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Abstract: A multi-port energy router (MER) is an important infrastructure for power management
and energy storage after an unexpected power outage. In addition, MERs can relate to various
emergency electric power sources (EEPSs) and power grids at the same time. Moreover, by putting an
MER in mobile energy storage, an MER allows for more flexible energy management and regulation
in urban cities. This paper proposes a new topology of MERs composed of a bidirectional AC/DC
converter and a partial power processing-based triple active bridge (PPP-based TAB) converter to
supply emergency power for an unexpected power outage. This design of an MER improves the
power efficiency significantly to realize peer-to-peer (P2P) trading which realizes the bidirectional
power transmission among the main power grid, EEPSs such as the battery of electric vehicles (EV),
and clients’ loads. The control methods of the power transmission of two power electronic converters
in MER are also illustrated in this paper to realize the power transmission among the main power
grid, clients’ loads, and EEPSs. This allows any power source connected to the MER to be used as an
input or output to receive or send out power, which greatly improves the utilization of power. In
conclusion, the MATLAB/Simulink and experiment test are executed and meticulously presented to
validate the practicality of the proposed configuration.

Keywords: bidirectional AC/DC converter; multi-port energy router; partial power processing-based
triple active bridge converter

1. Introduction

There are many unexpected events impairing the urban power grid leading to power
outages, with severe safety consequences such as the snow disaster in China [1], the
accidental failure of the dam’s power supply system in north-eastern Brazil [2], the major
blackout in India [3], and the 24 h power outage because of some fatal social events in
New York [4]. Virtually every sector relies on electricity to operate the necessary electrical
equipment, as electricity serves as a fundamental component in various aspects of human
life. Hence, the power outages create serious problems impacting daily life in society as well
as major issues in industrial sectors causing economic loss and risking lives [5]. To break
down the details, first, the most direct impact is damage to the power grid equipment with
safety issues, loss of materials, and financial and time resources to repair and rebuild the
system [6]. The other indirect impact is an inconvenience on society’s life and operation [7].
Moreover, a power cut can also be life-threatening in specific locations such as hospitals [8].

In view of the above, 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 [5], have
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been regarded as effective solutions. To date, two prevalent methods for emergency power
distribution, namely, distributed power [9] and emergency power vehicles [10], have found
widespread use. However, there has been a recent introduction of an alternative approach
to emergency power distribution in the form of an energy router. This method has been
proposed and demonstrated with several distinctive features [11]. This approach can apply
multiple types of different EEPSs as input at the same time, which is different from the
current emergency power systems [12]. Furthermore, its applicability extends to the smart
power grid and microgrid environments [13]. 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. A lot of power sources have the potential to be
a new kind of EEPS [14,15]. Moreover, the battery of an EV as a new potential EEPS can
be connected more easily and conveniently with an energy router to achieve high power
management [5].

Compared with two current distribution ways, an MER enables connection to multiple
power sources for real-time and efficient energy management. In this paper, the proposed
MER consists of a bidirectional AC/DC converter and a PPP-based TAB converter shown
in Figure 1. The bidirectional AC/DC converter is used to realize the transfer of AC power
in the main power grid into DC power to make sure the power transmission in the PPP-
based TAB converter is in the normal situation. When the main power grid lacks power, a
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 the power
grid will no longer be the power supply only, which realizes efficient energy management,
increased energy efficiency, and P2P trading technology [16,17].

ER

Bidirectional AC/DC converter PR L S N L

Load

@ S Sus
Lag = Cu
Power
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Emergency
electric power
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Figure 1. The connection between various power sources, energy routers (ERs) 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 dis-
tances to meet different power demand scenarios [18]. 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 [19]. 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 [20]. In addition, the battery of an EV can also
be considered as a mobile EPPS to relate to the large-capacity mobile energy storage [21].
Combining the large-capacity mobile energy storage and the battery of an EV makes sure
the emergency energy supply is fully prepared in all cases.
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Partial power processing (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 [22]. Power dissipation can be reduced as the PPP converter
processes less power, which has the effect of improving system efficiency and power den-
sity [23]. Furthermore, previous research has developed other PPP converters incorporating
flyback converters [24], dual-active bridge (DAB) converters [25], and quasi-Z-source con-
verters [26] based on their equivalent full-power isolated converters. With the merits of
high energy conversion efficiency, the PPP multi-port converters have a promising future
and deserve further research in topology design and application, especially for the multi-
port energy routers. With regard to MERs, the PPP multi-port converters facilitate the
transfer of power in a more efficient manner by enabling bidirectional energy flow between
the ports [27]. Furthermore, they facilitate the control of power flow with greater ease.

In terms of the DC power transfer part in the energy router, a PPP-based TAB converter
is proposed in this paper. The proposed converter has three ports, and power is exchanged
between them using a phase-shift pulse-width modulation (PWM) mechanism [28]. Based
on the lag/lead relationship of three pulse width waveforms, ports at PPP-based TAB
converters can realize the power transmission. With different lag/lead relationships, the
directions of power transmission are also various because each port of a PPP-based TAB
converter can ensure the bidirectional power flow [29]. This method permits the charging
and discharging of energy between ports while maintaining the high-efficiency advantages
of the PPP converter [30].

With this topology of MER, demand for electricity can still be met even in the event
of an unpredictable power outage. In addition, the proposed MER also interconnects the
various forms of power supply, allowing them to exchange energy and at the same time
ensuring the stability of the whole system. This paper is structured as follows: First, the
configuration and power flow control methods of the bidirectional AC/DC converter are
briefly described. Secondly, the PPP-based TAB converter is demonstrated. Thirdly, a
simulation model containing the proposed MER is implemented in MATLAB/Simulink.
Fourthly, an experiment of a PPP-based TAB converter is verified. A conclusion is given at
the end of this paper.

2. Topology Configuration
2.1. Bidirectional AC/DC Converter

Figure 2 presents the bidirectional AC/DC converter structure. The proposed topology
has two ports, each of which is connected separately to the main power grid and one port
of the PPP-based TAB converter. The bidirectional AC/DC converter involves a full bridge
with four switches, an inductor L,;, and a capacitor C,;. Among them, the inductor L, is
an important factor that makes sure that the bidirectional AC/DC converter works in the
continuous conduction mode (CCM) and determines the size of the input current ripple.
Furthermore, the main functions of capacitor C,; are mainly in two aspects. One of them is
the filtering of voltage ripples caused by the 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.
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Figure 2. Topology of proposed bidirectional AC/DC converter.
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2.2. PPP-Based TAB Converter

The depicted configuration, as illustrated in Figure 3, features three ports. Each of
these ports comprises an inductor Ly (where x is 1, 2, or 3), a transformer with winding Ny,
and an H-bridge equipped with four switches. Furthermore, capacitors C, (where yis 1 or 2)
at ports 2 and 3 are connected in parallel with their respective H-bridges. Additionally, any
type of EPPS 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 a grid connection of the ER to the main power grid. Port 3 is connected to the
clients’ loads and the energy router storage unit (ERSU) to realize the power supply for
loads. In an MER for an emergency energy system, ES can be assumed to be any kind of
EPPS which is explained in detail in [5]. In this design, part of the power is transferred
between the three ports through the three windings, while the remaining power travels
directly 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. Under normal circumstances, which
is in grid connection, the main power grid at port 1 is the input and supplies power to
port 2 and port 3. ES and ERSU at port 2 and port 3 are the output and receive power. In
addition, according to the state of charge (SOC) of ES and clients’ needs, ES at port 2 can
also be changed into input and supply power to the loads and ERSU at port 3 with the
main power grid at port 1.
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Figure 3. The (a) topology and (b) circuit diagrams of the PPP-based TAB converter including three
ports, where the power grids, EEPSs, and ERSUs are connected.

3. Control Method Analysis
3.1. Bidirectional AC/DC Conuverter

In this paper, a full bridge circuit structure consisting of four MOSFET switches is
used as the main circuit structure for the 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. For
bidirectional AC/DC converters in rectifier mode converting AC power to DC power, when
the voltage at the AC port is positive, switch S,43 is always off and S,44 is always on, while
switches S,4; and S,y operate at high frequencies shown in Figure 4, thus contributing
to a Boost circuit with the AC input side inductor Lad. S, is the main switch and S,4;
is the current continuity switch. When S,;3 is on and S,4; is off, the inductor charges and
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stores energy. When S,4; is on and S, 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. When the topology is in the 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 5,43 and 5,44
are always on or off during the positive and negative half-cycle of the AC voltage, while
the high-frequency switches S,4; and S,;, work as the main switch and continuity switch
of the Buck circuit, respectively, thus realizing the inverter function.
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Figure 4. Typical waveforms when bidirectional AC/DC converter conducts forward energy trans-
mission.

For the control of switching tube 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. The basic PLL consists of three
modules, the phase angle detector (PD), the loop filter (LF), and the voltage-controlled
oscillator (VCO) [31]. This topology uses a PLL based on the second-order generalized
integrator (SOGI) shown in Figure 5. This PLL omits the VCO and adds a new module
called the Frequency /Phase Angle Generator (FPG), which provides the phase angle for
the sinusoidal functions in the Park transform and 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.

Park FPG
Transform

0}’ l d momny) £ o gy E
SOGI Z : wjf :
I > B gy

Figure 5. The structure of SOGI-PLL with a combination of QSG and Park transform in a synchronous PD.
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The transfer functions of SOGI are expressed in Equations (1)-(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.

g WS
SOGI(s) = —kgg (s) = . (1)
B &’ B kewes
D(s) = g (s) = 82 + kwes + w? @
q8 ke,
Qs) = g (s) = 2 4 kws + w? ®)

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 a double-closed-
loop PI average current control. The controller shown in Figure 6 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 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 V| collected by the output voltage sampling
circuit with the reference voltage V. 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 7;,; 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.

7 CHREIIEE e i,  Current Loop
: i ]
5 |
Vg /!\ Voltage loop i é Lo /l\ Current loop dr
T ] T -
w PI controller e w PI controller
! Current |

i et

Figure 6. The structure of a basic double-closed-loop PI average control.

For this topology shown in Figure 7, the block diagram of the double-closed-loop PI
forward and inverse transform control algorithm is shown below.

In terms of the double-closed-loop PI forward transform control algorithm shown in
Figure 7, the input values are the voltage of the AC port V4, the voltage of the DC port
Vado, the reference voltage of the DC port V,,, and the current of the inductor i ;4. On the
other hand, in the double-closed-loop PI inverse transform control algorithm, the input
values are the voltage of the AC port V4, the reference current of the inductor I, and the
current of the inductor iy,
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Figure 7. Double-closed-loop PI average current control of (a) AC/DC transfer and (b) DC/AC
transfer.

3.2. PPP-Based TAB Converter

To derive the energy flow expression of a PPP-based 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 [29], the equation of power transmission between any two ports in
an isolated TAB converter can be obtained as shown in Equation (4). Taking the control
signals of switches S; and S, as references, the control signals of switches Sy and Sg
and switches 511 and 51, are lagged by ¢, and @3 radians, respectively, as exhibited in
Figure 8. It is essential to consider that —m < ¢, <7, —71 < @3 < 7. Moreover, each switch
operates with a duty ratio equal to half of the switching cycle. Furthermore, the current
waveforms of Lj.1, Lj.2, and L;.3 in a conventional isolated TAB converter are displayed
in Figure 8, representing i1 1, i 2, and iy 3, respectively. For simplicity in analysis, the turns
ratio N1:N5:N3 of the transformer is set at 1:1:1.

T WV
PdClZ == Vlll = w

znz{dcs(‘deh‘i"/Lt‘i/CZ)
P = Vala = BV 1930)1Y3 4
dcl3 343 ( znz'gd(CS(LTd+de‘3))V v ( )
p — Vb, = (23— @2) (|93, )V1 V2

dc23 242 27‘[2fd,;s(de2+de3)

In Equation (4), VTap1, V1ap2, and V1ap3 correspond to the voltages at port 1, port
2, and port 3, respectively. Pjc12, Pj.13, and Py.03 denote the power flow from port 1 to
port 2, from port 1 to port 3, and from port 2 to port 3, respectively. Additionally, f;.;
represents the switching frequency of gate signals. When considering the proposed PPP-
based TAB converter, due to the direct transfer of unprocessed energy through inductors,
the conducted energy within a single operational cycle can be calculated using Equation (5),
where Cjc12, Cic13, and Cyep3 represent the conducted 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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Figure 8. The typical waveforms of an isolated TAB converter.

Subsequently, the overall power exchanged among these three ports can be computed by
combining the processed power and the conducted power from Equations (4) and (5). The
expression for the total power transferred among the different ports is given in Equation (6),
where Tj.12, Tye13, and T3 represent the total power flow from port 1 to port 2, from
port 1 to port 3, and from port 2 to port 3, respectively.

@2 (| o | ) Vi Vo+272 (V= V)

T pum—
dc12 ( 2?-[ '%Cb(LdCl+Lg22) )
ViVa4+2m= (V1 —Va
T — T—1¢31)viVs 1—Y3 6
dcl3 272 fges (Lac1 +Laca) ©)
y (93— 95) (1|93 9, ) V1 Va+27 (V2 —V3)
€23 2712 facs(Laca+Lacs)

Assuming that each inductor possesses an identical inductance, and the sum of any
pair of inductors is denoted as Ly, the port power can be obtained using the following
equation:

Tacr = Tac12 + Tie13
_ (=] g2 )ViVotes(m \?3\)V1V3+47T2V1*27TZ(V2+V3)
272 fdcsdec
Taco = —Tac12 + Tacoz
_ == |@2[)ViVat (93— @2) (= | 93— 2| ) Va V3 +47* Vo — 278 (Vi + V3) 7
anfdcsdec ( )
Tacs = —Tac13 — Tacos
_ *<P3(7T*\4’3\)‘/1V3*(993*<P2)(”2*|<P3*902|)V2V3+47T2V3*27TZ(V1+V2)
27 fdcsdec

where T.1, T4c2, and T3 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, Figure 9 displays four typical energy flow scenarios. For example, when T;.1 > 0,
T4c2 <0, and T3 < 0 which also means 0 < ¢, < @3, as depicted in Figure 8, 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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Figure 9. The typical power flow directions of the proposed topology where (a) 0 < @3 < ¢3;
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3.3. Power Efficiency Analysis

Pj, is the total input power which can be obtained through pulsing the total output
power Py, semiconductor loss Ps, transformer loss Py;, and heat loss on passive components
Pj, shown in (8).

Py, = Poyt + Ps + Py + Py, 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 conversion process are minimized. In the case of the proposed
PPP-based TAB converter, only a portion of the power is transferred through the trans-
former, resulting in lower transformer losses which means that the P;; of a PPP-based TAB
converter is less than that of a traditional TAB converter. 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,
which means that the P; of a PPP-based TAB converter is less than that of a traditional
TAB converter, 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 an MER has less loss during the conversion process than that of others in [30-33].

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 Figure 1. The system configurations are exhibited in Table 1, where the voltages
of the AC port and DC port of the bidirectional AC/DC converter are 311 V and 400 V. The
reference voltage and reference current of the bidirectional AC/DC converter model are 400 V
and 301/2 A. The voltages of port 1, port 2, and port 3 of the PPP-based TAB converter are set
to 400 V, 410 V, and 420 V, respectively. The initial state of charge of the battery pack at port
2 is considered at 50%. The inductance of L;, L, and Lj are all 300 pH, and the capacitance
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of C; and C; are both 100 uF. Moreover, the converter switching frequency is 10 kHz and
the transformer turns ratio is 1:1:1. In this section, there are five simulations that test the two
kinds of power transmission direction of the bidirectional AC/DC converter and four power
flows of the PPP-based TAB converter.

Table 1. Parameters of energy router simulation model.

Parameter Name Parameter Value
V1/Vy/V3 (Port voltages) 400/410/420V
Ve (Voltage of the main power grid) 311V
SOC (Initial state of charge) 50%
Ry (Initial resistance of load) 200 Q)
N1:N3:Nj3 (Transformer turns ratio) 1:1:1
fs (Converter switching frequency) 10 kHz
fac (AC power frequency) 50 Hz
Las (AC/DC converter inductance) 360 uH
L1 /Ly /L3 (Series inductance) 300 uH
Caq (AC/DC converter capacitance) 9 mF
C1/Cy (Series capacitance) 100 uF
Vier (Reference voltage) 400V
L (Reference current) 302 A

4.1. AC/DC Conwersion of Bidirectional AC/DC Converter

According to the analysis of the relationship of ¢, and ¢3 of the PPP-based TAB
converter, when ¢, and ¢3 satisfy the relationship in Figure 9a,b, the bidirectional AC/DC
converter is in rectifier mode. This means the AC power is transferred into the DC power

in the system.
Figure 10 shows the output voltage of the DC port. It is obvious that during the steady

state, the voltage can be maintained at 400 V. Moreover, there is a negligible fluctuation in
the voltage at the steady state condition. This shows that the proposed bidirectional AC/DC
converter can provide a stable and continuous DC voltage to port 1 of the PPP-based TAB
converter by transferring the AC power into DC power.

500 -
450 -
400 -
350 -

300

DC output voltage (V)

250

200 : : 1 - T : 1
0.0 0.5 1.0 1.5 2.0

()

Figure 10. DC output voltage of AC/DC transfer.

Figure 11 shows the active power, reactive power, and power factor of the bidirectional
ACDC converter at the AC port. During the steady state, these two values are mainly at
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about 0 W and 6500 W, respectively. This means that the power factor of the bidirectional
AC/DC converter is nearly one when transferring the AC power to the DC power.
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Figure 11. Active power and reactive power of AC/DC transfer at AC port.

4.2. DC/AC Conversion of Bidirectional AC/DC Converter

When ¢, and ¢j3 satisfy the relationship in Figure 9¢, the bidirectional AC/DC con-
verter is in inverter mode which means that it transfers DC power into AC power.

Figure 12 shows the output voltage and current of the 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-based TAB converter can provide a stable and continuous AC voltage to the AC
port of the bidirectional AC/DC converter by transferring the DC power into AC power.

Voltage (V)
Current (A)

N

S

S
|

w

=3

S
!

200+

100

-100 4

-200

-300 4

T T T T T T T T T 1
130 131 132 133 134 135 136 137 138 139 140

t(s)

-400 -1
0.0

0.5 1.0 1.5 2.0
t(s)
Figure 12. Output AC voltage and current of DC/AC transfer.

Figure 13 shows the power factor of the bidirectional AC/DC converter at the AC
port. During the steady state, these three values are 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.
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Figure 13. Active power and reactive power of DC/AC transfer at AC port.

4.3. DC/DC Conversion of PPP-Based TAB Converter

To ensure the working status of the PPP-based TAB converter in four different kinds of
power direction flows shown in Figure 9, the results below are shown in different situations
of ports 2 and 3.

4.3.1. When Port 2 and 3 Are Output Ports

In this situation, it means that the power grid has enough energy to satisfy the needs
of all the loads and the charging of EPPSs and ERSUs. The direction of power transmission
is shown in Figure 9a. Figure 14 shows the voltage and current of port 3 when ports 2 and 3
are output ports. The voltage and current of port 3 are all positive and it is obvious that
the voltage of port 3 can be maintained at about 420 V in steady states which means that
the loads can be supplied by a PPP-based TAB converter and an MER continuously and
steadily. In addition, because the current of port 3 is positive, as shown in Figure 14b, port 3
is the output port of the PPP-based TAB converter.

450 4 0.0006 4

s
=
S

0.0004

~
b}
S

N
)
S

0.0002

Voltage of port 3 (V)
Current of port 3 (A)

T T T T 1
T T T T |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t(s) t (S)

(a) (b)

Figure 14. Waveforms of port 3 when ports 2 and 3 are output ports: (a) voltage and (b) current.

s
=

400

0.0000

Table 2 is the SOC of an EPPS at port 2. The EPPS at port 2 can be charged stable and
port 2 is the output port in this condition. This means that in this relationship between ¢,
and @3, port 1 is the input port, and ports 2 and 3 are the output ports which corresponds
to the conclusion obtained in Figure 9a.
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Table 2. SOC of port 2 when ports 2 and 3 are output ports.

Time (s) Value of SOC (%)
0 40
20 41.2
30 41.8
40 42.4
60 43.6

4.3.2. When Port 2 Is Input Port and Port 3 Is Output Port

In this situation, it means that the power grid 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 Figure 9b,d when port 2 is the input port and port 3 is the output
port. Figure 15 shows the voltage and current of port 3 when port 2 is the input port. The
voltage and current of port 3 are all positive and it is obvious that the voltage of port 3 can
be maintained at about 420 V in steady states which means that the loads can be supplied
by a PPP-based TAB converter and an MER continuously and steadily.

450 0.0006 -
s 440 4 ~
S <
2z N
o o 0.0004
£ 4304 =
) o
P9 (=%
[ G
1) =]
9,420 ?,
£ 2 0.0002
§ =1

410 ©

400 T T T T 1 0.0000 T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
t(s) t(s)
(a) (b)

Figure 15. Waveforms of port 3 when port 2 is input port and port 3 is output port: (a) voltage and
(b) current.

Table 3 is the SOC of an EPPS at port 2. The EPPS at port 2 can be discharged stable and
port 2 is the input port in this condition. This means that in these relationships, between
@2 and @3, port 2 is the input port and port 3 is the output port which corresponds to the
conclusion obtained in Figure 9b,d.

Table 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
60 36.4

4.3.3. When Port 1 and 3 Are Output Ports

In this situation, it means that the EPPS has extra energy to supply to the power grid
so that P2P can be realized. The direction of power transmission is shown in Figure 9c.
Figure 16 shows the voltage of port 3 when ports 1 and 3 are output ports. The voltage
and current of port 3 are all positive and it is obvious that the voltage of port 3 can be
maintained at about 420 V in steady states which means that the loads can be supplied by
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a PPP-based TAB converter and an MER continuously and steadily. In addition, because
the current of port 3 is positive, as shown in Figure 16b, port 3 is the output port of the
PPP-based TAB converter.

450

0.0006
4404
—~
—
2 <
Z
o« e 0.0004 7
= 4304 I
2. 15
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© B
[ 4
%D 420 =
= £ 0.0002
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410 1 O
400 T T T T 1 0.0000 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t(s) t(s)
(@ (b)

Figure 16. Waveforms of port 3 when ports 1 and 3 are output ports: (a) voltage and (b) current.

Table 4 shows the SOC of an EPPS at port 2. The EPPS at port 2 can be discharged
stable and port 2 is the input port in this condition. This means that in this relationship,
between ¢, and @3, port 2 is the input port, and ports 1 and 3 are the output ports which
corresponds to the conclusion obtained in Figure 9c.

Table 4. SOC of port 2 when ports 1 and 3 are output ports.

Time (s) Value of SOC (%)
0 40
20 38.8
30 38.2
40 37.6
60 36.4

5. Experimental Verification

To verify the inputs and outputs of each port of the TAB converter for different
relationships of ¢, and @3, an experimental circuit is set up as shown in Figure 17. The
parameters of the experiment are shown in Table 5. To ensure the safety of the experiment,
a lower port voltage is used in the experiment. However, the conclusion of the power
transmission direction of each port with the relationship of ¢, and ¢j3 is not affected because
according to Equation (7), the power direction of the PPP-based TAB converter is only
affected by the relationship of ¢, and @3 and the voltage difference between port voltages.
Hence, a lower port voltage will not influence the conclusion of power transmission
direction based on the relationship of ¢, and @3 since the voltage differences of port
voltages are still very small. In addition, the instance Ly is 33 pH and N1:N3:N3 = 10:8:8.
Although the instance and transformer turns ratio are also different from the simulation
model, the power transmission direction of the PPP-based TAB converter will not be
affected by them according to Equation (7).

Table 5. Parameters of TAB converter experiment.

Parameter Name Parameter Value
V1/Vy/ V3 (Port voltages) 10/10/10V
N7:N,:Nj (Transformer turns ratio) 10:8:8
fs (Converter switching frequency) 10 kHz

Ly /Ly /L3 (Series inductance) 33 uH
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Figure 17. Photograph of experiment circuit.

Figure 18 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 ¢, and ¢3 and
the right side of each figure shows the current of each port which shows the power flow
direction. On the right side of each figure, the horizontal reference line means 0 A current.
Above the horizontal reference line, it means the port current is positive and the port is
the output. On the opposite side, being below the horizontal reference line means the port
current is negative and the port is the input. From Figure 18, the relationship between
power flow direction and ¢, and @3 is consistent with the theory shown in Figure 9 and
the simulation.

AN v, (1ovidls 1, (0.5A/div)

(—

t (10ps/div)

 (10ps/div)

Figure 18. Cont.
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Figure 18. Experimental switch voltage and current of each port of TAB converter, where (a) 0 < ¢2 < ¢3;
(b)pr <0< g@zand lgo | < l@3l;(c) 2 <3 <0;and (d) gy <0< @zand I | = lp3l.
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6. Conclusions

This paper presents a multi-port energy router that is designed to deal with emergency
power outages and realize the energy balancing between different power sources and
loads. The more ports the MER has, the more types of EEPSs and loads can be managed
and energized at the same time. In addition, more flexible urban energy management
for emergency power needs is realized by mounting the MER on mobile energy storage.
An AC/DC power conversion is accomplished by a bidirectional AC/DC converter, and
DC/DC power transmission is realized utilizing a PPP-based TAB converter. To realize P2P
trading and energy balancing, both ports in the bidirectional AC/DC converter and PPP-
based TAB converter can be input ports or output ports 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 customer’s dependence on
the main grid can be reduced and the distribution of power can be rationalized according
to their needs. Compared to a conventional emergency distribution way and an existing
ER, the designed MER has a higher power conversion efficiency and various EEPSs. For
now, the designed MER has only three ports. However, the ports of MER can be increased
by increasing the ports of the DC/DC converter so that more EEPSs can be utilized in the
MER at the same time so that clients can enjoy a wider variety of energy supply options to
cope with unpredictable power outages with high power efficiency and utilization. In the
future, by increasing the ports of MER or combining multiple numbers of MERs to form an
emergency electric power system, the problems of emergency power outages can be solved
completely. A simulation model is tested in MATLAB/Simulink so that the feasibility of
the proposed ER can be verified. In addition, each working situation of the bidirectional
AC/DC converter and PPP-based TAB converter has been tested which proves that the
proposed ER is highly efficient and makes it easy to change the working states to deal with
different situations.
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Abbreviations

MER  Multi-port energy router

ER Energy router

EEPS  Emergency electric power source
PPP Partial power processing

TAB Triple active bridge

DAB  Dual active bridge

SOC  State of charge

pP2P Peer-to-peer

EV Electric vehicle

PWM  Pulse-width modulation
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CCM  Continuous conduction mode
ERSU  Energy router storage unit

PLL Phase-locked loop

PD Phase angle detector

LF Loop filter

VCO  Voltage-controlled oscillator

SOGI  Second-order generalized integrator
FPG Frequency/phase angle generator
QSG Quadrature signal generator

AD Adaptive filter
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