Fig. 2-1. Different kinds of emergency electric power sources. 

 Diesel/Gas Generator Set 

In terms of the Diesel/Gas generator set, the Diesel generator set, and Gas generator set are 

generator sets that use different fuels but have the same power supply principle. Therefore, 

these two generator sets are regarded below as the same emergency electric power source.  

The diesel generator set is a power generation equipment, which uses diesel as fuel and a diesel 

engine as a prime mover. Furthermore, the diesel engine is a machine that drives a generator 

to generate electricity [16]. The whole generator set generally consists of a diesel engine, 

generator, control box, fuel tank, and other components. The diesel engine comprises two 

mechanisms and four systems, including a crankshaft connecting rod mechanism, valve train, 

oil supply system, lubrication system, cooling system, and starting system [17]. The generator 

set is applicable to various loads with allowable interruption of power supply time greater than 

15s [18]. Using a generator set as an emergency electric power source is the most common 

emergency standby electric power source used in most applications at present. Due to its large 

capacity, parallel operation, and long continuous power supply time, the generator set has a 

long application history [19]. However, no matter how fast the generator starts, it takes at least 

tens of seconds to several minutes to deliver power. This is the starting period from when the 

generator receives the start signal after a power failure to when the generator voltage and 

frequency are stable and can supply power [20]. During this period, all connected electrical 

equipment loses power, which may cause damage to a few pieces of equipment or the life safety 

and property. On the other hand, the application of diesel generators in emergency electric 

power sources has the following disadvantages [21], including (1) In high-rise buildings, the 
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diesel generator set is generally placed in the basement, challenging to design and high cost. 

The facilities such as air inlet, cooling, smoke exhaust, shock absorption, and silencing need to 

be fully considered. (2) There is a potential fire hazard, and its oil tank is like an extremely 

dangerous "bomb" in case of fire. (3) The daily maintenance is frequent, and the workload is 

heavy. (4) The diesel generator is noisy. (5) There is a large amount of sulfur dioxide and 

carbon dioxide in the smoke exhaust, which are polluting and affects environmental protection. 

Although the generator set is practical and ordinary, the risks of the generator set should be 

considered carefully.  

 UPS 

The second emergency electric power source is UPS. UPS is a constant voltage and constant 

frequency power supply equipment. It is mainly composed of the rectifier, battery, inverter, 

and static switch [22] which are shown in Fig. 2-2. (1) Rectifier is a device that converts 

alternating current (AC) into direct current (DC). It has two main functions: first, converts AC 

into DC; second, it acts as a charger to provide charging voltage to the battery. (2) Storage 

battery is a device used by UPS to store power. It is composed of several batteries in series. Its 

first function is that when the main power is normal, converts the electric power into chemical 

energy and stores it in the battery. Its second function is that when the main power fails, 

converts the chemical energy into power and provides it to the inverter or load. (3) Inverter is 

a device that converts DC into AC. It consists of an inverter bridge, a control logic, and a filter 

circuit. (4) Static bypass switch is composed of thyristors with positive and negative polarity 

connected in parallel. When the inverter is overloaded or fails, the inverter will cut off the 

output and the static switch will be switched on automatically. After that, the main power will 

directly supply power to the load. The static switch is an intelligent high-power contactless 

switch with a conversion time of 2-3ms [23].   
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Fig. 2-2. Working principles of UPS [24] 

UPS is equipment that can replace the urban power grid supply with a continuous power supply 

in case of power failure [25]. Its power comes from the battery pack and continues to be 

supplied to the load. It is mainly used to provide power to a single computer, computer network 

system or other power electronic equipment [26]. UPS can stabilize the main power grid and 

supply it to the load when the power grid input is normal. Currently, UPS is an AC main power 

grid regulator, and it also charges the battery at the same time. However, if the main power 

grid is interrupted (accidental power failure), UPS will immediately supply the power stored 

in the battery to the load through inverter conversion for a period. Therefore, there are two 

advantages of UPS. One is that the power supply is uninterrupted. In the case of typical power 

failure, the load powered by UPS will not have any impact. The other is that when the normal 

power supply voltage fluctuates abruptly, UPS also acts as a voltage regulator [27]. 

 EPS 

EPS is equipment composed of fire-fighting facilities, emergency lighting, and other first-class 

load power supply equipment such as the lighting equipment [28]. EPS mainly adopts SPWM 

(AC pulse band modulation) technology, and the system includes explicitly rectifier charger, 

battery pack, inverter, mutual switching device, and so on [29]. The function of the rectifier is 

to convert AC into DC to supply power to the battery and inverter module. The inverter is the 

core, and the function of the inverter is to convert DC into AC to supply stable and continuous 

power to load equipment. The mutual switching device ensures the smooth switching of load 

between the main power grid and inverter output. Battery detection and shunt detection circuits 

are designed in the system, and the backup operation mode is adopted. There are three modes 

that the EPS has called main power working mode, battery inverter working mode, and manual 

maintenance bypass mode [30]. Fig. 2-3 shows the whole function diagram of EPS. The main 

power working mode of EPS is bypass priority. When the mains power is normal, it is directly 

from bypass to load. At the same time, charge the battery, and the inverter is on standby. When 

the main power is abnormal, the electric energy stored by the battery is inverted by the inverter 

to supply power to the load [31]. Furthermore, when online maintenance is required under the 

continuous power supply, the manual maintenance bypass switch can be directly closed, and 

the output switch and bypass switch can be disconnected to completely disconnect the circuit 

part, input, and output of the EPS power supply without interrupting the user's output [32]. 
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Fig. 2-3. The whole function diagram of EPS 

Compared with UPS, EPS has a lot of advantages [33]. The inverter has large redundancy 

because EPS systems usually have several inverters, which can work simultaneously or as 

backups, so that in the event of a failure of one of them, the other inverters can immediately 

take over the power supply task to avoid power interruptions. It can operate normally under 

120% load and has incoming and outgoing feeder functions and a multi-channel mutual 

switching function. There are measures to prevent high and low temperature, damp heat, salt 

fog, dust, vibration, rat movement, and rat bite. It adopts an off-line operation mode, with high 

efficiency, energy-saving, and low noise. Thus, the inverter can only be carried out when the 

power grid is off, which causes the service life of the host to be relatively long, generally 15-

20 years. Finally, the total cost of EPS is less expensive than that of UPS of the same capacity 

[32]. 

 The Comparison among EPS, UPS, and Diesel/Gas Generator Set 

Table 2-1 is the comparison between EPS and UPS. EPS is better at many aspects such as 

structure, power saving, noise, price, and life span. EPS has the advantages of a wide 

application environment, high power-saving performance, low noise, high economy, long 

service life, many types of applicable load and wide application. However, UPS has the fastest 

responding time, which means that if the main power grid is paralyzed, UPS can supply the 

power to the load immediately. This is the biggest reason that UPS cannot be replaceable by 

the EPS. EPS is primarily utilised in emergency lighting and security apparatus, among other 
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applications. Conversely, UPS is extensively employed in data centres, servers and other 

domains with elevated power demands. 

TABLE 2-1 Comparison between EPS and UPS [32] 

Characteristic EPS UPS 

Structure Large redundancy, and can normally operate for 

more than 10 min under 120% rated load 

Incoming cabinet and out-going cabinet, fire 

protection multi-channel mutual switching 

function, and special measures for 

dehumidification, mildew prevention and 

corrosion prevention 

Small redundancy, generally 

required to work at 80% of the 

rated current 

No incoming cabinet and 

outgoing cabinet, fire protection, 

and mutual switching functions 

Power saving the bottom power consumption state when the 

power grid is normal. Efficiency is > 90% when 

there is no power grid 

When the supply of the power 

grid is normal, the efficiency is 

only 80 ~ 90% 

Noise the grid is normal, no static noise. When there is 

no power supply on the grid, its noise is less than 

55dB 

55～65 dB 

Price Low maintenance price Expensive maintenance price 

Life span Generally, > 20 years Generally, 5 ~ 8 years 

Load 

adaptability 

Especially suitable for inductive load Only suitable for capacitive 

and resistive load (computer 

load) 

Table 2-2 compares EPS, and Diesel/Gas Generator Set. EPS performs better than Generator 

Set in terms of the start time, environment protection, maintenance cost, power supply status, 

overload and protection, and construction and operation cost. The generator cannot be started 

in time. The generator also needs to add environ-mental protection facilities of about 11000-

14000 pounds/set, fire prevention facilities of 5800-7000 pounds/set, and labor-management 

fee and regular maintenance fee of 3500 pounds/set. In addition, the power supply quality of 

the generator is poor, and the ap-applicable environmental capacity is poor. On the contrary, 

EPS has a low comprehensive cost, easy management, more stable and reliable power 

generation, and a small floor area. EPS are utilised in a multitude of applications, including the 

safeguarding of essential apparatus such as computers, communication devices, medical 

equipment, and so forth. Additionally, they are employed in the protection of vital structures 

and infrastructure, ensuring the continuity of operations and the safety of personnel in the event 

of a power outage. However, the most significant advantage of the Diesel/Gas Generator Set 

is a long-time power supply. EPS and UPS can only supply the power for a few hours de-
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pending on their capacities. A generator set can usually supply the power for a few days without 

interruption. 

TABLE 2-2 Comparison between EPS and Diesel/Gas Generator Set [34] 

Characteristic EPS Diesel/Gas Generator Set 

Start time <0.2s 5~30s 

Environment 

protection 

No smoke exhausts, noise, vibration, and 

pollution 

A large amount of harmful gas, 

great noise, and vibration, and 

required to be fireproof 

Maintain Simple maintenance, unattended automatic 

operation, and computer monitoring 

Special personnel shall be assigned 

to take care of and maintain 

regularly 

Power supply 

status 

Strong voltage stability, Stable frequency, no 

interference, and high efficiency 

Unstable voltage and frequency, and 

low efficiency 

Overload and 

protection 

Strong overload capacity, perfect protection 

function, and low power capacity and load 

power, generally 1:1 

Weak overload capacity, general 

protection function, and high ratio 

of standby generator set to load 

power, generally at least 1:1.5 times 

Construction 

cost and 

operation cost 

One time investment, basically no follow-up 

operation cost 

The lower procurement cost of 

generator set equipment, but the 

high cost of auxiliary facilities, and 

many subsequent operation costs 

The allowable power failure time of load and the site of load are two the most important factors 

when considering how to choose and use the appropriate emergency electric power source. 

Based on the different needs of various loads, the combination of UPS, EPS and generators can 

also be applied [35]. 

2.2 Emergency Electric Power Sources 

There are always some unexpected situations such as the shortage of reserves for emergency 

electric power sources that the current emergency power supply technology cannot solve. Thus, 

discovering a potential emergency electric power source can also be extremely meaningful. 

With the development of the electric vehicle industry, more and more electric vehicles are 

running in the cities. This means that the power source of each electric vehicle can be a potential 

emergency power source to deal with power failure. Table 2-3 shows the daily electricity 

consumption of an ordinary family and the specific energy of the battery of an electric vehicle. 

According to Table 2-3, the daily electricity consumption of a typical family is 10-20 kWh, 
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and the specific energy of the battery of an electric vehicle is 15-60 kWh [36]. This means that 

one battery of an electric vehicle can meet 2 to 3 families’ daily electricity demands [36]. 

TABLE 2-3 The daily electricity consumption of an ordinary family and the specific 

energy of the battery of an electric vehicle 

The daily electricity consumption of 

an ordinary family (kWh) 

10-20 

Specific energy of the battery of an 

electric vehicle (kWh) 

15-60 

The most significant advantage of the battery of the electric vehicle is that it almost has no cost 

because it is only needed to be the emergency electric power source when an unexpected power 

failure occurs, and in a normal situation, it is can also be used as the power source of the electric 

vehicle [37]. This means that people do not need to buy an emergency electric power source. 

The electric vehicle can also be maintained by the electric vehicle company considering that it 

is also one part of an electric vehicle. There are some other advantages, such as decreasing the 

pressure of supplying emergency power of the government when a large-scale power outage 

occurs in view that some families have the electric vehicle to supply emergency power on their 

own. With the amounts of the electric vehicle increasing, the battery of electric vehicles has 

the full potential to become a kind of emergency power source. 

To ensure the private electric vehicle can be used as an emergency electric vehicle, vehicle-to-

grid (V2G) is a technology that is firstly proposed by W. Kempton [38] ensuring the 

bidirectional energy flow between the EVs and the power grid. V2G has improved the 

efficiency and profitability of the power grid, and made significant progress in environmental 

protection, such as reducing greenhouse gas emissions. In addition, it also effectively reduces 

the cost of power consumption of each user. However, as explained in the article [39], V2G 

still needs a lot of research in the technical level. Once the V2G technology can be applied in 

the multi-port energy router, the battery of the EV is a significant emergency electric power 

source.  

2.3 Power Supply and Control Methods 

 Distributed Power 
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To use the above three kinds of emergency electric power sources in the emergency power 

failure situation, there are two of the most popular ways to supply emergency electric power. 

Distributed generation is an emergency measure prepared in advance before power failure 

occurs. It means that the emergency electric power source is set near the facilities requiring 

power supply after the power failure. The emergency electric power source is also connected 

to the power grid to test if the power grid is normal [40]. The basic principle of distributed 

power is that when the urban power grid is normal, the load is supplied by the urban power 

grid directly through the bypass, and UPS is charged by the urban power grid through the 

charger, too. Once the urban power grid is abnormal, the switch will be switched to the other 

side and the distributed power will turn on the emergency electric power source to supply 

power to the load instead of the urban power grid which is shown in Fig. 2-4. 

 

Fig. 2-4. Function diagram of distributed power 

The choice of the emergency electric power source of distributed power depends on the 

allowable time failure time of the load. If the load is a computer system or medical facility, 

UPS is the best choice. However, if the load is a first-class load such as lighting systems, EPS 

can be the most suitable choice [41]. The advantages of distributed power are various. The first 

advantage is easy construction and less costly. The single unit capacity and power generation 

scale are small, and there is no need to build large power plants, substations, and distribution 

stations. The civil engineering and installation cost is low, the construction period is short, and 

the investment is small. Distributed power is also close to users and has simple power 

transmission and distribution and low loss. Close to power users, it can generally directly 

supply power to the load nearby without long-distance high-voltage transmission lines. The 

loss of transmission and distribution is small, and the construction is simple and cheap. The 

third advantage is less pollution and good environmental compatibility. It also has the 

advantage of high energy efficiency. Combined with cogeneration, the waste heat of power 

generation can be recycled for heating and refrigeration, to realize the cascade utilization of 
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energy scientifically and reasonably. The fifth advantage is flexible operation and guaranteed 

safety and reliability. The startup and shutdown of small units are fast and flexible. It can be 

used as a standby power supply. Finally, distributed power can make network operation, with 

the ability to provide auxiliary services. It can operate jointly with the power grid and 

complement each other, which can not only improve its power supply reliability but also 

provide auxiliary services for the large power grid [42]. 

 Emergency Power Vehicle 

The second method is the emergency power vehicle whose main function is to supply the power 

load that needs to be able to reply quickly and extend the power supply time to a certain time 

due to the power failure after the accident. Emergency power vehicles are suitable for use in 

large-scale civil construction projects, such as some hospitals, high-rise office buildings, 

airports, satellite launch measurement and control bases, large stadiums, archives, more 

important scientific research buildings and so on. The emergency power vehicle has two 

advantages. On the one hand, the vehicle can quickly arrive at the site which has a power failure 

when emergency electric power source is not prepared in advance. On the other hand, it has a 

fast start power supply performance after the failure of the urban power grid when the 

emergency power vehicle is connected to the loads [38]. The rapid start-up power supply of 

the power supply vehicle is one of the important characteristics of the emergency power supply 

vehicle. Shoown in TABLE 2-4, its speed can be divided into three levels according to the 

reaction time: (1) Instantaneous power supply, (2) Power supply within 5 seconds, (3) Power 

supply for 5 minutes. In terms of instantaneous power supply, UPS is equipped in the power 

supply vehicle to automatically detect the municipal electric signal. After the urban power grid 

is cut off, the UPS will be automatically started immediately. After the generator set is started 

for power supply, it will automatically switch to the generator set for power supply without 

interruption. This mode is applicable to class 1 load and power protection operations in major 

public activity places. In terms of power supply within 5 seconds, EPS is equipped in the power 

supply vehicle to automatically detect the municipal electric signal. In the hot standby state of 

the generator set, after the urban power grid is cut off, it will automatically switch to the 

generator set aside for power supply within 3 ~ 5 seconds. After the urban power grid is restored, 

it can automatically switch back to the urban power grid within 3 ~ 5 seconds. In terms of 

power supply for 5 minutes, for ordinary power supply vehicles, the Generator Set starts to 

supply power from the cold standby state [43]. The warm-up time of the Generator Set is 
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generally more than 3 minutes, and it is switched on manually. This mode is applicable to 

power maintenance operations in public activity places and temporary power supply for 

emergencies [44]. 

TABLE 2-4 The Starting time of emergency electric power sources 

Disel/Gas generator set About 5minutes 

EPS Within 5 seconds 

UPS Instantaneous power 

supply 

 Energy Router and Related Working Method 

Sometimes, there is more than one kind of emergency electric power source that can supply 

the emergency power to the load at the same time. However, the emergency power from 

different emergency power sources cannot connect to the load directly at the same time. This 

can cause damage to the load and increase the pressure bearing the burden of circuit lines. Thus, 

to integrate and distribute these emergency power from different kinds of emergency power 

sources, an energy router is a device that can be useful between different kinds of emergency 

power sources and load [45]. The concept of the 'energy router' was first proposed by Alex Q. 

Huang of North Carolina State University. In 2008, he led the US National Science Foundation 

project FREEDM, which aimed to integrate power electronics and information technology into 

the power system to realise the concept of the future energy internet at the distribution grid 

level [46].  

a) An AC-DC Hybrid Multi-Port Energy Router (MER) 

An energy router is developed from a solid state transformer (SST) [47]. Based on the function 

of SST, energy routers also need to achieve the intelligent management and real-time 

communication of the smart grid, electrical power sources, and load. This means that the energy 

router has obvious advantages in many aspects such as active management of bidirectional 

power flows [48], convenient access to electrical power sources [49], [50], energy management 

optimization [51], [52], etc. Fig. 2-5 is the structure of an AC-DC hybrid MER which includes 

five parts: grid-connected part, energy storage part, medium voltage DC part, AC part, and low 

voltage DC part [53]. 
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Fig. 2-5. Structure of MER [53] 

In the grid-connected part, there are two components: a filter and an AC/DC converter to realize 

bidirectional power flow between the power grid and the MER. The energy storage part which 

is an essential bidirectional power part to make the energy management and high power supply 

reliability come true consists of a DC/DC converter and filter inductance. The medium voltage 

DC part is a unidirectional power part that comprises some support capacitors and provides a 

750V DC port to get access to the other parts. The AC part is a unidirectional power part that 

is composed of a DC/AC converter and a filter to transfer DC power into AC power to satisfy 

the needs of the AC load. The low voltage DC part is a unidirectional power part that is made 

up of a DC/DC converter and filters which decrease the DC voltage to supply a lower DC 

voltage to the DC load [53]. 

There are mainly four modes to operate this MER: standby mode, grid-connected mode, 

islanded mode, and fault mode. The relationship between these four modes is shown in Fig. 2-

6. 

 



 

P a g e | 35  

 

Fig. 2-6. Operation mode transition of MER [53] 

In the standby mode, the MER is not working until a start command is received. If the power 

grid is normal, MER will be switched into the grid-connected mode. Otherwise, MER will be 

switched into the islanded mode [53]. 

When MER is in the grid-connected mode, the ports in the grid-connected part are connected 

to the power grid. The controllers in the gird-connected part ensure the voltage stability of the 

medium voltage DC link [53]. The controller in the energy storage part will control the charge 

and discharge state of the battery according to the power that the load need and the power that 

the power grid supplies. 

If MER is in the islanded mode, the grid-connected part will stop working and the energy 

storage part will be responsible for supplying the power to the load. Besides, the controller in 

the energy storage part will ensure the voltage stability of the medium voltage DC link instead 

of the controller in the grid-connected part [53]. There are two situations that make the MER 

work in the islanded mode. One is the power grid is abnormal, the MER must work in the 

islanded mode to ensure safety. The other is that MER receives a command that asks it to work 

in the islanded mode. 

When a local fault occurs in the energy storage part, AC part and low voltage DC part, MER 

will shut down the part which has a fault to make sure the normal working of the rest of the 

parts. However, if an unboreable fault such as overvoltage of medium DC bus occurs, MER 

will be switched into fault mode to protect all the systems and shut down all the ports. In fault 

mode, MER will not be switched into the standby mode until the fault is fixed and a reset 

command is received [53]. With these four operation modes, MER can work regularly and 

make sure reliable power is supplied to the load. 

b) An Energy Router Based on A Power Electronic Transformer and Related Control 

Method 

This section introduces an energy router based on a power electronic transformer [54]. This 

energy router can connect the medium voltage distribution network and low-voltage regional 

network, regulate the low-voltage DC bus, and provide a low-voltage DC bus for renewable 

energy equipment, energy storage devices, and load to realize the two-way flow of energy. 

Based on the above requirements, the designed energy router is a multi-input and multi-output 

plug and play interface circuit, which mainly consists of a power electronic transformer, 

photovoltaic system, energy storage device, and DC load like what is shown in Fig. 2-7 
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Fig. 2-7. Topology of energy router based on power electronic transformer 

If the system is connected to the grid, the high-voltage DC bus can supply power to the load 

through the power electronic transformer, the DC microgrid can also feed the distribution 

network through the DC transformer. In case of system failure, photovoltaic power generation 

and energy storage devices can form a low-voltage DC microgrid and operate in islanded mode. 

The power electronic transformer here adopts the cascade form of a DAB to realize voltage 

conversion and electrical isolation [54]. Multiple identical DABs are connected in series to the 

medium voltage DC distribution network at the high-voltage end and connected in parallel to 

the low-voltage DC microgrid at the low-voltage end and serve as a plug and play interface for 

photovoltaic system, energy storage device, and load, compatibility, and flexibility. The 

interface circuit of the photovoltaic power generation unit is the boost circuit, and the energy 

storage device consists of a battery and bidirectional Boost /Buck converter. 

To control when and which emergency power sources supply the emergency power to the load, 

the energy router also needs a control system for energy management. This energy router uses 

a hierarchical control system design. The hierarchical control system design is shown in Fig. 

2-8, where IPV is the photovoltaic current; Upv is the photovoltaic voltage; Ub is the terminal 

voltage of the battery; Ib is the output current of the battery; Uload is the load voltage; Iload is the 

load current; Udc is DC voltage, and Idc is the DC current. The control system is divided into 

three layers: the upper layer is the function customization layer; the middle layer is the energy 

management layer, and the lower layer is the executive layer [54]. 
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Fig. 2-8. Hierarchical Control System of Working Modes in Threee Layers 

To determine the working mode of the energy router, it is necessary to consider each type of 

three layers in order shown in Fig. 2-8. In detail, the function customization layer takes the 

photovoltaic output power, the residual capacity of the battery, real-time electricity price, and 

other information as input signals to determine the system scheduling mode. The system 

scheduling mode is mainly divided into economic mode and user-defined mode [54]. Under 

the economic mode, users can sell power to the external power grid to obtain economic benefits 

if the residual capacity of the energy storage system is sufficient and the electricity price is 

high. When the remaining capacity of the energy storage system is insufficient and the 

electricity price is low, absorb power from the external power grid to charge the energy storage 

system. In terms of the user-defined mode, when the external power grid outputs the specified 

power, users can determine the energy use strategy according to their own energy use. In both 

modes, the system operating mode signal will be generated. The energy management layer 

determines the working mode of the system that is grid-connected mode and islanded mode 

according to the control signal generated by the upper layer, the output power of the 

photovoltaic and the residual capacity of the energy storage battery. At the same time, the 

corresponding logic control signal is generated and transmitted to the execution layer. The main 

function of the execution layer is to receive the logic control signal, make the logic combination 

and enable the controller, calculate according to the specific algorithm, further generate the 

pulse modulation signal, and generate the corresponding drive tube pulse according to the pulse 

modulation signal. The system only needs to send instructions to the converter, and each 

converter can execute according to the instructions. 

The energy management of this energy router is carried out from two working modes: grid-

connected mode and islanded mode [54]. In the grid-connected mode, due to the high cost of 

renewable energy power generation such as photovoltaic power generation, it is generally set 

to maximum power tracking (MPPT) mode to fully utilize the electric energy generated. In the 



 

P a g e | 38  

 

user-defined mode, when the external power grid is in constant power generation if the power 

currently is higher or lower than the load demand power, the energy storage is responsible for 

maintaining the power balance and voltage stability in the microgrid. In the economic model, 

if the electricity price is high and the remaining energy storage capacity is sufficient, the energy 

storage battery discharges at constant power. In contrast, when the electricity price is low and 

the remaining energy storage capacity is insufficient, the battery is charged with constant power. 

Besides, if the output power of distributed generation is greater than the demand power of load, 

the external power grid can absorb additional power to prevent the rise of bus voltage. However, 

when the output power of the distributed generation cannot meet the demand of the load, the 

external power grid can supplement the power shortage of the distributed generation to prevent 

the drop in bus voltage. 

When the DC microgrid is dominated by photovoltaic and energy storage and is disconnected 

from the external DC bus, the local DC microgrid is in islanded mode. Currently, the power in 

the system mainly consists of photovoltaic output power, battery output power, and load 

demand power. Generally, the photovoltaic interface converter works in MPPT mode and only 

injects power into the bus, while the energy storage unit is used to maintain the bus voltage and 

balance the power flow in the system. For example, when the power injected into the bus is 

large, the energy storage battery enters the charging state to suppress the rise of bus voltage. If 

the power injected into the bus is small, the energy storage battery enters the discharge state to 

suppress the drop in bus voltage. If the photovoltaic output power is higher than the load 

demand power and the energy storage charging state reaches the extreme value, the energy 

storage battery will no longer maintain the bus voltage, and the photovoltaic will be switched 

from MPPT mode to constant voltage mode. When the total output power does not meet the 

demand of load, the bus voltage is lower than the minimum required by the DC microgrid. At 

this stage, the bus voltage of the DC microgrid will decrease significantly, resulting in the 

paralysis of the microgrid. Therefore, to maintain stability, it is necessary to selectively cut off 

the unimportant load according to the load shedding algorithm to avoid bus voltage collapse. 

c) Energy Router Based on An Integrated Circuit Building Block (ICBB) 

An ICBB type of energy router for a power electronic converter can extremely decrease the 

volume of the component and improve the power processing efficiency [55]. This ICBB 

consists of two segmented half-bridges and all the components that are used to make mixed-

signal current programmed mode (CPM) control come true which are shown in Fig. 2-9. 
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Fig. 2-9. Block diagram of low-power ICBB [55] 

These two-segmented half-bridges have the same design. However, power stage II has an extra 

circuit called Sense Field Effect Transistor (SenseFET) for current sensing which makes 

mixed-signal CPM controllability possible. This design fulfils two needs which are the 

possibility of operating at high switching frequencies, and low-power consumption. Besides, 

this design can be sure to be used with the online efficiency optimization schemes at the same 

time which can improve the efficiency of power processing by compromising between the ON-

resistance and gate charge of the switches. Furthermore, through segmentation, the problems 

of the limited-speed and high-power consumption caused by the conventional SenseFET 

current measurement circuits can be solved. To make full use of the multi-levels of different 

sources. The topology which uses ICBB modules is shown in Fig. 2-10. 
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Fig. 2-10. Multilevel inverter implementation utilizing ICBB modules [55] 

This converter allows various kinds of DC sources and converts these different input voltages 

into one output voltage synthesis through ICBB modules which include DC/AC conversion. 

This design makes the adjusting of voltages easier so that the efficiency of the energy collecting 

can be improved. 

d) An Energy Router Supplying AC and DC Load Separately 

Some energy routers can supply the power to the DC load and AC load at the same time [56]. 

There is a topology that has two imports and two exports. One import is connected to the grid 

directly, and the other import is connected to renewable energy. With the combination and 

complementation of these two kinds of energy forms, the problems of one single power form 

supply and low utilization of renewable energy can be solved [57]. According to Fig. 2-11, this 

multi-port energy router consists of a three-phase cascaded H-bridge, isolated DC/DC 

converters, a three-level inverter, and a Buck/Boost converter. The grid transfers its power to 

the medium-voltage DC bus through a cascaded H bridge and isolated DC/DC converters. DC 

load can be supplied by the medium-voltage DC bus directly. AC load need the AC power 

transferred by the three-level inverter from a medium-voltage DC bus. The power from 

renewable energy can be accessed into the medium-voltage DC bus through Buck/Boost 

converter. 

 

Fig. 2-11. A topology of multi-port energy router [57] 

The more detailed topology is shown in Fig. 2-12 on the high-voltage side. The capacitor at the 

medium-voltage DC side is designed to reduce the voltage ripple and improve power quality 

[58]. According to Kirchhoff’s voltage law, Equation (2-1) and Equation (2-2) can be obtained 
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{
𝐸𝑥𝑖 = 𝑆𝑘𝑈𝑑𝑐1−𝑥𝑖

𝐸𝑥 = 𝐿𝑠
𝑑𝑖𝑥

𝑑𝑡
+ 𝑅𝑠𝑖𝑥 + ∑ 𝐸𝑥𝑖

𝑛
𝑖=1

                                    (2-1) 

𝑈𝑑𝑐2−𝑥𝑖 = 𝑆𝑘1𝑆𝑘2𝑘𝑈𝑑𝑐1−𝑥𝑖                                                (2-2) 

where Ex is the grid voltage (x = a, b, c), ix is the grid current, Exi is the AC voltage of the i-th 

cascaded H-bridge, Udc1-xi and Udc2-xi are pre-stage voltage, and post-stage voltage of the i-th 

isolated DC/DC converter, Sk is switching function of cascaded H-bridge, Ls and Rs are 

equivalent inductance and resistance on the grid side, Sk1 and Sk2 are the switching functions of 

the pre-stage and post-stage of the isolated DC/DC converter, and k is the ratio of high-

frequency transformer [57]. From Equation (2-1), the output DC voltage can be controlled by 

changing the value of Sk. According to Equation (2-2) the output voltage at the low-voltage side 

can be controlled by the value of Sk1, Sk2 and k. Therefore, the transmission power PDC/DC can 

be obtained. 

𝑃𝐷𝐶/𝐷𝐶 =
𝑈𝑑𝑐1−𝑥𝑖𝑈𝑑𝑐2−𝑥𝑖

2𝑘𝜋𝑓𝑠𝐿𝑚
𝛿 (1 −

|𝛿|

𝜋
)                                   (2-3) 

where fs is switching frequency, Lm is the leakage inductance of a high-frequency transformer 

and δ is the pulse shift angle [57]. According to Equation (2-3), the PDC/DC can be controlled 

by changing the value of δ. 

In terms of this topology of the high-voltage side, the sub-modules can be turned on or off 

separately because the bridge arm reduces the voltage and current change rate with the cascade 

structure existing. This means the switch has less stress and the total output voltage is less 

possible to distort. Besides, the high-frequency transformers have a significant influence in 

weakening the high-frequency harmonics and decreasing the noise. Finally, this design can 

ensure there is no interference between the grid and the secondary sides. 
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Fig. 2-12. Topology of high-voltage side [57] 

On the low-voltage side, there are two topologies: a topology of DC/DC converter and a 

topology of DC/AC converter.  The DC/DC converter is used for the renewable energy to 

access the medium-voltage DC bus. This DC/DC converter’s non-isolated Buck/Boost 

structure is adopted in this DC/DC converter. The topology of this DC/DC converter is shown 

in Fig. 2-13. In Fig. 2-13, UDC1 is the low-voltage side that connects to the renewable energy 

module, and UDC is the medium-voltage side that connects to the medium-voltage DC bus. If 

the renewable energy module can supply power to the medium-voltage DC bus, DC/DC 

converter works in Boost mode. It can increase the input voltage and supply a stable DC voltage 

to the medium-voltage DC bus. On the contrary, when the power storage module needs to be 

charged, the DC/DC converter works in Buck mode. It can charge the power storage module 

by converting the voltage from the medium-voltage DC bus. Equation (2-4) can calculate the 

output voltage of this converter 

𝑈𝐷𝐶1 = 𝐷
𝑈𝐷𝐶

1−𝐷
                                                     (2-4) 

where D is the duty ratio of the converter. 
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Fig. 2-13. Topology of DC/DC converter [57] 

DC/AC inverter is used to convert the DC power in the medium-voltage DC bus into AC power 

which is supplied to the AC load. This DC/AC converter uses a three-level structure. The 

topology of this DC/AC converter is shown in Fig. 2-14. According to Fig. 2-14, the output 

voltage is 

𝑢(𝑡) =
𝑈𝐷𝐶

2
(𝑑𝑥 + 𝑛𝑥)                                              (2-5) 

where dx is the duty ratio and nx is the benchmarking function for the conversion between 

switch-status of three-level inverter, 𝑛𝑥 = {
1,   𝑂 → 𝑃 → 𝑂
0,   𝑁 → 𝑃 → 𝑁

 [57]. This three-level structure of 

DC/AC converter has less harmonic and better power quality than two-level DC/AC converter 

[59]. 

 

Fig. 2-14. Topology of DC/AC converter [57] 

e) A Parallel Coordinated Control Strategy Based on Virtual Capacitor Control in The 

Four-Port Isolated DC/DC Converter 

With the development of renewable energy and batteries, the electric power sources used for 

an energy router are mostly DC sources. However, the DC micro-grid usually has small inertia. 

This means that its bus voltage will easily be affected by the power fluctuations caused by 

intermittent renewable energy and local load changes [60] [61]. Therefore, to control the bus 

voltage in the DC micro-grid to improve the inertia and stability of the DC micro-grid, there is 
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a parallel coordinated control strategy based on virtual capacitor control in the Four-port 

isolated DC/DC converter (FPIC) to make sure that each output power of energy storage unit 

is allocated according to the remaining capacity and the charge state of each energy storage 

unit is balanced [62]. 

According to Fig. 2-15, there is a two-stage isolated bidirectional DC/DC converter that 

connects the PV source and two energy storage to a 400V DC bus. On the other side, there is 

also a three-port DC converter connecting with the DC load. The front stage of the two-stage 

converter is CLLC resonant circuit with the rear stage being the interleaved Buck/Boost circuit. 

udc is the DC bus voltage, idc is the DC output current; nT is the transformer turns ratio; Lm and 

Lr are the resonance inductance and resonance inductance of the resonator; C1 and C2 are the 

resonance capacitance; Cin, CM, and CO are the input of FPIC respectively Capacitor, 

intermediate stage capacitor, and output capacitor [62]. 

 

Fig. 2-15. DC micro-grid structure diagram of photovoltaic energy storage with FPIC 

[62] 

The exact control method of this FPIS is as follows. Firstly, In the CLLC resonant circuit, a 

duty cycle of 50 percent is applied by the high-side full bridge and the two low-side full bridges 

to the switch tubes S1, S4, S5i, S8i (i = 1,2). Its switching frequency is the control signal of 

resonant frequency (in-phase). The other power transistors S53 and S83 apply a complementary 
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control signal. In terms of the post-stage interleaved Buck/Boost circuit, it is assumed that the 

photovoltaic converter has been working in the MPPT state and the energy storage converter 

(ESC) operates in IVC mode. For the lower arm switch tubes S22 and S42, Apply a driving signal 

with a phase difference between 180° and the same duty ratio. Besides, control the driving 

signals of the upper and lower arm switch tubes to be complementary. 

Through the design of the virtual capacitor, the droop control of the ESC can simulate the 

charge and discharge characteristics and damping characteristics of the real capacitor so that 

the disturbance suppression ability of the DC bus voltage can be enhanced. The final equation 

of virtual capacitance corresponding to this improved virtual capacitor (IVC) control is: 

{

𝐶𝑣𝑖𝑟 = 𝐶𝑣0,   ∆1 ≤  𝐾
𝐶𝑣𝑖𝑟 = 𝐶𝑣0 + 𝑘𝑢𝑆𝑜𝑜 ,   ∆1 >  𝐾 𝑎𝑛𝑑 ∆2 >  0

𝐶𝑣𝑖𝑟 = 𝐶𝑣0,   ∆1 >  𝐾 𝑎𝑛𝑑 ∆2 ≤  0
                          (2-6) 

where Cvir is the virtual capacitance, Cv0 is the initial virtual capacitance, ku is the voltage 

tracking coefficient, K is the limited value of the voltage change, ∆1 =  |∆𝑢𝑑𝑐| , ∆2 =

 𝑠𝑔𝑛(𝑑𝑢𝑑𝑐
∗ /𝑑𝑡)∆𝑢𝑑𝑐, 𝑢𝑑𝑐

∗  is the reference of DC bus voltage, Soo is the on/off state value. If 

∆1 >  𝐾 𝑎𝑛𝑑 ∆2 >  0, 𝑆2  =  ∆2 [44]. 

To effectively manage and use energy storage devices in FPIC more efficiently, the multiple 

energy storage and coordinated control mainly includes IVC control, voltage and current dual-

loop control and output current feed-forward control is also applied. 

f) An Energy Hub with An Energy Router 

An energy hub is also able to supply various kinds of load instead of only electricity load [63]. 

Fig. 2-17 shows a schematic of an energy hub in which various kinds of electric power sources 

and gas supplies generate heat and power to satisfy electricity load, cooling load and heat load 

[64]. Energy router has the advantages such as improved quality of power, a smaller size, 

tolerance of fault, and reactive power support feature [65]. Fig. 2-16 proposes a topology of 

energy hub which includes an energy router that realizes the coordination of multiple energy 

sources and improves the efficiency of energy [64]. 
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Fig. 2-16. The configuration of the energy hub [64] 

 

Fig. 2-17. The topology of an energy router [64] 

The basic principle of this energy router is that it mainly uses distributed renewable energy to 

supply power to all load and satisfy the charging demand of the battery pack. However, if the 

distributed renewable energy is unstable and unable to supply enough power, the power in the 

energy storage components (battery pack and heat storage) will be used to generate power to 

satisfy the demands of load. Besides, When the power supplied by the distributed renewable 

energy is still rest after satisfying the demands of all the load and battery pack, the rest power 

can be delivered to the power grid so that the rest power can be utilized by the load in other 

areas. The charging and discharging state of energy storage components can also be controlled 

[64]. 

g) Discussion 

Table 2-5 compares all the above energy routers from four of the most essential parts: import 

electric power source, export load, electronic power converter included, and energy storage 
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function. In terms of the choice of emergency power electric sources, allowable failure time of 

the loads can be greatly helpful to decide. This is applied by the majority of energy routers. DC 

load and AC load can both be supplied by the energy routers as long as the correct and suitable 

power electronic converters are applied. Power electronic converters which are the most 

important parts of the energy router should be determined and selected according to the types 

of the power electric sources and the types of the load. The different design circuits of power 

electronic converters can easily lead to the difference between the function and power 

transmission performance of the energy routers. Besides, the energy storage function is an 

essential part of the energy router. It makes sure power management and adjusting. It can 

supply power to the load when the power of electric power sources is not enough to satisfy the 

needs of the load. If the power of electric power sources is more than the needs of the load, the 

energy storage module will be charged by the extra power of electric power sources to improve 

the efficiency of the power transmission. 

TABLE 2-5 The Comparison among Energy Routers 

 Import electric 

power source 

Export load Power electronic 

converter included 

Energy storage 

function 

Example 1 AC Power grid AC load and 

DC load 

AC/DC converter, 

DC/DC converter, 

and DC/AC 

converter 

A power storage part 

which is charged by 

the AC power grid 

Example 2 DC power grid and 

photovoltaic power 

DC load AC/DC converter, 

DC/DC converter, 

and DC/AC 

converter 

Two energy storage 

modules charged by 

the DC power grid 

and photovoltaic 

power 

Example 3 Various kinds of 

electric power 

sources 

AC load An ICBB No energy storage 

function 

Example 4 AC Power grid and 

renewable energy 

AC Load and 

DC load 

AC/DC converter, 

DC/DC converter, 

and DC/AC 

converter 

One energy storage 

module charged by 

the AC power grid 

Example 5 Photovoltaic 

power 

DC Load DC converter Two energy storage 

modules charged by 

the photovoltaic 

power 
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Example 6 Renewable energy 

and AC Power grid 

AC load and 

DC load 

AC/DC converter, 

DC/DC converter, 

and DC/AC 

converter 

One battery pack 

charged by the AC 

power grid 

Example 1 MER has a lot of advantages such as the plug-and-play access of DERs and loads, 

various forms of electric energy, unified control and management of the MER-based energy 

subnet, high power supply reliability, fault isolation between the grid side and the users’ side, 

etc. [66]. However, this kind of MER is only suitable for the low-voltage distribution network. 

Example 2 energy router realizes flexible control and management of voltage and power, but 

it can only be used in the DC power grid. Example 3 introduces a ICBB design of emerging 

low-power, high-frequency multilevel and hybrid converter topologies operating at switching 

frequencies up to 10 MHz, however, with no power storage function and is only applicable for 

the AC power grid [67]. MER in example 4 ultizes a free switching control strategy which can 

accurately transmit the required power and maintain the stability of the DC bus voltage. 

However, it can only be used in the distribution area with a high penetration rate of the 

renewable energy. The energy storage system of the energy router in example 5 can accurately 

distribute the output power according to the proportion of the remaining capacity of each 

energy storage unit to the total remaining capacity to ensure the safe and reliable operation, but 

the energy router has no connection with the power grid [68]. Energy router in example 6 has 

relatively complete functions. However, it is designed for a part of energy hub and renewable 

energy is the main source of the energy. 

According to reviewed energy routers, the energy router is the most effective and potential 

distribution way that can be used in the emergency electric power supply in the future [69]. 

Not only it can be set before the emergency occurs and store the power with a power-storage 

module, but also can connect multi kinds of emergency electric power sources at the same time 

and utilize and combine them to generate stable and continuous power to the load which suffer 

from the unexcepted power failure [70]. Thus, to better address the problem of a large-scale 

sudden power outage, developing a multi-port energy router that can be connected to the power 

grid and other emergency electrical power sources is essential. This multi-port energy router 

can detect if the power grid is working normally and combine the power of the power grid with 

the power of any other emergency electric power source to complete the power adjusting which 

can ensure to satisfy the needs of the load. The energy storage module in this kind of multi-

port energy router can also be charged by both the power grid and the emergency electrical 
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power sources. Besides, it can supply power to the load when the power grid is paralyzed, or 

the power supplied by the power sources cannot meet the needs of the load. With this kind of 

energy router, all kinds of emergency electrical power sources can relate to the power grid to 

supply power at the same time and minimize the loss caused by power failure. 

2.4 Summary 

The emergency power source is critical to deal with the unexcepted large-scale power failure 

of the power grid in the future. Discovering more efficient application schemes and more 

feasible emergency power sources are the most important work to handle large-scale power 

failure and decrease economic loss and ensure the life safety of people. At present, the 

emergency power sources are various and can basically deal with many situations of sudden 

power failure. Therefore, it is extremely important to have a related complete, and excellent 

emergency power distribution scheme to supply emergency power to the areas in which occurs 

power failure. The allowable power failure time of load and the site of load are two of the most 

important factors when considering how to choose and use the appropriate emergency electric 

power source. In addition, to be more prepared to deal with sudden power failure, the battery 

of the electric vehicle is also a potential emergency electric power source considering that 

electric vehicles have been more and more popular. Besides, the energy router is the most 

potential device that can connect the emergency power sources to the load fast and is also set 

near the customers and easy to operate. A multi-port energy router can also connect various 

kinds of different emergency electric power sources at the same time and adjust and store the 

output power of each emergency electric power source to meet the needs of the load. This 

means that the energy router can improve the efficiency of using emergency electric power 

sources and supply the load with a more stable voltage and current. Therefore, a multi-port 

energy router that can connect the power grid with various kinds of emergency electric power 

sources with the function of storing power can be the most important and popular distribution 

way to explore and research the problems of large-scale unexcepted power failure in cities. 

Besides, it also needs a lot of research to optimize the connection between the battery of electric 

vehicle to the energy router to realize bidirectional energy transmission.
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 Multi-port Energy Router in Mobile 

Energy Storage for Emergency Power Outage in 

Cities 

This chapter aims to propose a topology for a MER composed of a bidirectional AC/DC 

converter and a PPP TAB converter. This MER design significantly improves power efficiency 

by PPP technology, enabling effective power transmission between the main power grid, 

emergency electric power sources—including the innovative use of EV batteries—and client 

loads. The control methods for power transmission using the two power electronic converters 

in the MER are also detailed in this chapter. To validate the practicality of the proposed 

configuration, MATLAB/Simulink simulations and experimental tests are conducted and 

meticulously presented. 

3.1 Introduction 

In the event of an unanticipated power outage, it becomes imperative to mitigate these losses. 

Up to this point, emergency power sources and their associated distribution techniques, which 

will be elaborated upon in detail in [71], have been regarded as effective solutions. To date, 

two prevalent methods for emergency power distribution, namely, distributed power [40] and 

emergency power vehicles [44] have found widespread use. However, there has been a recent 

introduction of an alternative approach to emergency power distribution in the form of the 

energy router. This method has been proposed and demonstrated with several distinctive 

features [69]. This approach can apply multiple types of different emergency electric power 

sources as input at the same time [72]. Furthermore, its applicability extends to the smart power 

grid and microgrid environments [73]. Given its capabilities such as efficient energy utilization, 

versatile power sources, energy storage, and the ability to monitor the condition of the primary 

power grid, the energy router is well-suited to serve as a power source within smart power grids 

and microgrids. Moreover, the battery of EV can be considered as a potential emergency 

electric power source can be connected more easily and conveniently with energy router to 

achieve high power management [71].  
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Compared with two nowadays distribution ways which are distributed power and emergency 

power vehicle, a MER enables connection to multiple power sources for real-time and efficient 

energy management. Hence, for a multi-port energy router for emergency supply in cities, it is 

essential to achieve energy balance between EPPS and the main power grid and ensure the 

continuous power supply to the loads. In this thesis, the proposed MER consists of a 

bidirectional AC/DC converter and a PPP TAB converter. The bidirectional AC/DC converter 

is used to realize the transferring of AC power in the main power grid into DC power to make 

sure the power transmission in the PPP TAB converter in the normal situation. When the main 

power grid lacks power, bidirectional AC/DC converter can change the direction of power 

transmission to meet the demand for power supply to the main grid over a period. This means 

that power grid will no longer be the power supply only, which realize efficient energy 

management, increased energy efficiency and P2P trading technology [74] [75]. 

 

Fig. 3-1. The connection between various power sources, MER and loads 

In addition to fulfilling the role of emergency backup power, large-capacity mobile energy 

storage also possesses the flexibility and ability to regulate energy over long distances to meet 

different power demand scenarios [76]. By mounting the MER on mobile energy storages, 

emergency power can be provided to any power outage area regardless of time and location. 

Also, the required power for various temporary events such as concerts, sports events, 

construction sites and temporary medical facilities can be supplied [77]. In addition, during 

periods of peak demand in cities, high-capacity mobile energy storage can be used for peak 

shaving, helping to maintain grid stability and reduce reliance on traditional energy sources 

such as fossil fuels [78]. Besides, the battery of EV can also be considered as a mobile 

emergency electric power source to relate to the large-capacity mobile energy storage [79]. 
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Through combining the large-capacity mobile energy storage and the battery of EV, this makes 

sure the emergency energy supply is fully prepared in all cases.  

PPP is a technology that uses converters to process only a portion of the total power, allowing 

most of the system's energy to be transferred directly through the power cables [80]. This 

approach reduces power dissipation as the PPP converter handles less power, resulting in 

improved system efficiency and power density [81]. Previous research has developed various 

PPP converters, including those incorporating flyback converters [82], dual-active bridge DAB 

converters [83], and quasi-Z-source converters [84] based on their equivalent full-power 

isolated converters. Due to their high energy conversion efficiency, PPP multi-port converters 

have significant potential and merit further research in both topology design and application, 

especially within multi-port energy routers. In the context of multi-port energy routers, PPP 

multi-port converters not only enhance energy transfer efficiency by enabling bidirectional 

energy flow between ports [85] but also facilitate easier control of energy flow. 

In terms of the DC power transfer part in the energy router, a PPP TAB converter is proposed 

in this chapter. The proposed converter has three ports, and power is exchanged between them 

using a phase-shift PWM mechanism [86]. Based on the lag/lead relationship of three pulse 

width waveforms, ports at PPP TAB converter can realize the power transmission. With 

different lag/lead relationships, the directions of power transmission are also various because 

each port of PPP TAB converter can make sure the bidirectional power flow [87]. This method 

allows charging and discharging between ports while inheriting the high efficiency advantages 

of the PPP converter. Through simulations, this chapter demonstrates the practicality of the 

power transmission method. 

This chapter is structured as follows. First, the power flow control methods and the 

configuration of the bidirectional AC/DC converter are briefly described. Secondly, the PPP 

TAB converter is demonstrated. Thirdly, a simulation model containing the proposed MER is 

implemented in MATLAB/Simulink. Fourthly, an experiment of PPP TAB converter is 

verified, and a brief conclusion is given at the end of this chapter. 

3.2 Topology Configuration 

 Bidirectional AC/DC Converter 
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Fig. 3-2 presents the bidirectional AC/DC converter structure. The proposed topology has two 

ports, each of which is connected separately with the main power gird and one port of the PPP 

TAB converter. The bidirectional AC/DC converter involves a full bridge with four switches, 

an inductor Lad and a capacitor Cad. Among them, the inductor Lad is an important factor that 

makes sure the bidirectional AC/DC converter working in the continuous conduction mode 

(CCM) and determines the size of the input current ripple. Furthermore, the main functions of 

capacitor Cad are mainly in two aspects. One of them is filtering of voltage ripples caused by 

high frequency switching action of switches. The other is keeping bus voltage fluctuations 

within limits and supplying the load while the bidirectional AC/DC converter is operating in 

inductive energy storage. 

 

Fig. 3-2. Topology of the proposed bidirectional AC/DC converter 

 PPP TAB Converter 

The depicted configuration, as illustrated in Fig. 3, features three ports. Each of these ports 

comprises an inductor Lx (where x is 1, 2, or 3), a transformer with winding Nx, and an H-bridge 

equipped with four switches. Furthermore, capacitors Cy (where y is 1 or 2) at ports 2 and 3 are 

connected in parallel with their respective H-bridges. Additionally, any type of emergency 

electric power source ES is connected to port 2 through wiring, establishing a circuit for 

charging and discharging. Port 1 relates to the DC port of the bidirectional AC/DC converter 

to enable grid connection of MER to the main power grid. Port 3 is connected to the clients’ 

loads and energy router storage unit (ERSU) to realize the power supply for loads. In a multi-

port bidirectional MER for emergency energy system, ES can be assumed to be any kind of 

EPPS which is detailed and explained in [71]. In this design, part of the power is transferred 

between the three ports through the three windings, while the remaining power travels directly 
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from the input port to the output port. This approach, unlike traditional DC/DC converters, 

integrates multiple ports to accommodate diverse bidirectional power flow needs. The system 

can also be flexibly integrated into a multi-port bidirectional energy router to conserve space, 

utilizing a distributed ERSU. 

 

Fig. 3-3. The topology of PPP TAB converter including three ports, where the power 

grid, emergency electric power source and ERSU are connected. 

3.3 Control Method Analysis 

 Bidirectional AC/DC Converter 

In this thesis a full bridge circuit structure consisting of four MOSFET switches is used as the 

main circuit structure for bidirectional AC/DC converter, thus enabling the bidirectional flow 

of energy. The control of the four MOSFET switches allows the bidirectional AC/DC converter 

to always provide a constant and stable output voltage. The working patterns of bidirectional 

AC/DC converter are shown in Fig. 3-4. For bidirectional AC/DC converter in rectifier mode 

converting AC power to DC power, when the voltage at the AC port is positive, switch Sad3 is 

always off and Sad4 is always on, while switch Sad1 and Sad2 operate at high frequencies shown 

in Fig. 3-5, thus contributing to a Boost circuit with the AC input side inductor Lad. Sad2 is the 

main switch and Sad1 is the current continuity switch. When Sad3 is on and Sad1 is off, the 
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inductor charges and stores energy. When Sad1 is on and Sad2 is off, the inductor discharges and 

releases energy to the DC port, thus completing the conversion from AC power to DC power. 

When the voltage at the AC port is negative, a similar operation to the positive half-cycle can 

be obtained. 

 

Fig. 3-4. Working patterns of bidirectional AC/DC converter in grid positive half-cycle 

working pattern (a) I and (b) II, and grid negative half-cycle working pattern (c) I and 

(d) II 

When the topology is in inverter mode, which converts DC power to AC power, the four 

switches form a Buck circuit in the positive and negative half of the power grid, transferring 

the energy from the DC side to the AC side. This means that Sad3 and Sad4 are always on or off 

during the positive and negative half-cycle of the AC voltage, while the high-frequency 

switches Sad1 and Sad2 work as the main switch and continuity switch of the Buck circuit 

respectively, thus realizing the inverter function. 
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Fig. 3-5. Typical waveforms when bidirectional AC/DC converter conducts forward 

energy transmission 

For the control of switch gate signals, the phase-locked loop (PLL) technique is used in this 

bidirectional AC/DC converter. PLL is a phase feedback system that obtains the instantaneous 

phase of a time-varying sine wave. According to Fig. 3-6, the basic PLL consists of three 

modules, the phase angle detector (PD), the loop filter (LF) and the voltage-controlled 

oscillator (VCO) [88]. 

 

Fig. 3-6. Basic structure of PLL consists of PD, LF and VCO blocks 

This topology uses a PLL based on a second-order generalized integrator (SOGI) shown in Fig. 

3-7. This PLL omits the VCO and adds a module called the frequency/phase angle generator 

(FPG), which provides the phase angle for the sinusoidal functions in the Park transform and 
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can still implement the VCO function in the PLL structure. The combination of the quadrature 

signal generator (QSG) and the park transform can then be considered a synchronous PD. 

 

Fig. 3-7. Basic structure of PLL consists of PD, LF and VCO blocks 

The transfer functions of SOGI are expressed in equations (3-1), (3-2) and (3-3). These transfer 

functions show that the bandwidth of the SOGI-based adaptive filter (AD) is not a function of 

the center frequency, but depends only on the gain. Furthermore, when the center frequency of 

the filter coincides with the input frequency, the magnitudes of the quadrature signals v and qv 

coincide with the input signal, so the SOGI-based filter structure will be very suitable for the 

QSG, also known as the SOGI-QSG system. The SOGI-PLL has a double feedback loop, which 

means that the FPG provides the phase angle for the Park transform while providing the center 

frequency for the SOGI-QSG. 

𝑆𝑂𝐺𝐼(𝑠) =  
𝑔′

𝑘𝜀𝑔
(𝑠) =

𝜔𝑐𝑠

𝑠2+𝜔𝑐
2                                            (3-1)  

𝐷 (𝑠) =
𝑔′

𝑔
(𝑠) =

𝑘𝜔𝑐𝑠

𝑠2+𝑘𝜔𝑐𝑠+𝜔𝑐
2                                           (3-2) 

𝑄(𝑠) =
𝑞𝑔′

𝑔
(𝑠) =

𝑘𝜔𝑐

𝑠2+𝑘𝜔𝑐𝑠+𝜔𝑐
2                                          (3-3) 

The response of the SOGI-PLL differs from that of other PLLs in that both the adaptive filter 

and the feedback loop of the PLL depend on the same variable, namely the detected phase 

angle. two variables are involved in the synchronization process of the SOGI-PLL, one is the 

use of the detected frequency to adjust the SOGI-QSG and the other is the phase angle of the 

PLL lock input. As a result, the SOGI-PLL detects the input phase angle faster than a 

conventional PLL and does not contain steady-state oscillations. 

The overall control method of the bidirectional AC/DC converter is dual closed loop PI average 

current control. The controller shown in Fig. 3-8 consists of a voltage change and a current 

loop. The core of the double closed-loop PI control is to control the switches through the output 
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duty cycle dr and adjust the amplitude and phase of the inductor current to control the output 

voltage. First, the output voltage error signal is generated by comparing the output voltage V0 

collected by the output voltage sampling circuit with the reference voltage Vref. Then the 

voltage error signal is multiplied by the input voltage to generate the reference current signal. 

The reference current signal thus has both the amplitude and phase information of the input 

voltage as well as the output voltage information. The inductor current iLad collected by the 

current sampling circuit is compared with the reference current signal and finally the gate 

signals of the four switches are generated by the current loop PI controller. 

 

Fig. 3-8. Basic structure of dual closed loop PI average current control consists of 

voltage loop and current loop 

For this topology shown in Fig. 3-2, the block diagram of the double closed loop PI forward 

and inverse transform control algorithm is shown below. 

 

(a) 
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(b) 

Fig. 3-9. Dual Closed Loop PI Average Current Control of (a) AC/DC transfer and (b) 

DC/AC transfer 

In terms of the double closed loop PI forward transform control algorithm, the input values are 

voltage of AC port Vadin, voltage of DC port Vado, reference voltage of DC port Vref and current 

of the inductor iLad. On the other hand, the double closed loop PI inverse transform control 

algorithm, the input values are voltage of AC port Vadin, reference current of inductor Iref and 

current of the inductor iLad. 

 PPP TAB Converter 

To derive the energy flow expression of a PPP TAB converter, the characteristics of power 

transmission of two ports in an isolated TAB converter are first analyzed. The phase-shift PWM 

method is applied to control the power flow direction in the proposed converter. According to 

[87], the equation of power transmission between any two ports in an isolated TAB converter 

can be obtained as shown in equation (3-4). Taking the control signals of switches S1 and S2 as 

references, the control signals of switches S7 and S8 and switches S11 and S12 are lagged by φ2 

and φ3 radians, respectively, as exhibited in Fig. 3-8. It's essential to consider that -π<φ2<π, -

π<φ3<π. Moreover, each switch operates with a duty ratio equal to half of the switching cycle. 

Furthermore, the current waveforms of L1, L2, and L3 in a conventional isolated TAB converter 

are displayed in Fig. 3-8, representing iL1, iL2, and iL3, respectively. For simplicity in analysis, 

the turns ratio N1: N2: N3 of the transformer is set at 1:1:1.  
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Fig. 3-10. Typical waveforms of an isolated phase-shift TAB converter [87] 

{
 
 

 
 𝑃𝑑𝑐12 = 𝑉1𝐼1 =

𝜑2(𝜋−|𝜑2|)𝑉1𝑉2

2𝜋2𝑓𝑠(𝐿1+𝐿2)

𝑃𝑑𝑐13 = 𝑉3𝐼3 =
𝜑3(𝜋−|𝜑3|)𝑉1𝑉3

2𝜋2𝑓𝑠(𝐿1+𝐿3)

𝑃𝑑𝑐23 = 𝑉2𝐼2 =
(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉1𝑉2

2𝜋2𝑓𝑠(𝐿2+𝐿3)

                            (3-4) 

in this expression, V1, V2, and V3 refer to the voltages of port 1, port 2 and port 3, respectively, 

and Pdc12, Pdc13, and Pdc23 are the power flow from port 1 to port 2, from port 1 to port 3, and 

from port 2 to port 3, respectively. Furthermore, fs is the switching frequency of gate signals. 

Considering the proposed PPP TAB converter, since the rest unprocessed energy transfers 

directly through inductors, the conducted energy in one operation cycle can be obtained in (3-

5), where Cdc12, Cdc13, and Cdc23 are the conducted power flow from port 1 to port 2, from port 

1 to port 3, and from port 2 to port 3, respectively. 

{
 
 

 
 𝐶𝑑𝑐12 =

(𝑉1−𝑉2)

(𝐿1+𝐿2)𝑓𝑠

𝐶𝑑𝑐13 =
(𝑉1−𝑉3)

(𝐿1+𝐿3)𝑓𝑠

𝐶𝑑𝑐23 =
(𝑉2−𝑉3)

(𝐿2+𝐿3)𝑓𝑠

                                               (3-5) 

Next, the total power transferred among these three ports in one switching period can be 

acquired from (3-4) and (3-5) by adding together the processed power and conducted power. 

The equation of the total power converted among various ports is presented in (3-6), where 

Tdc12, Tdc13, and Tdc23 are the total power flow from port 1 to port 2, from port 1 to port 3, and 

from port 2 to port 3, respectively. 
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{
 
 

 
 𝑇𝑑𝑐12 =

𝜑2(𝜋−|𝜑2|)𝑉1𝑉2+2𝜋
2(𝑉1−𝑉2)

2𝜋2𝑓𝑠(𝐿1+𝐿2)

𝑇𝑑𝑐13 =
𝜑3(𝜋−|𝜑3|)𝑉1𝑉3+2𝜋

2(𝑉1−𝑉3)

2𝜋2𝑓𝑠(𝐿1+𝐿3)

𝑇𝑑𝑐23 =
(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉1𝑉2+2𝜋

2(𝑉2−𝑉3)

2𝜋2𝑓𝑠(𝐿2+𝐿3)

                           (3-6) 

Suppose each inductor has the same inductance and the sum of each two inductors is Ld, the 

port power can be derived from 

{
 
 
 
 

 
 
 
 

𝑇𝑑𝑐1 = 𝑇𝑑𝑐12 + 𝑇𝑑𝑐13

=
𝜑2(𝜋−|𝜑2|)𝑉1𝑉2+𝜑3(𝜋−|𝜑3|)𝑉1𝑉3+4𝜋

2𝑉1−2𝜋
2(𝑉2+𝑉3)

2𝜋2𝑓𝑠𝐿𝑑

𝑇𝑑𝑐2 = −𝑇𝑑𝑐12 + 𝑇𝑑𝑐23

=
−𝜑2(𝜋−|𝜑2|)𝑉1𝑉2+(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉2𝑉3+4𝜋

2𝑉2−2𝜋
2(𝑉1+𝑉3)

2𝜋2𝑓𝑠𝐿𝑑

𝑇𝑑𝑐3 = −𝑇𝑑𝑐13 − 𝑇𝑑𝑐23

=
−𝜑3(𝜋−|𝜑3|)𝑉1𝑉3−(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉2𝑉3+4𝜋

2𝑉3−2𝜋
2(𝑉1+𝑉2)

2𝜋2𝑓𝑠𝐿𝑑

           (3-7) 

where Tdc1, Tdc2, and Tdc3 represent the total power of port 1, port 2, and port 3, respectively. 

It is evident that the energy flow at each port is solely influenced by the phase shift angles, as 

long as the port voltages remain constant. Consequently, the power transmission direction is 

contingent on both the phase shift angles and the voltage levels of the ports. For instance, Fig. 

3-11 displays four typical energy flow scenarios. For example, when Tdc1>0, Tdc2<0 and Tdc3<0 

which also means 0< φ2 < φ3, as depicted in Fig. 3-10, the combined power flow from port 1 

to port 2 and port 3 is evident. Consequently, the capacity for multi-directional power flow can 

be achieved by modulating the phase shift angles of the converter switches within a specific 

range of variation in the port voltages. 
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Fig. 3-11. Typical power flow directions of the proposed topology, where (a) 0< φ2 < φ3; 

(b) φ2 < 0 < φ3 and |φ2|<|φ3|; (c) φ2 < φ3 < 0; (d) φ2 < 0 < φ3 and | φ2 |=| φ3 | 

 Power Efficiency Analysis 

Pin is the total input power which can be obtained through pulsing the total output power Pout, 

semiconductor loss Ps, transformer loss Ptl, and heat loss on passive components Ph shown in 

(3-8). 

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 + 𝑃𝑠 + 𝑃𝑡𝑙 + 𝑃ℎ                                            (3-8) 

In semiconductor components, there are typically two types of losses: conduction loss and 

switching loss. Additionally, the losses incurred by transformers consist of iron and copper 

losses. In the context of the proposed bidirectional AC/DC converter, the Buck/Boost circuit 

design, characterized by its simplicity, ensures that conduction and switching losses during the 
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conversion process are minimized. In the case of the proposed PPP TAB converter, only a 

portion of the power is transferred through the transformer, resulting in lower transformer 

losses. However, the conduction loss in the proposed converter is relatively higher due to the 

presence of power cables. By eliminating conduction losses through the use of low-resistance 

cables with a short distance, the overall losses in the proposed converter can be reduced, thus 

achieving greater power efficiency compared to the conventional TAB converter. In summary, 

this design of MER has less loss during the conversion process that others in [13], [89], [90]and 

[91]. 

3.4 Simulation Results 

To assess the viability of the proposed power transmission method, a MATLAB/Simulink 

simulation model is developed, featuring three battery packs. The designed models are depicted 

in Fig. 1. The system configurations are exhibited in Table 1, where the voltages of AC port 

and DC port of bidirectional AC/DC converter are 311V and 400 V. The reference voltage and 

reference current of bidirectional AC/DC converter model are 400 V and 30√2 A The voltages 

of port 1, port 2 and port 3 of the PPP TAB converter are set to 400 V, 410V, and 420 V, 

respectively. The initial state of charge of the battery pack at port 2 is considered at 50%. 

Moreover, the converter switching frequency is 10 kHz and the transformer turns ratio is 1:1:1. 

TABLE 3-1 Parameters of the MER Simulation Model 

Parameter name Parameter Value 

V1/V2/V3 (Port voltages) 400/410/420 V 

Vac (Voltage of the main power grid) 311 V 

SOC (Initial state of charge) 50% 

RL (Initial resistance of load) 200 Ω 

N1:N2:N3 (Transformer turns ratio) 1:1:1 

fs (Converter switching frequency) 10 kHz 

fac (AC power frequency) 50 Hz 

Lad (AC/DC converter inductance) 360 μH 

L1/L2/L3 (Series inductance) 300 μH 

Cad (AC/DC converter capacitance) 9 mF 
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C2/C3 (Series capacitance) 100 μF 

Vref (Reference voltage) 400 V 

Iref (Reference current) 30√2 A 

 AC/DC conversion of bidirectional AC/DC converter 

According to the analysis of the relationship of φ2 and φ3 of the PPP TAB converter, when φ2 

and φ3 satisfy the relationship in Fig. 3-11(a) and Fig. 3-11(b), the bidirectional AC/DC 

converter is in rectifier mode. This means AC power transfer into DC power in the system. 

Fig. 3-12 shows the output voltage of DC port. It is obvious that during the steady state, the 

voltage can be maintained at 400V. Moreover, there is a negligible fluctuation in the voltage 

at the steady state condition and it only takes about 0.5s that bidirectional AC/DC converter 

works in steady state. This shows that the proposed bidirectional AC/DC converter can provide 

a stable and continuous DC voltage to the port 1 of the PPP TAB converter through transferring 

the AC power into DC power. 

 

Fig. 3-12. DC output voltage of AC/DC transfer 

Fig. 3-13 shows the active power and reactive power and power factor of bidirectional ACDC 

converter at the AC port. During the steady state, these two values are mainly at about 0W and 

6500W respectively. This means that the power factor of the bidirectional AC/DC converter is 

nearly 1 when transferring the AC power to the DC power according to the circulation by active 
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power and reactive power. 

 

Fig. 3-13. Active power and reactive power of AC/DC transfer at AC port 

 DC/AC conversion of bidirectional AC/DC converter 

When φ2 and φ3 satisfy the relationship in Fig. 3-11(c), bidirectional AC/DC converter is in 

inverter mode which means that it transfers DC power into AC power. 

Fig. 3-14 shows the output voltage and current of AC port during the steady state. It is obvious 

that during the steady state, the voltage and current waveform still conform to the design 

requirement of the bidirectional AC/DC converter. This means that the PPP TAB converter can 

provide a stable and continuous AC voltage to the AC port of the bidirectional AC/DC 

converter through transferring the DC power into AC power. 
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Fig. 3-14. Active power and reactive power of AC/DC transfer at AC port 

Fig. 3-15 shows the power factor of bidirectional AC/DC converter at the AC port. During the 

steady state, power factor is mainly at about -1. This means that the efficiency of the 

bidirectional AC/DC converter is also high when transferring the DC power to the AC power. 

 

Fig. 3-15. Active power and reactive power of DC/AC transfer at AC port 

 DC/DC conversion of PPP TAB converter 
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To ensure the working status of PPP TAB converter in four different kinds of power direction 

flows shown in Fig. 3-11, the following results are shown in different situations of port 2 and 

3. 

a) When port 2 and 3 are output ports 

In this situation, it means that power grid has enough energy to satisfy the needs of all the loads 

and the charging of emergency electric power source and ERSU. The direction of power 

transmission is shown in Fig. 3-11(a). Fig. 3-16 shows the voltage of port 3 when port 2 and 3 

are output ports. It is obvious that the voltage of port 3 can be maintained at about 420V in 

steady states which means that the loads can be supplied by PPP TAB converter continuously 

and steadily. Besides, because the voltage of port 3 is positive shown in Fig. 3-16, port 3 is the 

output port of PPP TAB converter. 

 

Fig. 3-16. Voltage Waveform of port 3 when port 2 and 3 are output ports 

Table 3-2 is the state of charge (SOC) of emergency electric power source at port 2. The 

emergency electric power source at port 2 can be charged stable and port 2 is the output port 

in this condition. This means that in this relationship between φ2 and φ3, port 1 is the input port, 

and port 2 and 3 are the output ports which corresponds to the conclusion obtained in Fig. 3-

11(a). 

TABLE 3-2 SOC of port 2 when port 2 and 3 are output ports 

Time (s) Value of SOC (%) 

0 40 

20 41.2 

30 41.8 
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40 42.4 

60 43.6 

b) When port 2 is input port and port 3 is output port 

In this situation, it means that power gird does not have enough energy, or the power grid is 

paralyzed. Port 2 needs to become the input port to supply power to the loads at port 3 to ensure 

the normal working of all the loads. The direction of power transmission is shown in Fig. 3-

11(b) and (d) when port 2 is input port and port 3 is output port. Fig. 3-17 shows the voltage of 

port 3 when port 2 is input port. It is obvious that the voltage of port 3 can be maintained at 

about 420V in steady states which means that the loads can still be supplied by PPP TAB 

converter continuously and steadily. 

 

Fig. 3-17. Voltage waveform of port 3 when port 2 is input port and port 3 is output 

port 

Table 3-3 is the SOC of EPPS at port 2. The emergency electric power source at port 2 can be 

discharged stable and port 2 is the input port in this condition. This means that in these 

relationships between φ2 and φ3, port 2 is the input port, and port 3 is the output port which 

corresponds to the conclusion obtained in Fig. 3-11(b) and 3-11(d). 

TABLE 3-3 SOC of port 2 when port 2 is input port and port 3 is output port 

Time (s) Value of SOC (%) 

0 40 

20 38.8 

30 38.2 

40 37.6 
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60 36.4 

c) When port 1 and 3 are output ports 

In this situation, it means that emergency electric power source has extra energy to supply to 

the power gird so that P2P can be realized. The direction of power transmission is shown in 

Fig. 3-11(c). Fig. 3-18 shows the voltage of port 3 when port 1 and 3 are output ports. It is 

obvious that the voltage of port 3 can be maintained at about 420V in steady states which means 

that the loads can be supplied by PPP TAB converter continuously and steadily. Besides, 

because the current of port 3 is positive shown in Fig. 3-18, port 3 is the output port of PPP 

TAB converter. 

 

(a)                                                            (b) 

Fig. 3-18. Voltage waveform of port 3 when port 2 is input port and port 3 is output 

port 

Table 3-4 shows the SOC of emergency electric power source at port 2. The emergency electric 

power source at port 2 can be discharged stable and port 2 is the input port in this condition. 

This means that in this relationship between φ2 and φ3, port 2 is the input port, and port 1 and 

3 are the output ports which corresponds to the conclusion obtained in Fig. 3-11(c). 

TABLE 3-4 SOC of port 2 when port 1 and 3 are output ports 

Time (s) Value of SOC (%) 

0 40 

20 38.8 

30 38.2 
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40 37.6 

60 36.4 

 

3.5 Experimental Verification of Power Direction of TAB 

Converter 

To verify the inputs and outputs of each port of the TAB converter for different relationships 

of φ2 and φ3, an experimental circuit is set up as shown in Fig. 3-19. The parameters of the 

experiment are shown in Table 3-5 and model numbers of the parameters used in the 

experiment are shown in Table 3-6. To ensure the safety of experiment, a lower port voltage is 

used in the experiment. However, the conclusion of power transmission direction of each port 

with the relationship of φ2 and φ3 is not affected. Besides, the instance Lx is 33 μH and 

N1:N2:N3=10:8:8. 

TABLE 3-5 Parameters of the TAB converter experiment 

Parameter name Parameter Value 

V1/V2/V3 (Port voltages) 10/10/10 V 

N1:N2:N3 (Transformer turns ratio) 10:8:8 

fs (Converter switching frequency) 10 kHz 

L1/L2/L3 (Series inductance) 33 μH 

TABLE 3-6 Model Numbers of the Parameters Used in the TAB Converter Experiment 

Parameter name Parameter Model Number 

Si MOSFET 200V/30A IRFP250MPBF 

Transformer 10:8:8 Design 

Auxiliary Inductor 33 μH Design 

Driver IC High Speed Photocoupler TLP250 
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Fig. 3-19. Photograph of the experiment circuit 

Fig. 3-20 shows the schematic diagram of one full active bridge in TAB converter. Each switch 

has a gate control waveform in separate. 

 

Fig. 3-20. Schematic diagram of one full active bridge in TAB converter 

The layout of one full active bridge is shown in Fig. 3-21. Considering that the similarity of 

each active bridge in TAB converter, the layouts of the other two full active bridge are the 
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same.  

 

Fig. 3-21. The layout of one full active bridge in TAB converter 

Fig. 3-22 shows the four different power flow directions. The left side of each figure shows the 

switch voltage of each port which shows the relationship of φ2 and φ3 and the right side of each 

figure shows the current of each port which shows the power flow direction.  In Fig. 3-22(a), 

the gate waveforms of switches at port 2 and port 3 are all lagging those at port 1 which means 

0< φ2 < φ3. Fig. 3-22(b) shows φ2 < 0 < φ3 and |φ2|<|φ3|. It is evident that the gate waveforms 

of switches at port 2 lead those at port 1, while the gate waveforms of switches at port 3 lag 

those at port 1., but the absolute value of φ2 is smaller that that of φ3 according to the left side 

of Fig. 3-22(b). The gate waveforms of switches at port 2 and port 3 are all leading those at 

port 1 in Fig. 3-22(c) which shows φ2 < φ3 < 0. When an emergency occurs, TAB converter 

will be shifted into Fig. 3-22(d). It shows φ2 < 0 < φ3 and | φ2 |=| φ3 |. Compared Fig. 3-11 with 

Fig. 3-22, the relationship between power flow direction and φ2 and φ3 is consistent with the 

theory and simulation. 

Furthermore, Fig. 3-22 illustrates four typical power flow scenarios. Fig. 3-22(a) shows power 

transfers from port 1 to port 2 and port 3 which means that the main power grid is normal and 

ES and emergency electric power source port are charging. When the energy at emergency 

electric power source port beyond the needs, TAB converter will be shifted into Fig. 3-22(b). 

This mode will reduce pressure on main grid transmission and is more economic for the clients. 

In Fig. 3-22(c), When the energy of ES and emergency electric power source port are all beyond 

the needs, ES and emergency electric power source port can transfer power to the main power 

grid which realize the peer-to-peer trading. When an emergency occurs, TAB converter will be 

shifted into Fig. 3-22(d). The main power grid will be off the grid and emergency electric power 
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source port and ES port will be the power source to the loads and clients and maintain the 

normal working of loads until the main grid paralysis is resolved. 

 

(a) 
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(b) 

 

(c) 
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(d) 

Fig. 3-22. Experimental switch voltage and current of each port of the TAB converter, 

where (a) 0< φ2 < φ3; (b) φ2 < 0 < φ3 and |φ2|<|φ3|; (c) φ2 < φ3 < 0; (d) φ2 < 0 < φ3 and | φ2 |=| 

φ3 | 

3.6 Summary 

This chapter introduces a MER designed to manage emergency power outages and achieve 

energy balancing among various power sources and loads. The number of ports in the MER 

directly influences its capability to manage and supply diverse emergency electric power 

sources and loads concurrently. Moreover, enhancing urban energy flexibility during 

emergencies is facilitated by integrating the MER with mobile energy storage units. The MER 

employs bidirectional AC/DC converters for AC/DC power conversion and PPP TAB 

converters for DC/DC power transmission. This configuration supports P2P trading and energy 

balancing, enabling each port in both converter types to serve as either an input or output based 

on specific operational requirements. Compared to conventional emergency distribution 

methods and existing ERs, the designed MER exhibits superior power conversion efficiency 

and accommodates a wide range of emergency electric power sources. Currently, the MER 
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features three ports. However, expanding the number of ports can be achieved by increasing 

the ports of the DC/DC converter, thereby enabling the utilization of more emergency electric 

power sources simultaneously within the MER. A simulation model implemented in 

MATLAB/Simulink validates the feasibility of the proposed MER. Furthermore, 

comprehensive testing of the bidirectional AC/DC converter and PPP TAB converter under 

various operational scenarios demonstrates the efficiency and adaptability of the proposed 

MER in responding to diverse emergency situations. 

.
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  Automatic Power Direction Control of 

DAB/TAB Converter in Emergency Energy Supply 

With their multi-directional power flow capability, DAB and TAB converters are utilized in 

energy routers as DC/DC transfer components for emergency energy supply during significant 

power outages. These converters facilitate stable power transmission across various energy 

sources while enabling high-power conversion. However, controlling power direction in 

DAB/TAB converters for EES remains challenging, particularly due to the need for rapid 

changes in power direction at any port of the converters. This study proposes an automatic 

power direction control method for DAB/TAB converters, which enables bidirectional power 

transmission without manual intervention, based on the SOC of the battery for EES. This 

method allows each port in the DAB/TAB converter to automatically adjust its power direction 

according to different situations, including emergencies. By simplifying operations and 

enhancing system safety through the elimination of human supervision, this approach ensures 

efficient and consistent power transfer within the system. The implementation of this automatic 

control method replaces manual operations, ensuring reliable and timely adjustments to power 

direction whenever necessary. 

4.1 Introduction 

In an energy router designed for emergency supply in urban settings, achieving energy balance 

among diverse electric power sources is paramount. This necessitates effective control of 

energy flow within the energy router, which is a critical aspect for managing various 

emergencies in urban environments. Specifically, in the context of the DC power transfer 

component within the energy router, this chapter employs DAB and TAB converters due to 

their inherent advantages. [92]. DAB/TAB converters possess several advantageous features. 

Firstly, they can automatically adjust bidirectional power flow and are capable of adapting to 

rapid changes in power flow direction [93]. Moreover, they offer a wide voltage conversion 

gain range [94]. Additionally, DAB/TAB converters are equipped with zero-voltage switching 

(ZVS) capability [95], enabling them to achieve high efficiency through power control [96] 
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[97]. In a study referenced in [98], it was demonstrated that DAB and TAB converters exhibit 

high power efficiency, reaching up to 97.6%.  

Power exchange among DAB/TAB converters is facilitated through a phase-shift pulse width 

modulation PWM mechanism [99]. Leveraging the lag/lead relationship of two or three pulse 

width waveforms, ports on DAB/TAB converters enable power transmission. The direction of 

power transmission varies based on the different lag/lead relationships, as each port of the 

DAB/TAB converter can facilitate bidirectional power flow [87]. Many control methods such 

as single-phase shift (SPS), dual-phase shift (DPS) and triple-phase shift (TPS) are used in 

DAB/TAB converter to realize the high power efficiency and bidirectional power flow [100] 

[101] [102] [103] [104]. However, for emergency power supply, there is not a proper power 

direction control method dealing with various emergencies such as power outages to ensure 

the stability of DAB/TAB converter and normal operation for loads of clients. 

Therefore, an automatic power direction control method in this chapter can adjust power 

direction automatically according to the SOC of battery or EEPS at the port of DAB [105]/TAB 

converter typically for EES. This eliminates the need for manual monitoring of equipment 

status and ensures that the equipment can automatically adjust power direction to address 

different emergencies, thereby saving manpower. 

This chapter is arranged as below. Firstly, the principle of power direction of DAB/TAB 

converter is briefly described. Secondly, the automatic power direction control method is 

demonstrated. Thirdly, a simulation model that contains a DAB/TAB converter is implemented 

in MATLAB/Simulink and a summary is provided at the end of this chapter. 

4.2 Principle of Power Direction of DAB/TAB Converter 

Fig. 1 illustrates the topologies of both the DAB and TAB converters. Each topology features 

two or three ports, with each port comprising an active bridge consisting of four switches. In 

the DAB topology, there is a single inductor L and a high-frequency transformer N. On the 

other hand, each port of the TAB converter includes an inductor Li (where i = 1, 2, 3) and a 

transformer with winding Ni. Additionally, a power source Bi is connected to the terminal of 

each port. For the energy router designed for emergency energy supply in urban areas, B1 can 

be considered as the DC bus of the urban power grid, while B2 represents any source capable 

of serving as an emergency electric power source. B3 corresponds to the power storage unit 
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within the energy router. In this configuration, power is transferred among ports through the 

magnetic coupling of the windings.  

 

(a) 

 

(b) 
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Fig. 4-1. Topology of (a) the DAB converter; and (b) the TAB converter 

 DAB Converter 

DAB operates primarily through SPS control [104], meaning that energy flow is managed by 

adjusting the lead/lag relationship between port 1 and port 2 [106]. Fig. 4-2 illustrates an 

example of forward energy transmission in DAB, where S1, S2, S3, and S4 represent the signals 

controlling the MOSFETs at port 1, while Q1, Q2, Q3, and Q4 represent the signals controlling 

the MOSFETs at port 2, lagging behind S1, S2, S3, and S4 by the phase shift angle φ1. V1 denotes 

the voltage at port 1, V2 denotes the voltage at port 2, and iLc represents the current through the 

inductance of port 1. According to Fig. 4-2, within one switching period Ts, there are four 

different modes of inductor current. 

 

Fig. 4-2. Typical waveforms of a DAB converter 

When t0≤t≤t1, 

𝑖𝐿𝑐(𝑡) =
𝑉1+𝑉2

𝐿
(𝑡 − 𝑡0) + 𝑖𝐿𝑐(𝑡0)                                           (4-1) 

where t1=t0+(φ1Ts)/2π. 

When t1≤t≤t2, 

𝑖𝐿𝑐(𝑡) =
𝑉1−𝑉2

𝐿
(𝑡 − 𝑡1) + 𝑖𝐿𝑐(𝑡1)                                           (4-2) 

where t2=t0+Ts/2. 

When t2≤t≤t3, 
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𝑖𝐿𝑐(𝑡) =
−𝑉1−𝑉2

𝐿
(𝑡 − 𝑡2) + 𝑖𝐿𝑐(𝑡2)                                           (4-3) 

where t3=t2+(φ1Ts)/2π. 

When t3≤t≤t0+Ts, 

𝑖𝐿𝑐(𝑡) =
−𝑉1+𝑉2

𝐿
(𝑡 − 𝑡3) + 𝑖𝐿𝑐(𝑡3)                                           (4-4) 

From Fig. 4-2, the equation 𝑖𝐿𝑐(𝑡0) = −𝑖𝐿𝑐(𝑡2)  can be obtained [107]. Through integral, 

forward power P+ and reverse power P- can be circulated. 

{
𝑃+ =

1

𝑇ℎ𝑠
∫ 𝑉1𝑖𝐿𝑐𝑑𝑡
𝑇ℎ𝑠
0

=
𝜑1(𝜋−𝜑1)𝑉1𝑉2

2𝜋2𝑓𝑠𝐿

𝑃− =
1

𝑇ℎ𝑠
∫ 𝑉1𝑖𝐿𝑐𝑑𝑡
𝑇ℎ𝑠
0

=
𝜑1(𝜋+𝜑1)𝑉1𝑉2

2𝜋2𝑓𝑠𝐿

                              (4-5) 

where fs=1/Ts represents the switching frequency. D is the phase shift ratio (𝐷 = 𝜑1/180°) and 

Ths is the half of the switching period. 

Fig. 4-3 depicts the relationship between D and the power P. It is evident that when D falls 

within the range of -0.5 and 0.5, there exists a positive correlation between P and D. Therefore, 

D is typically set within the range of -0.5 and 0.5, indicating that φ1 varies between -90° and 

90°. 
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Fig. 4-3. The relationship between P and D 

 TAB Converter 

The phase-shift PWM method employed in the DAB converter is also utilized to control power 

flow direction in the TAB converter [108]. In Fig. 3-10, the control signals of switches S1 and 

S2 serve as references, while the control signals of switches S5 and S6, and switches S9 and S10 

are lagged by φ2 and φ3 radians, respectively. Here, -π < φ2 < π and -π < φ3 < π. Moreover, each 

switch operates with a duty ratio half of the switching cycle. Additionally, Fig. 3-10 illustrates 

the current waveforms of L1, L2, and L3 for iL1, iL2, and iL3, respectively, in a traditional phase-

shift TAB converter. The turns ratio of the transformer N1: N2: N3 is set to 1:1:1. 

The power flow characteristics of a phase-shift TAB converter can be derived from those of a 

DAB converter, and the expression in (4-5) can be extended to (4-6) by analyzing the various 

operating states of the TAB converter. 

{
 
 

 
 𝑃12 =

𝜑2(𝜋−|𝜑2|)𝑉1𝑉2

2𝜋2𝑓𝑠𝑝(𝐿1+𝐿2)

𝑃13 =
𝜑3(𝜋−|𝜑3|)𝑉1𝑉3

2𝜋2𝑓𝑠𝑝(𝐿1+𝐿3)

𝑃23 =
(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉1𝑉2

2𝜋2𝑓𝑠𝑝(𝐿2+𝐿3)

                                           (4-6) 

in this expression, V1, V2, and V3 refer to the voltages of B1, B2, and B3, respectively, and P12, 

P13, and P23 are the power flow from port 1 to port 2, from port 1 to port 3, and from port 2 to 

port 3, respectively. Furthermore, fsp is the switching frequency. 

Suppose each inductor has the same inductance, and the sum of any two inductors is denoted 

as Le. Then, the port power can be derived from 

{
 
 
 
 

 
 
 
 

𝑃1 = 𝑃12 + 𝑃13

=
𝜑2(𝜋−|𝜑2|)𝑉1𝑉2+𝜑3(𝜋−|𝜑3|)𝑉1𝑉3

2𝜋2𝑓𝑠𝑝𝐿𝑒

𝑃2 = −𝑃12 + 𝑃23

=
−𝜑2(𝜋−|𝜑2|)𝑉1𝑉2+(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉2𝑉3

2𝜋2𝑓𝑠𝑝𝐿𝑒

𝑃3 = −𝑃13 − 𝑃23

=
−𝜑3(𝜋−|𝜑3|)𝑉1𝑉3−(𝜑3−𝜑2)(𝜋−|𝜑3−𝜑2|)𝑉2𝑉3

2𝜋2𝑓𝑠𝑝𝐿𝑒

                              (4-7) 

where P1, P2, and P3 represent the total power of port 1, port 2, and port 3, respectively. 
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Therefore, the direction of power transmission is determined by both the port voltages and the 

phase shift angles of the switching gate signals. For instance, when the difference between port 

voltages is small or nearly non-existent, Fig. 3-11 illustrates four typical power flow scenarios. 

Fig. 3-11(a) shows power transfers from port 1 to port 2 and port 3 which means that the main 

power grid is normal and ES and emergency electric power source port are charging. When the 

energy at emergency electric power source port beyond the needs, TAB converter will be 

shifted into Fig. 3-11(b). This mode will reduce pressure on main grid transmission and is more 

economic for the clients. In Fig. 3-11(c), When the energy of ES and emergency electric power 

source port are all beyond the needs, ES and emergency electric power source port can transfer 

power to the main power grid which realize the peer-to-peer trading [109]. When an emergency 

occurs, TAB converter will be shifted into Fig. 3-11(d), the main power grid will be off the 

grid and emergency electric power source port and ES port will be the power source to the 

loads and clients and maintain the normal working of loads until the main grid paralysis is 

resolved. 

4.3 Automatic Power Direction Control Method of DAB/TAB 

Converter 

To address the need for automatic power direction adjustment without manual intervention, 

this chapter proposes an automatic power direction control method for DAB/TAB converters. 

In the context of emergency energy supply, numerous unforeseen accidents may occur, making 

it difficult for individuals to swiftly change the power direction of DAB/TAB converters to 

address each unexpected situation. An automatic power direction control method can assist in 

adjusting the power direction according to preset values, thereby enhancing the responsiveness 

and effectiveness of the system in managing unexpected events. Compared with the automatic 

modulation methods in [110], this method is easier and more flexible for clients to control the 

power direction according to their own needs because the power direction is mainly controlled 

by the SOC of ES and EEPS. 

 DAB Converter 

Based on the preceding explanation of the power direction of the DAB converter, it is evident 

that when -90° < φ < 0°, power transfers from port 2 to port 1, whereas when 0° < φ < 90°, 
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power transfers from port 1 to port 2. Fig. 4-4 illustrates the proposed automatic power 

direction control method. In this method, two variables, SOC2 and MS, are employed to control 

the power direction of the DAB converter. When MS is equal to 0, -90° < φ < 0°, and power 

transfers from port 2 to port 1. Conversely, when MS equals 1, 0° < φ < 90°, and power transfers 

from port 1 to port 2. Here, max represents the maximum setting value, and min represents the 

minimum setting value. 

 

Fig. 4-4.   Flow chart of the automatic power direction control method of the DAB 

converter 

According to Fig. 4-4, the process involves two "if" judgments. The first "if" judgment checks 

if SOC2 is greater than the maximum setting value and if MS equals 1. If both conditions are 
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met, then MS is set to 0, indicating a change in power direction from forward to reverse. 

Otherwise, the power direction remains forward. The second "if" judgment examines if SOC2 

is less than the minimum setting value and if MS equals 0. If both conditions are satisfied, then 

MS is set to 1, signifying a change in power direction from reverse to forward. Otherwise, the 

power direction remains reverse. With this automatic power direction control method, the 

power direction of the DAB converter is regulated by the SOC of Port 2 SOC2 to ensure 

bidirectional automatic power transmission within a specified range. 

 TAB Converter 

Considering the similarities between the DAB converter and the TAB converter, this automatic 

power direction control method can indeed be applied to the TAB converter as well. However, 

as depicted in Fig. 3-11, the TAB converter presents four different typical power directions 

determined by the lagging/leading relationship between φ2 and φ3. Additionally, scenarios such 

as Fig. 3-11(d) illustrate instances where power flow occurs solely between port 2 and port 3, 

with no power transmission at port 1. Therefore, relying solely on two variables may not suffice 

for the automatic power direction control of the TAB converter.  

To address this, three additional controlling variables are proposed for the automatic power 

direction control of the TAB converter: the voltage of battery 1 V1, the SOC of port 3 SOC3, 

and the SOC of port 2 SOC2, as illustrated in Fig. 4-5. Incorporating these additional variables 

ensures more comprehensive and accurate control of power direction in the TAB converter. 
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Fig. 4-5. Flow chart of the automatic power direction control method of the TAB 

converter 

Among these controlling variables, the direction of power transmission is ultimately 

determined by the value of MS. The relationship between the direction of power transmission 

and MS is as follows. 

MS = 1, power transfers from port 1 to port 2 and port 3. 

MS = 2, power transfers from port 1 and port 2 to port 3. 

MS = 3, power transfers from port 2 and port 3 to port 1. 

MS = 4, power transfers from port 2 to port 3 and there is no power transmission at port 1. 

According to Fig. 4-5, the process involves five "if" judgments to accommodate the four 

different types of power flow in the TAB converter. Assuming the initial value of MS is equal 

to 1, which determines the power flow as shown in Fig. 3-11(a). Here's how the process unfolds. 

If V1 is not within the acceptable voltage range between Vmin and Vmax, indicating an anomaly 

at port 1, then MS is set to 4, and the power flow is as depicted in Fig. 3-11(d). After the first 

"if" judgment, if SOC2 exceeds the maximum setting for SOC2, MS is set to 2, and the power 

flow is as shown in Fig. 3-11(b). Otherwise, MS remains equal to 1.  In the third "if" judgment, 

if SOC3 surpasses the maximum setting for SOC3, MS is set to 3, and the power flow is as 

illustrated in Fig. 3-11(c). The fourth "if" judgment checks if SOC3 falls below the minimum 

setting for SOC3. If this condition is met, MS is changed to 2, and the power flow is as depicted 

in Fig. 3-11(b). Otherwise, MS remains at 3. During the final "if" judgment, if SOC2 is lower 

than the minimum setting for SOC2, MS is reverted to 1, and the power flow is as shown in Fig. 

3-11(a). Similar to the automatic power direction control method of the DAB converter, this 

method for the TAB converter can automatically adjust the power direction to handle different 

situations based on the states of each port. This approach significantly reduces the need for 

manual intervention and ensures the safe and stable operation of the TAB converter 

4.4 Simulation Results 

Two simulation models of the DAB converter and the TAB converter have been developed in 

MATLAB/Simulink to evaluate the feasibility of the proposed automatic power direction 

control method. These simulations aim to validate the direction of power transmission at each 
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port by monitoring the SOC, MS, and current waveforms at each port. Furthermore, by 

analyzing the timing of changes in waveform values, it is possible to confirm that the change 

in the direction of power transmission aligns with the proposed method. The simulation models 

are constructed according to the diagrams presented in Fig. 1. Through these simulations, it is 

aimed to assess the efficacy and reliability of the automatic power direction control method in 

ensuring the safe and stable operation of both the DAB and TAB converters. 

 DAB Converter 

The system configurations of DAB converter model are exhibited in Table 4-1, where the 

voltages of the two battery packs are set to 180 V, 200 V, respectively, with an initial SOC of 

50%. Moreover, the transformer turns ratio is N=1 and Initial value of MS is 1. The range of 

SOC2 is set between 60% and 40% to get the simulation results more quickly. 

TABLE 4-1 Parameters of the DAB Simulation Model 

Parameter name Parameter Value 

V1/V2 (Battery pack voltages) 180/200 V 

SOC1/SOC2 (Initial SOC) 50% 

N (Transformer turns ratio) 1 

fs (Switching Frequency） 50 kHz 

L (Series inductance) 82 μH 

C1/C2 (Series capacitance) 50 μF 

SOC2max/SOC2min (Maximum and minimum 

SOC) 

60%/40% 

Initial value of MS 1 

In the Simulink simulation, we set the initial value of MS to 1, and the initial phase-shift angle 

φ lags the port 1 bridge waveform, as shown in Fig. 4-2. Consequently, power flows from B1 

to B2, resulting in an increase in SOC2. Once SOC2 reaches the maximum setting value, MS 

will be changed to 0, and φ1 will lead the port 1 bridge waveform, following the automatic 

power direction control method depicted in Fig. 4-5. During this phase, SOC2 will decrease, 

and the power flow will reverse until SOC2 reaches the minimum setting value. Subsequently, 

MS will revert to 1, and the power flow will return to being forward. Additionally, the current 

waveform of port 2 i2 is displayed in Fig. 4-6(b). This simulation scenario allows us to observe 
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the dynamic behavior of the system and validate the effectiveness of the automatic power 

direction control method. 

 

Fig. 4-6. (a) SOC2 and (b) i2 waveform in automatic power direction control of DAB 

converter 

In Fig. 4-6(a), the variation of SOC for B2 throughout the entire simulation process is depicted. 

It can be observed that B2 is initially charging, and its charge and discharge status alternate 

each time SOC2 reaches the peak point, consistent with the analysis in the previous sections. 

Furthermore, in Fig. 4-6(b), during the steady state, the current of port 2 switches between 

positive and negative values, reflecting the power direction of the DAB converter. The timing 

of the forward and reverse directions aligns perfectly with the conclusions drawn from the 

SOC2 waveform analysis. These observations validate the effectiveness of the automatic power 

direction control method and demonstrate its ability to regulate power flow in the DAB 

converter accurately and consistently. 

Based on the two figures in Fig. 4-6, particularly Fig. 4-6(b), it is evident that the duration of 
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the power direction change is relatively short. The transition from a positive steady-state value 

to a negative steady-state value for i2 takes only 3 seconds. This demonstrates that the proposed 

automatic power direction control method can swiftly and effectively adjust the power 

direction without significantly disrupting the normal operation of the DAB converter. Thus, 

this approach saves manual operation time and ensures the seamless functioning of the 

converter. Thus, this approach saves manual supervision time and ensures the seamless 

functioning of the converter for EES. Compared with other automatic power direction control 

methods [110] and [111] used for batteries or PV energy, this proposed method is easier and 

more flexible to use for emergency energy supply according to different the needs of clients. 

 TAB Converter 

a) When V1 is within acceptable voltage range 

The first simulation of TAB converter is run when the voltage of B1 is normal which means 

that there is no power outage in power station. MS will be shifted between 1,2,3 and 4 and will 

not be equal to 5. This simulation shows automatic change of the TAB converter power 

transmission direction according to the SOC status and power requirements of the individual 

ports automatic power direction in the absence of a sudden power failure. 

The system configurations of TAB converter model when V1 is within acceptable voltage range 

are exhibited in Table 4-2. In Table 4-2, the voltages of three ports are all 180V and the initial 

SOC of two battery packs are all 50%. Moreover, the transformer turns ratio N1:N2:N3 is 1:1:1 

and the initial value of MS is 1. To get simulations results more quickly, four peak values of 

SOC are set 60%, 5%, 91% and 77% respectively. 

TABLE 4-2 Parameters of the TAB Simulation Model When V1 is Within Acceptable 

Voltage Range 

Parameter name Parameter Value 

V1/V2/V3 (Port voltages) 180/180/180 V 

SOC2/SOC3 (Initial SOC) 50% 

N1:N2:N3 (Transformer turns ratio) 1:1:1 

L1/L2/L3 (Series inductance) 300 μH 

fsp (Switching Frequency) 50 kHz 
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Maximum2 (Maximum SOC of port 1) 60% 

Minimum2 (Minimum SOC of port 1) 5% 

Maximum3 (Maximum SOC of port 2) 91% 

Minimum3 (Minimum SOC of port 2) 77% 

Initial value of MS 1 

In TAB Simulink simulation, the initial value of MS is 1 and the initial value of phase-shift 

angles φ2 and φ3 is lagging the port 1 bridge waveform and |φ2|<|φ3| shown in Fig. 4-3. Therefore, 

power is transferred from B1 to B2 and B3 which means that SOC2 and SOC3 is increasing. After 

SOC2 reaches the maximum setting value, MS will be changed into 2 and φ2 will lead the port 

1 bridge waveform and φ3 will still lag the port 1 bridge waveform with |φ2|<|φ3| according to 

the automatic direction control method shown in Fig. 4-5. During this period, SOC2 decreases 

while SOC3 increases until the SOC3 arrives the maximum setting value. After that, MS will be 

changed into 3 and φ3 will also lead the port 1 bridge waveform with φ2<φ3<0. During MS = 3, 

SOC2 and SOC3 decrease at the same time until the SOC3 arrives the minimum setting value. 

Then, MS will be changed back into 2. In this period, SOC3 increases with SOC2 decreasing 

until SOC2 reaches the minimum setting value. For this reason, MS will be back into 1 and φ2 

will be back to lag the port 1 bridge waveform with |φ2|<|φ3| so that SOC2 can increase. 

Additionally, the waveform of MS is exhibited in Fig. 4-8. 
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Fig. 4-7. SOC waveforms in automatic power direction control of TAB converter when 

V1 is within acceptable voltage range 

 

Fig. 4-8. MS waveforms in automatic power direction control of TAB converter when V1 

is within acceptable voltage range 

Fig. 4-7 presents the variation of SOC for the B2 and B3 in the whole simulation process, from 

which it can be investigated that SOC2 and SOC3 changes corresponding to the proposed 

analysis and power direction changes corresponding to the proposed automatic power direction 

control method which is consistent with the analysis in the previous sections. In this whole 

TAB simulation process, a completed automatic direction control loop is finished and a whole 

loop can be divided into four modes which are 0-t1, t1-t2, t2-t3 and t3-t4. In Fig. 4-8, MS can also 

be different values in these four modes and the period of each mode is consistent with that in 

Fig. 4-7. Through Fig. 4-9, during the steady state, the current waveform of port 1 i1, port 2 i2 

and port 3 i3 also switches between positive and negative values which also shows the power 

direction of TAB converter. When the current is negative, this port is the input port. Conversely, 

when the current is positive, this port is the output port. Compared Fig. 4-7 with Fig. 4-9, the 

power direction obtained from SOC status of each port is the same with the power direction 

obtained from the current value of each port. 



 

P a g e | 93  

 

 

Fig. 4-9. Current waveforms in automatic power direction control of TAB convert when 

V1 is within acceptable voltage range 

Based on the two figures in Fig. 4-9, it is apparent that the duration of the power direction 

change at each port is also relatively short, similar to the behavior observed in the DAB 

converter. The transition from a positive steady-state value to a negative steady-state value for 

the current at each port takes only 3 seconds. This confirms that the proposed automatic power 

direction control method can swiftly and effectively adjust the power direction in the TAB 

converter without significantly disrupting its normal operation. Consequently, this approach 

saves manual operation time while ensuring the smooth functioning of the converter. Same 

with the automatic power direction control method for DAB converter, the automatic power 

direction control method for TAB converter can also save manual supervision time and ensure 

the seamless functioning of the converter for EES. 

b) When V1 is not within acceptable voltage range 

In this scenario, port 1 exhibits an abnormal voltage, indicating an issue that prevents it from 

effectively carrying out power transmission duties in the TAB converter. Given that port 1 

represents the main power grid, an abnormal voltage suggests that the main power grid is 
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experiencing significant disruptions and is unable to function normally. Prior to resolving the 

issue with port 1, it is imperative that the TAB converter operates similarly to a DAB converter. 

This entails transferring power exclusively between port 2 and port 3 while ensuring that no 

power transmission occurs at port 1. This temporary operational mode allows the TAB 

converter to maintain critical power flow functionalities within the system until the problem 

with port 1 is rectified. 

The system configurations of TAB converter model when V1 is not within acceptable voltage 

range are exhibited in Table 4-3. In Table 4-3, the voltages of battery packs of port 2 and port 

3 are both 180V with the initial SOC of them are all 50% while the voltage of port 1 is 100V. 

Moreover, the transformer turns ratio N1:N2:N3 is 1:1:1 and the initial value of MS is 1. 

TABLE 4-3 Parameters of the TAB Simulation Model When V1 is Not Within 

Acceptable Voltage Range 

Parameter name Parameter Value 

V1/V2/V3 (Port voltages) 100/180/180 V 

SOC2/SOC3 (Initial state of charge) 50% 

N1:N2:N3 (Transformer turns ratio) 1:1:1 

L1/L2/L3 (Series inductance) 300 μH 

fsp (Switching Frequency) 50 kHz 

Initial value of MS 1 

Although the initial value of MS is 1, because of the abnormal value of V1, MS is rapidly 

changed into 5. This causes that φ2 is leading the port 1 bridge waveform and φ3 is lagging the 

port 1 bridge waveform at the same time with |φ2|=|φ3|. With this relationship between φ2 and 

φ3, power only transfers from B2 to B3 and there is no power transmission at B1. This mode will 

last until the problem of port 1 is fixed. After that, MS will be back to 1 so that TAB converter 

can work as its own role again and continue the power transmission loop shown in Fig. 4-10. 

Additionally, the waveform of MS is exhibited in Fig. 4-11. 
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Fig. 4-10. SOC waveforms in automatic power direction control of TAB convert when 

V1 is not within acceptable voltage range 

 

Fig. 4-11. MS waveform in automatic power direction control of TAB convert when V1 

is not within acceptable voltage range 

Fig. 4-10 presents the variation of SOC for B2 and B3 in the whole simulation process, from 

which it can be investigated that SOC2 and SOC3 changes corresponding to the proposed 

analysis and power direction is stable from port 2 to port 3 corresponding to the proposed 

automatic power direction control method which is consistent with the analysis in the previous 

sections. In Fig. 4-11, MS is also constant at 1 which corresponds to the SOC waveforms in 

Fig. 4-10. In this whole TAB simulation process, TAB converter is working as a DAB 

converter considering the abnormal performance of port 1. Through Fig. 4-12, during the 

steady state, the currents of port 1 is zero, and the currents of port 2 and port 3 are constant 
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positive and negative values respectively which also shows the power direction is only from 

B2 to B3. Compared Fig. 4-10 with Fig. 4-12, the power direction obtained from SOC status of 

each port is the same with the power direction obtained from the current value of each port. 

 

Fig. 4-12. Current waveforms in automatic power direction control of TAB convert 

when V1 is not within acceptable voltage range 

4.5 Summary 

This chapter introduces an automatic power direction control method tailored for DAB/TAB 

converters, aimed at streamlining energy balancing and automating power direction within an 

energy router system. Power conversion employs phase-shift PWM, with direction control 

overseen by the proposed automatic method. The direction of power flow across the three ports 

is regulated by the lead/lag states of the converter switches and the SOC status of the ES and 

emergency electric power sources ports. The proposed method offers rapid directional control, 

leading to significant cost savings by minimizing the need for manual monitoring and 

regulation of the energy router's status during emergencies. This capability ensures swift 
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responses to grid emergencies, facilitating prompt resolution. To validate the feasibility of the 

automatic power direction control method in DAB/TAB converters, several simulation models 

implemented in MATLAB/Simulink have been employed. Additionally, the method relies 

solely on the SOC status of individual ports of the DAB/TAB converter, allowing consumers 

to optimize their power consumption plans based on varying situations. This approach 

enhances flexibility and efficiency in utilizing energy resources, reducing dependence on the 

main power grid for supply. Moreover, integrating more energy routers equipped with 

DAB/TAB converters into an emergency energy power system enables peer-to-peer trading. 

This advancement fosters a more resilient and responsive energy network capable of adapting 

to diverse operational scenarios.
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  Emergency Energy Power System 

Composed of Multiple Energy Routers for Peer-to-

Peer Trading in Microgrid 

As microgrids are becoming more and more prominent in the transmission of power over small 

areas, the rapid supply of EES is also largely dependent on them. the use of the MER as an 

efficient multi-port power transmission device in microgrids is also increasing. However, how 

to better combine MER with emergency power supply in microgrids is still a research problem. 

This chapter implements EEPS in microgrids by proposing an automatic power direction 

control strategy for multiple MERs consisting of TAB converters based on PPP technology in 

a microgrid. An automatic control method ensures efficient and consistent power transfer 

within the system, replacing manual operations especially in emergencies whenever power 

direction adjustment is necessary. Besides, in EEPS, in contrast to the existing approach, which 

merely permits the direction of energy transfer from a single MER to be controlled, the 

automatic power direction control method facilitates the automatic transfer of energy between 

multiple MERs for the purpose of enabling P2P trading. 

5.1 Introduction 

The EEPS will be realized by integrating multiple MERs together to form a microgrid [71] and 

will still have the various points of MERs such as high energy utilization, versatility in power 

forms, energy storage capabilities, and grid monitoring functionalities. power transfer can be 

realized between multiple MERs and in different directions for different needs. This allows the 

client to choose from a wide range of power sources rather than using the mains grid alone and 

enables the exchange of energy from client to client shown in Fig. 5-1. Besides, it is free to 

decide on the size of its own energy storage system in this proposed EEPS, depending on the 

customer's load and energy storage requirements. 
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Fig. 5-1. An EEPS consisting of 3 MERs 

In an energy router shown in Fig. 3-1 designed for emergency supply in urban settings, 

achieving energy balance among diverse electric power sources is paramount. This necessitates 

effective control of energy flow within the energy router, which is a critical aspect for managing 

various emergencies in urban environments [112]. Specifically, in the context of the DC power 

transfer component within the energy router, this thesis employs PPP TAB converter due to its 

inherent advantages. [92]. PPP TAB converter possesses several advantageous features. Firstly, 

it can automatically adjust bidirectional power flow and are capable of adapting to rapid 

changes in power flow direction [93]. Moreover, it offers a wide voltage conversion gain range 

[94]. Additionally, PPP TAB converter are equipped with ZVS capability [95], enabling them 

to achieve high efficiency through power control [96] [97]. 

In a study referenced in [98], it was demonstrated that TAB converter exhibits high power 

efficiency, reaching up to 97.6%. However, PPP TAB converter has a higher efficiency than 

normal TAB converter because of the PPP technology [113]. PPP is a technology that uses 

converters to process part of the total power, while most of the unprocessed system energy is 

transferred directly through the power cables [80]. Power dissipation can be reduced as the PPP 

converter processes less power, which has the effect of improving system efficiency and power 

density [81]. As for the multi-port energy routers, the PPP multi-port converters can not only 

improve the efficiency of energy transfer by realizing the bidirectional energy flow between 

the ports [85], but also control the energy flow more easily. 

Power exchange among PPP TAB converters is facilitated through a phase-shift PWM 
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mechanism [99]. Leveraging the lag/lead relationship of three pulse width waveforms, ports on 

PPP TAB converter enable power transmission. The direction of power transmission varies 

based on the different lag/lead relationships, as each port of the PPP TAB converter can 

facilitate bidirectional power flow [87]. Therefore, an automatic power direction control 

method can adjust power direction automatically according to the states of the ports of the PPP 

TAB converter. This eliminates the need for manual monitoring of equipment status and 

ensures that the equipment can automatically adjust power direction to address different 

emergencies, thereby saving manpower and realize the P2P trading [114]. 

This chapter is arranged as below. Firstly, the principle of power direction of PPP TAB 

converter is briefly described. Secondly, the automatic power direction control method in EEPS 

is demonstrated. Thirdly, a simulation model that contains a EEPS is implemented in 

MATLAB/Simulink and a brief conclusion is provided at the end of this chapter.  

5.2 Principle of Power Direction of PPP TAB Converter 

Fig. 5-2 illustrates the topology of TAB converter in ER1. Each topology features two or three 

ports, with each port comprising an active bridge consisting of four switches. Each port of the 

PPP TAB converter includes an inductor L1i (where i = 1, 2, 3) and a transformer with winding 

N1i. Additionally, a power source B1i is connected to the terminal of each port. For the energy 

router designed for emergency energy supply in urban areas, B11 can be considered as the DC 

bus of the urban power grid, while B12 represents any source capable of serving as an EES. B13 

corresponds to the power storage unit within the energy router. In this configuration, power is 

transferred among ports through the magnetic coupling of the windings. 
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Fig. 5-2. Topology of the PPP TAB Converter in ER1 

The phase-shift PWM method employed is utilized to control power flow direction in the TAB 

converter. In Fig. 3-10, the control signals of switches S1 and S2 serve as references, while the 

control signals of switches S5 and S6, and switches S9 and S10 are lagged by φ12 and φ13 radians, 

respectively. Here, -π < φ12 < π and -π < φ13 < π. Moreover, each switch operates with a duty 

ratio half of the switching cycle. Additionally, Fig. 3-10 illustrates the current waveforms of 

L11, L12, and L13 for iL11, iL12, and iL13, respectively, in a traditional phase-shift TAB converter. 

The turns ratio of the transformer N11: N12: N13 is set to 1:1:1. 

The power flow characteristics of a phase-shift TAB converter can be derived from analyzing 

the inductive current of each port, and the expression (5-1) by analyzing the various operating 

states of the TAB converter. 

{
 
 

 
 𝑃112 =

𝜑12(𝜋−|𝜑12|)𝑉11𝑉12

2𝜋2𝑓𝑠(𝐿11+𝐿12)

𝑃113 =
𝜑13(𝜋−|𝜑13|)𝑉11𝑉13

2𝜋2𝑓𝑠(𝐿11+𝐿13)

𝑃123 =
(𝜑13−𝜑12)(𝜋−|𝜑13−𝜑12|)𝑉11𝑉12

2𝜋2𝑓𝑠(𝐿12+𝐿13)

                                 (5-1) 
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in this expression, V11, V12, and V13 refer to the voltages of B11, B12, and B13, respectively, and 

P112, P113, and P123 are the power flow from port 1 to port 2, from port 1 to port 3, and from 

port 2 to port 3 in ER1, respectively. Furthermore, fs is the switching frequency. Considering 

the proposed PPP TAB converter, since the rest unprocessed energy transfers directly through 

inductors, the conducted energy in one operation cycle can be obtained in (5-2), where C112, 

C113, and C123 are the conducted power flow from port 1 to port 2, from port 1 to port 3, and 

from port 2 to port 3 in ER1, respectively. 

{
 
 

 
 𝐶112 =

(𝑉11−𝑉12)

(𝐿11+𝐿12)𝑓𝑠

𝐶113 =
(𝑉11−𝑉13)

(𝐿11+𝐿13)𝑓𝑠

𝐶123 =
(𝑉12−𝑉13)

(𝐿12+𝐿13)𝑓𝑠

                                                (5-2) 

Next, the total power transferred among these three ports in one switching period can be 

acquired from (5-1) and (5-2) by adding together the processed power and conducted power. 

The equation of the total power converted among various ports is presented in (5-3), where 

T112, T113, and T123 are the total power flow from port 1 to port 2, from port 1 to port 3, and 

from port 2 to port 3 in ER1, respectively. 

{
 
 

 
 𝑇112 =

𝜑12(𝜋−|𝜑12|)𝑉11𝑉12+2𝜋
2(𝑉11−𝑉12)

2𝜋2𝑓𝑠(𝐿11+𝐿12)

𝑇113 =
𝜑13(𝜋−|𝜑13|)𝑉11𝑉13+2𝜋

2(𝑉11−𝑉13)

2𝜋2𝑓𝑠(𝐿11+𝐿13)

𝑇123 =
(𝜑13−𝜑12)(𝜋−|𝜑13−𝜑12|)𝑉11𝑉12+2𝜋

2(𝑉12−𝑉13)

2𝜋2𝑓𝑠(𝐿12+𝐿13)

                       (5-3) 

Suppose each inductor has the same inductance and the sum of each two inductors is Ld, the 

port power can be derived from 

{
 
 
 
 

 
 
 
 

𝑇11 = 𝑇112 + 𝑇113

=
𝜑12(𝜋−|𝜑12|)𝑉11𝑉12+𝜑13(𝜋−|𝜑13|)𝑉11𝑉13+4𝜋

2𝑉11−2𝜋
2(𝑉12+𝑉13)

2𝜋2𝑓𝑠𝐿𝑑

𝑇12 = −𝑇112 + 𝑇123

=
−𝜑12(𝜋−|𝜑12|)𝑉11𝑉12+(𝜑13−𝜑12)(𝜋−|𝜑13−𝜑12|)𝑉12𝑉13+4𝜋

2𝑉12−2𝜋
2(𝑉11+𝑉13)

2𝜋2𝑓𝑠𝐿𝑑

𝑇13 = −𝑇113 − 𝑇123

=
−𝜑13(𝜋−|𝜑13|)𝑉11𝑉13−(𝜑13−𝜑12)(𝜋−|𝜑13−𝜑12|)𝑉12𝑉13+4𝜋

2𝑉13−2𝜋
2(𝑉11+𝑉12)

2𝜋2𝑓𝑠𝐿𝑑

     (5-4) 

where T11, T12, and T13 represent the total power of port 1, port 2, and port 3 in ER1, respectively. 

Therefore, the direction of power transmission is determined by both the port voltages and the 
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phase shift angles of the switching gate signals. For instance, when the difference between port 

voltages is small or nearly non-existent, Fig. 3-11 illustrates four typical power flow scenarios 

to satisfy the needs of EEPS. 

Since the PPP TAB converter is the same in each ER, the four typical power transmission 

directions derived from ER1 apply to ER2 and ER3 as well. since port 1 of each ER is connected 

to the mains grid, then by arranging the power transmission directions of the ERs in different 

scenarios, power can be exchanged between the ERs, which means that P2P trading can be 

realized. 

5.3 Automatic Power Direction Control Method of EEPS 

To address the need for automatic power direction adjustment without manual intervention, 

this chapter proposes an automatic power direction control method for EEPS. In the context of 

emergency energy supply, numerous unforeseen accidents may occur, making it difficult for 

individuals to swiftly change the power direction of PPP TAB converters to address each 

unexpected situation. An automatic power direction control method can assist in adjusting the 

power direction according to preset values, thereby enhancing the responsiveness and 

effectiveness of the system in managing unexpected events. 

Based on the preceding explanation of the power direction of the PPP TAB converter, as 

depicted in Fig. 3-11, the TAB converter presents four different typical power directions 

determined by the lagging/leading relationship between φ12 and φ13. Additionally, scenarios 

such as Fig. 3-11(d) illustrate instances where power flow occurs solely between port 2 and 

port 3, with no power transmission at port 1. Therefore, Fig. 5-3 illustrates the proposed 

automatic power direction control method. In this method, ten variables, SOC of port 2 in ER1 

SOC12, SOC of port 3 in ER1 SOC13, SOC of port 2 in ER2 SOC22, SOC of port 3 in ER2 SOC23, 

SOC of port 2 in ER3 SOC32, SOC of port 3 in ER3 SOC33, DC bus voltage of port 1 in each ER 

VDC, a variable that decides the power transmission direction of ER1 DS1, a variable that decides 

the power transmission direction of ER2 DS2 and a variable that decides the power transmission 

direction of ER2 DS3, are employed to control the power direction of the EEPS. Among these 

controlling variables, the direction of power transmission of each MER is ultimately 

determined by the corresponding value of DS. The relationship between the direction of power 

transmission of each MER and the corresponding value of DS is as follows. 
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DS1 = 1, power transfers from port 1 to port 2 and port 3 in ER1. 

DS1 = 2, power transfers from port 1 and port 2 to port 3 in ER1. 

DS1 = 3, power transfers from port 2 and port 3 to port 1 in ER1. 

DS1 = 4, power transfers from port 2 to port 3 and there is no power transmission at port 1 in 

ER1. 

DS2 = 1, power transfers from port 1 to port 2 and port 3 in ER2. 

DS2 = 2, power transfers from port 1 and port 2 to port 3 in ER2. 

DS2 = 3, power transfers from port 2 and port 3 to port 1 in ER2. 

DS2 = 4, power transfers from port 2 to port 3 and there is no power transmission at port 1 in 

ER2.  

DS3 = 1, power transfers from port 1 to port 2 and port 3 in ER3. 

DS3 = 2, power transfers from port 1 and port 2 to port 3 in ER3. 

DS3 = 3, power transfers from port 2 and port 3 to port 1 in ER3. 

DS3 = 4, power transfers from port 2 to port 3 and there is no power transmission at port 1 in 

ER3. 

These ten variables ensure comprehensive and accurate control of power direction in the PPP 

TAB converter. In addition to this, the power transmission direction of each MER is controlled 

by the respective corresponding DS, which ensures the independence and stability of each MER 

in the EEPS. 
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Fig. 5-3. Flow chart of the automatic power direction control method of the TAB 

converters in EEPS 

According to Fig. 5-3, the process of each MER involves five "if" judgments to accommodate 

the four different types of power flow in the PPP TAB converter. Assuming the initial value of 

DS1, DS2 and DS3 are equal to 1, which determines the power flow as shown in Fig. 3-11(a). If 
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V1 is not within the acceptable voltage range between Vmin and Vmax, indicating an anomaly at 

port 1, then three DS1, DS2 and DS3 are set to 4, and the power flow is as depicted in Fig. 3-

11(d). After the first "if" judgment, the power transmission direction of each MER will be 

based on the real-time SOC values of port 2 and port 3 to determine the respective 

corresponding DS values. Using ER1 as an example, if SOC12 exceeds the maximum setting for 

SOC12, DS1 is set to 2, and the power flow is as shown in Fig. 3-11(b). Otherwise, DS1 remains 

equal to 1.  In the third "if" judgment, if SOC13 surpasses the maximum setting value of SOC13, 

DS1 is set to 3, and the power flow is as illustrated in Fig. 3-11(c). The fourth "if" judgment 

checks if SOC13 falls below the minimum setting for SOC13. If this condition is met, DS1 is 

changed to 2, and the power flow is as depicted in Fig. 3-11(b). Otherwise, DS1 remains at 3. 

During the final "if" judgment, if SOC12 is lower than the minimum setting value of SOC12, 

DS1 is reverted to 1, and the power flow is as shown in Fig. 3-11(a). This method for the PPP 

TAB converter can automatically adjust the power direction to handle different situations based 

on the states of each port. This approach significantly reduces the need for manual intervention 

and ensures the safe and stable operation of the PPP TAB converter. Considering that the 

remaining ER2 and ER3 have the same structure as ER1, ER2 and ER3 also have the same power 

transmission direction control strategy as ER1. Moreover, Fig. 5-3 shows that when the DC bus 

voltage of port 1 is stable, each MER determines its own power transmission direction 

according to the usage of its own remaining ports and does not receive any influence from other 

MERs on its own power transmission direction. This ensures that the respective MERs 

prioritize the satisfaction of their own needs when they are used by individual clients. When 

each client's demand is satisfied and there is excess power available for transmission, each 

MER is connected to each other through port 1 and can realize power transmission between 

MERs, which is P2P trading. 

5.4 Simulation Results 

The simulation model of the EEPS have been developed in MATLAB/Simulink to evaluate the 

feasibility of the proposed automatic power direction control method. These simulations aim 

to validate the direction of power transmission at each port by monitoring the SOC, DS, and 

current waveforms at each port. Furthermore, by analyzing the timing of changes in waveform 

values, it is possible to confirm that the change in the direction of power transmission aligns 

with the proposed method. The simulation model is constructed according to the diagrams 
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presented in Fig. 5-1, Fig. 3-1, and Fig. 5-2. Through these simulations, it is aimed to assess 

the efficacy and reliability of the automatic power direction control method in ensuring the safe 

and stable operation of EEPS and MERs in it.  

 When Vdc is within acceptable voltage range 

The first simulation of EEPS is run when the voltage of Vdc is normal which means that there 

is no power outage. DS will be shifted between 1,2 and 3 and will not be equal to 4. This 

simulation shows automatic change of each port’s power transmission direction according to 

the SOC status and power requirements of the individual ports automatic power direction in 

the absence of a sudden power failure. 

The system configurations of EEPS model when Vdc is within acceptable voltage range are 

exhibited in Table 5-1. In Table 5-1, the voltage of port 1, port 2 and port 3 at each MER are 

400 V, 100V and 120V respectively. The initial SOC of six battery packs is 80%, 90%, 5%, 

10%, 50% and 10%, in order. Moreover, the transformer turns ratio Ni1:Ni2:Ni3 of each MER 

is 1:1:1 and the initial value of DS1, DS2 and DS3 are all 1. To get simulations results more 

quickly, four peak values of SOC are set 60%, 20%, 80% and 45% respectively. 

TABLE 5-1 Parameters of EEPS Simulation Model When Vdc is Within Acceptable 

Voltage Range 

Parameter name Parameter Value 

Vi1/Vi2/Vi3 (Port voltages in each MER) 400/100/120 V 

SOC12/SOC13/SOC22/SOC23/SOC32/SOC33 (Initial SOC) 80%/90%/5%/10%/50%/10% 

Ni1:Ni2:Ni3 (Transformer turns ratio of PPP TAB 

converter in each MER) 

1:1:1 

Li1/Li2/Li3 (Series inductance of PPP TAB converter in 

each MER) 

300 μH 

fs (Switching Frequency) 50 kHz 

maximumi2 (Maximum setting SOC of port 1) 60% 

minimumi2 (Minimum setting SOC of port 1) 20% 

maximumi3 (Maximum setting SOC of port 2) 80% 

minimumi3 (Minimum setting SOC of port 2) 45% 

Initial value of DS1, DS2 and DS3 1 
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In EEPS Simulink simulation, the initial value of DS1, DS2 and DS3 are all 1 and the initial 

value of phase-shift angles φi2 and φi3 are lagging the port 1 bridge waveform and |φi2|<|φi3| 

shown in Fig. 3-10. Therefore, power is transferred from Bi1 to Bi2 and Bi3 which means that 

SOCi2 and SOCi3 is increasing. However, according to the automatic direction control method 

in Fig. 5-3 and the setting value of maximum and minimum, DS1 is changed into 3 at the start 

because SOC12 and SOC13 both are beyond maximum12 and maximum13. So, before t1, SOC12 

and SOC13 is decreasing while the rest SOC waveforms are increasing shown in Fig. 5-4 with 

port 1 bridge waveform is lagging the port 2 and port 3 bridge waveform in ER1 with φ12<φ13<0. 

During t1 and t2, SOC32 has been reached the maximum32 which causes that DS3 is changed into 

2 and φ32 will lead the port 1 bridge waveform and φ33 will still lag the port 1 bridge waveform 

with |φ32|<|φ33|.  This means that SOC32 is decreasing until t2. After t2, SOC32 arrives the 

minimum32 and SOC33 is still increasing. DS3 is changed back into 1 and SOC32 can increase. 

When t3, since neither SOC12 nor SOC13 is greater than minimum12 and minimum13, DS1 changes 

from 3 to 1. Both SOC12 and SOC13 also change from decreasing to increasing. Additionally, 

the waveforms of DS1, DS2 and DS3 are exhibited in Fig. 5-5. 
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Fig. 5-4. SOC waveforms in automatic power direction control of EEPS when Vdc is 

within acceptable voltage range 

 

Fig. 5-5. DS waveforms in automatic power direction control of EEPS when Vdc is within 

acceptable voltage range 

Fig. 5-4 presents the variation of SOC for the Bi2 and Bi3 in the whole simulation process, from 

which it can be investigated that SOCi2 and SOCi3 changes corresponding to the proposed 

analysis and power direction changes corresponding to the proposed automatic power direction 

control method which is consistent with the analysis in the previous sections. In this whole 

EEPS simulation process, it can be clearly seen that the port of each MER decides the direction 

of power transmission only by the SOC value of its own port and is not affected by other MERs. 

This ensures the independence of MERs in EEPS. In addition to this, comparing the time 

periods 0 to t1 and t2 to t3, the incremental rates of SOC22, SOC23, and SOC33 are higher from t2 

to t3 than from 0 to t1 because of the extra B32 as an input. This shows that there is power 

transfer between MER and MER in the EEPS. In Fig. 5-5, DS can also be different values in 

these three modes and the period of each mode is consistent with that in Fig. 5-4. Through Fig. 

5-7, during the steady state, the current waveform of port 2 ii2 and port 3 ii3 in each MER also 

switches between positive and negative values which also shows the power direction. When 

the current is negative, this port is the input port. Conversely, when the current is positive, this 

port is the output port. Compared Fig. 5-4 with Fig. 5-6, the power direction obtained from 
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SOC status of each port is the same with the power direction obtained from the current value 

of each port. 

 

Fig. 5-6. Current waveforms in automatic power direction control of EEPS when Vdc is 

within acceptable voltage range 

Based on the figures in Fig. 5-6, it is apparent that the duration of the power direction change 

at each port is also relatively short. The transition from a positive steady-state value to a 

negative steady-state value for the current at each port takes only 2 seconds. This confirms that 

the proposed automatic power direction control method can swiftly and effectively adjust the 

power direction in EEPS without significantly disrupting its normal operation. Consequently, 

this approach saves manual operation time while ensuring the smooth functioning of EEPS. 

 When Vdc is not within acceptable voltage range 

In this scenario, DC bus of the main power grid exhibits an abnormal voltage, indicating an 

issue that prevents it from effectively carrying out power transmission duties in EEPS. An 

abnormal voltage suggests that the main power grid is experiencing significant disruptions and 

is unable to function normally. Prior to resolving the issue with the main power grid, it is 

imperative that the PPP TAB converter in each MER operates similarly to a dual active bridge 

converter. This entails transferring power exclusively between port 2 and port 3 while ensuring 

that no power transmission occurs at port 1. This temporary operational mode allows each 
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MER to maintain critical power flow functionalities within EEPS until the problem with port 

1 is rectified. 

The system configurations of EEPS model when Vdc is not within acceptable voltage range are 

exhibited in Table 5-2. In Table 5-2, the voltages of port 2 and port 3 in each MER are 100V 

and 120V with the initial SOC of them are all 50% while the voltage of port 1 is 300V. 

TABLE 5-2 Parameters of EEPS Simulation Model When Vdc is Within Acceptable 

Voltage Range 

Parameter name Parameter Value 

Vi1/Vi2/Vi3 (Port voltages in each MER) 300/100/120 V 

SOC12/SOC13/SOC22/SOC23/SOC32/SOC33 (Initial SOC) 50% 

Ni1:Ni2:Ni3 (Transformer turns ratio of PPP TAB converter in each 

MER) 

1:1:1 

Li1/Li2/Li3 (Series inductance of PPP TAB converter in each MER) 300 μH 

fs (Switching Frequency) 50 kHz 

Initial value of DS1, DS2 and DS3 1 

Although the initial value of DS1, DS2 and DS3 are all 1, because of the abnormal value of Vdc, 

DS1, DS2 and DS3 are all rapidly changed into 4. This causes that φi2 is leading the port 1 bridge 

waveform and φi3 is lagging the port 1 bridge waveform at the same time with |φi2|=|φi3|. With 

this relationship between φi2 and φi3, power only transfers from Bi2 to Bi3 and there is no power 

transmission at port 1. Each MER will work independently and there is no power transfer 

between them. This mode will last until the problem of Vdc is fixed. After that, DS1, DS2 and 

DS3 will be back to 1 so that each MER can work as its own role again and again power 

transmission between MERs namely P2P trading is realized. Additionally, the waveforms of 

DS1, DS2 and DS3 are exhibited in Fig. 5-8. 
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Fig. 5-7. SOC waveforms in automatic power direction control of EEPS when Vdc is  not 

within acceptable voltage range. 
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Fig. 5-8. DS waveforms in automatic power direction control of EEPS when Vdc is  not 

within acceptable voltage range. 

Fig. 5-7 presents the variation of SOC for Bi2 and Bi3 in the whole simulation process, from 

which it can be investigated that SOCi2 and SOCi3 changes corresponding to the proposed 

analysis and power direction is stable. In Fig. 5-8, DS1, DS2 and DS3 are all also constant at 1 

which corresponds to the SOC waveforms in Fig. 5-7. In this whole simulation process, each 

MER is working identically and independently. Through Fig. 5-9, during the steady state, the 

currents of port 1 is zero, and the currents of port 2 and port 3 in each MER are constant positive 

and negative values respectively which also shows the power direction is only from Bi2 to Bi3. 

Compared Fig. 5-7 with Fig. 5-9, the power direction obtained from SOC status of each port is 

the same with the power direction obtained from the current value of each port. In addition, 

each MER has the same rate of increase and decrease of SOCi2 and SOCi3 for each MER 

because it has the same structure. 

 

Fig. 5-9. Current waveforms in automatic power direction control of EEPS when Vdc is  

not within acceptable voltage range. 

5.5 Summary 
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This chapter introduces an EEPS designed for emergency energy supply, along with an 

automatic power direction control method aimed at facilitating energy balancing and 

automating power direction within the EEPS. This enables automatic energy transfer not only 

from port to port in a single MER, but also between multiple MERs. The proposed EEPS 

enables each MER to stabilize independently for power transfer and reserve, adapting to 

diverse operational scenarios. This flexibility allows for direct power transfer between MERs, 

reducing reliance on the main grid. Besides, as a consequence of the fact that automatic energy 

transfer from MER to MER is a reality, it is also possible to engage in P2P trading between 

users. The automatic power direction control method manages power direction across ports 

based on the SOC status of the ES and EES ports. This method ensures swift directional control, 

leading to significant cost savings by minimizing the need for manual monitoring and 

regulation of the energy router's status during emergencies. This capability enhances the 

EEPS's responsiveness in addressing grid emergencies promptly. To validate the feasibility of 

the EEPS and its automatic power direction control method, simulation models implemented 

in MATLAB/Simulink have been utilized. The method relies on the SOC status of individual 

ports of the MER, enabling clients to optimize power consumption plans based on varying 

situations. This approach enhances the flexibility and efficiency of energy resource utilization, 

thereby reducing dependence on the main power grid. 

. 
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 Conclusions and Future Work 

6.1 Conclusions 

A MER can simultaneously connect various emergency electric power sources, adjusting and 

storing their output to meet load requirements. This improves the efficiency of emergency 

power usage and provides a more stable voltage and current supply. Thus, MERs, which can 

link the power grid with diverse emergency sources and store power, are crucial for addressing 

large-scale unexpected power failures in urban areas. The main contributions of this study are 

summarized as follows: 

In Chapter 2, emergency power sources are critical for managing large-scale power failures, 

reducing economic loss, and ensuring public safety. Identifying efficient application schemes 

and feasible sources is vital. Current emergency power sources can handle many sudden 

outages, but a comprehensive and excellent distribution scheme is essential. Key factors in 

choosing the appropriate emergency power source include the allowable power failure time 

and the load's location. Electric vehicle batteries, increasingly popular, offer potential as 

emergency power sources. Energy routers, capable of quickly connecting emergency power 

sources to loads and positioned near consumers, are highly promising. 

In Chapter 3, this chapter presents a multi-port energy router designed to handle emergency 

power outages and balance energy between various sources and loads. The MER's multiple 

ports allow it to manage and energize different emergency electric power sources and loads 

simultaneously, facilitating flexible urban energy management for emergencies. Power 

conversion is achieved through a bidirectional AC/DC converter and a PPP TAB converter. The 

MER supports P2P trading and energy balancing, with ports that can function as either input 

or output based on requirements. Compared to conventional emergency distribution methods 

and existing energy routers, the MER offers higher power conversion efficiency and 

compatibility with various emergency power sources. 

In Chapter 4, an automatic power direction control method for DAB/TAB converters is 

proposed to facilitate energy balancing and automation within an energy router system. Power 

conversion is managed through phase-shift PWM, while the proposed control method regulates 
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power flow direction based on the SOC of the ES and EEPS ports. This method provides rapid 

directional control and significant cost savings by reducing the need for manual monitoring 

and regulation, allowing for prompt resolution of grid emergencies especially in emergencies.  

In Chapter 5, An EEPS for emergency energy supply, incorporating the automatic power 

direction control method, is proposed. This system stabilizes each MER independently for 

power transfer and reserve management in various situations. Power can be transferred between 

ERs, not just relying on the main grid. The control method manages power direction based on 

the SOC of the ES and EES ports, ensuring efficient and automated energy balancing within 

the EEPS and reducing the need for manual supervision especially in emergencies. 

All in all, in terms of the topic about MER for EES, this research combines both theoretical 

analysis and simulation/experimental validation to investigate and develop an EEPS to avoid 

the effect of large power outages. In this area, the following achievements have been made in 

this study: 

• The current distribution method of EES and future potential emergency electric power 

sources and distribution method are clearly explained.  

• Compared with the current MERs, an MER consisting of a bidirectional AC/DC 

converter and PPP TAB converter is prosed for EES with high efficiency and high 

adaptability to various situations especially in emergencies. To realize P2P trading and 

energy balancing, both ports in the bidirectional AC/DC converter and PPP-based TAB 

converter can be input port or output port according to different situations and working 

requirements. In addition, because the MER is multi-port, two customers can also 

exchange energy with each other through two ports so that the customers' dependence 

on the mains grid can be reduced and the distribution of power can be rationalized 

according to their needs 

• An automatic power transmission direction control method algorithm of DAB/TAB 

converter are proposed for savings in manpower especially in emergencies and 

reduction in response time of DAB/ TAB converter in case of changes in electricity 

usage. The proposed method offers a swift directional control solution and leads to 

significant cost savings by reducing the need for manual monitoring and regulation of 

the energy router's status when an emergency occurs. Consequently, emergencies 

within the grid can be promptly addressed and resolved. 
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• An EEPS in microgrid composed of multiple MERs and its related automatic power 

direction control method is proposed to resolve sudden power outages within a certain 

range and provide emergency power and automate the system and P2P trading. The 

direction change is solely based on the SOC status of the individual ports of the MER, 

enabling clients to make informed decisions about their power consumption plans 

depending on various situations. This approach ensures a more flexible and efficient 

utilization of energy resources, reducing reliance on the main power grid。 

6.2 Future Work 

Based on the conclusions above and considering the limitations of the existed work, future 

research could be carried out in the following areas. 

➢ Further investigation is needed for more potential emergency electric power 

sources  

Chapter 2 proposes the use of EV batteries as a potential EEPS. Additionally, it suggests 

that other emergency electric power sources can be investigated in the future for EES 

during sudden power outages. Identifying and exploring these sources is crucial for 

enhancing the reliability and efficiency of emergency power systems.  

➢ More Efficient converters need to be used in energy router 

introduces a combination of a bidirectional AC/DC converter and a PPP TAB converter. 

However, in this configuration, clients only receive high DC voltage at the load port, 

which does not meet the diverse needs of customers with a wide range of loads. 

Additionally, other types of AC/DC and DC/DC converters could potentially fulfil the 

requirements of MERs for EES. Therefore, further verification is needed to identify the 

optimal converters for MER in EES applications. 

➢ A higher efficient switching control signal algorithm can be used in DAB/TAB 

converter 

A SPS PWM algorithm is employed in this study for DAB/TAB converters. However, 

there exist more efficient algorithms for controlling the switches of DAB/TAB 

converters. Further verification is necessary to determine if these alternative algorithms 
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can be effectively implemented and improve efficiency in TAB converters within ERs 

for emergency energy storage systems. 

➢ More ports and MERs should be added into EEPS for more options for energy use  

According to Chapter 5, the EEPS is currently equipped with only three ports, with just 

one designated for emergency electric power sources. Given the diversity of available 

energy sources today, it is evident that a single port is insufficient. Furthermore, 

enhancing energy efficiency necessitates interconnecting multiple MERs to create a 

larger EEPS. This expansion would not only accommodate a broader range of energy 

sources but also facilitate greater P2P trading capabilities. 
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