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Abstract-- The energy router is an emerging device concept 

that is based on an advanced power electronic technique. It is 

able to realize flexible and dynamic electric power distribution in 

power systems analogous to the function of information routers 

in the Internet. It is of great interest to investigate how the energy 

router can be used to optimize power system operation. This 

paper formulates the steady-state power flow model of the energy 

router embedded system network and the related optimal power 

flow (OPF) formulation. The role of the energy router in 

providing extra flexibility to optimize the system operation is 

studied. Case studies are carried out on a modified IEEE RTS-79 

system and a modified IEEE 118 bus system with the energy 

router. The results show that the energy router is able to optimize 

the operation of the power system through controlling the power 

injections and voltage of ports of the energy router. Operating 

objective such as adjusting branch power flow, improving bus 

voltage and reducing active power losses of the grid can be 

reached under different objective functions. 

 
Index Terms-- energy router, optimal power flow, energy 

internet, flexibility, AC/DC 

NOMENCLATURE 

Sets and Indices 

NS  Set of buses of the AC network 

KS  Set of ports of the energy router 

i  Index for AC buses, 
Ni S   

l  Index for energy router ports, Kl S   

N  Number of buses of the AC network 

K  Number of ports of the energy router 

Φ  Primary side of the energy router 

Ψ  Secondary side of the energy router 

 

Parameters 
HG  Port conductance of the energy router 
HB  Port admittance of the energy router 
H

cB  Ground admittance of ports of the energy router 
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Variables 

P  Active power injections of the AC network 

Q  Reactive power injections of the AC network 

U  Voltage magnitudes of the AC network 

θ  Voltage angles of the AC network 
HP  Active power injection of the energy router 
HQ  Reactive power injection of the energy router 

m  Equivalent utility control factor 

E  Voltage at the DC side of ports of the energy router 

δ  Voltage angle lags of ports of the energy router 

EΦ Normalized DC voltage of the primary side of the 

energy router 

EΨ Normalized DC voltage of the secondary side of the 

energy router 

 

Matrices 

M Port-bus incidence matrix 

G  Conductance matrix 

B  Admittance matrix 

I.  INTRODUCTION 

ITH the rapid development of power electronic and 

communication technologies, flexible power electronic 

devices are continuing to change the power system [1]. The 

rapidly increasing renewable energy integration and smart grid 

participators (e.g., distributed generation, electric vehicles and 

distributed storage) have increased the need for smarter energy 

management [2][3]. The concept of energy routers is therefore 

proposed, which is defined as a series of power electronic 

equipment that is able to manage energy flows as flexibly as 

information flows in the Internet [4]. It is considered an 

enabling component for building the future form of the smart 

grid: the energy internet [5] [6]. 

There has been some preliminary research on energy 

routers, covering their functionality, architecture design, and 

control strategies. The definitions and configurations of 

energy routers are distinct. However, visions of their 

functionality are similar. The power flow on each feeder can 

be flexibly controlled in both directions and can be regulated 

in real time [7]. The voltage of each feeder can be 

independently controlled to optimize the performance of the 

overall system [8]. The energy router facilitates distributed 

renewable energy resources and storage devices accessing and 
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detaching from the power system freely, forming plug-and-

play energy ports [9]. The energy router is also able to isolate 

the faults of the distribution system [10]. Working together 

with the energy storage devices, energy routers are able to 

shift the energy consumption from one period to another 

flexibly [11]. Furthermore, energy routers are able provide 

dynamic control to support the security and stability of the 

power system through situational awareness techniques [12]. 

At present, research on the energy router is mainly 

concentrated on its inner power electronic configuration. The 

project on the Future Renewable Electric Energy Delivery and 

Management System (FREEDM) carried out by North 

Carolina State University is designing a solid-state-

transformer-based (SST-based) version of the energy router 

for the purposes of developing a smart distribution network 

and micro grid [13]. The energy router is also equipped with 

intelligent communications that facilitate the smart control of 

both loads and generators in the distribution network or micro 

grid [4]. Researchers have reported different power electronic 

topologies for energy routers [14] - [16]. With the appropriate 

control strategies for power electronics, the power 

output/injection can be independently controlled to meet 

consumers’ demands [17] [18]. Using the energy router as a 

basic element, the distribution system can achieve smarter 

energy management and improve the performance of the 

energy internet [19] [20]. 

The functionality of the energy router in optimizing the 

operation of power systems has received great attention [21] - 

[23]. A generalized system connection diagram of an SST-

based energy router is shown in Fig. 1. The energy router 

connects two or more layers of the power system or connects a 

micro grid to the power grid. The energy router usually has 

multiple ports that could be connected to different buses or 

feeders [24]. Through such layouts, the energy router is able to 

improve the power system operation using strategic controls: 1) 

By optimizing the power output/injections of ports on the 

same levels of power grids, the power flows on each layer of 

the grid can be optimized to reduce congestion [25]. 2) By 

optimizing the power flow through the SST, the power flow 

through other conventional transformers can also be changed 

to eliminate congestion. 3) By independently setting the bus 

voltage of the associated ports, the power system reactive 

power flows can be optimized to reduce losses [26]. 4) By 

intelligently controlling the operation of the micro grid, the 

efficiency of the entire power system can be improved [27].  

 
Fig. 1.  System connection diagram with the participation of energy routers 

In addition to the energy router’s inner structural design, 

component-level simulations and control strategies, research at 

the power system level is also of great value, e.g., how the 

energy router can be used to improve the power system 

operation and how much benefit it can bring to the power 

system. Our latest work addresses this issue by proposing a 

generalized configuration of the SST-based energy router [28]. 

The steady-state model of the energy router is derived based 

on the circuit equations of the power electronics. The steady-

state model acts as a basic formulation for the power flow 

calculations and optimizations considering energy routers. 

Current research on the energy router is focused on the low 

voltage level (10 kV/400 V), and its future application in the 

transmission network is expected to be feasible and valuable: 

1) The technology needed for high-voltage, high-capacity 

energy routers is already in the demonstration stage. Voltage-

Sourced Converters (VSC) for the transmission level have 

been used in real power systems, e.g., the Unified Power Flow 

Controller (UPFC) in Jiangsu province, China [29] and the 

Zhoushan DC grid in China [30]. The technique of SST-

related power electronics is also able to reach higher voltage 

levels by cascading multiple modules; for example, the State 

Grid Corporation of China is building a multi-port DC 

network at Zhangbei Test Base [31]. 2) The energy router in 

the transmission grid is able to play a more effective role in 

controlling the power flow than in the distribution network. 

By strategically routing the energy, it is able to adjust the 

power flow in both voltage levels, thereby improving the 

operation state of the power system. 

On this basis, this paper proposes the OPF formulation of 

power systems equipped with an energy router. Because the 

energy router is able to change the network power flow by 

setting the related voltage and power injections, compared 

with the conventional OPF problem [32], the energy router 

provides extra flexibility in controlling the power system. The 

proposed OPF model helps explore how the control of the 

energy router can be optimized together with the output of 

generators and the load tap changers of transformers. To solve 

such a nonconvex, nonlinear programming model [33], the 

tool IPOPT is applied [34]. The gradient of the objective 

functions and the Jacobian matrix of the constraints are 

derived for using the IPOPT solver [35]. The results of the 

OPF model under different optimal targets with and without 

the energy router are compared to demonstrate the role of the 

energy router in improving the performance of the overall 

system.  

The contributions of this paper are summarized as follows: 

1) We propose a normalized power flow model for an 

energy-router-incorporated power system, which has 

not been studied yet, by defining the port-bus 

incidence matrix; 

2) The OPF model of the energy router embedded power 

system is proposed, thus facilitating an optimization 

of the operating state of the power system via the 

coordination of generators, transformers, and the 

energy router; 

3) Effects of the energy router on improving the 
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performance of power systems are demonstrated by 

running OPF model under different operating 

objectives. 

The remainder of the paper is organized as follows. Section 

II outlines the generalized steady-state mathematical model of 

the energy router and derives the network power flow 

equations for a power system with the energy router. The OPF 

formulation with the participation of the energy router is 

proposed in Section III. Section IV carries out preliminary 

case studies by a modified IEEE RTS-79 system and a 

modified IEEE 118 bus system, comparing the results of the 

OPF formulation under different optimization objectives and 

the results between the OPF formulation and normal system 

operating states. Finally, Section V concludes this paper. 

II.  POWER FLOW MODEL OF THE ENERGY ROUTER 

INCORPORATED POWER SYSTEM 

A.  Configuration of the Energy Router 

The configuration of the generalized energy router is shown 

in Fig. 2. It consists of two sides (voltage levels): the primary 

side (with subscript Φ) and the secondary side (with subscript 

Ψ). Each side can be placed with several ports, e.g., KΦ ports 

for the primary side and KΨ for the secondary side. Each port 

is made of a flexible AC/DC converter that releases or extracts 

power from the DC bus. The two DC buses are linked using a 

DC/DC transformer. The proposed configuration can be easily 

expanded to multiple voltage levels. 
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Fig. 2.  Configuration of the generalized energy router 

 

In the generalized configuration of the energy router, the 

active and reactive injection power of each port are expressed 

by PH and QH, respectively, and the magnitude and angle of 

the port voltage are expressed by U and δ, respectively. The 

primary side has KΦ ports in total, which share the same DC 

voltage EΦ, as does the secondary side. The parameters on the 

AC grid side PH, QH, and U of each port can be independently 

controlled by the flexible VSC-based AC/DC converter. 

B.  Power Flow Equations of the Energy Router 

The equivalent circuit mode of the AC/DC converter is 

shown in Fig. 3 [36]. For the l-th port, the converter is 

composed of a converter bridge, a converter reactor, a DC 

capacitor and an AC filter. The fundamental wave voltage is 

marked by 
H

lU , and l  denotes the angle by which 
H

lU  lags 

lU . The loss of the converter is described by resistance 
H

lR , 

whereas 
H

lX  and 
H

clX  represent reactance at the fundamental 

frequency of the converter and filter, respectively. 
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Fig. 3.  Model of the AC/DC converter of the energy router  

 

The conductance and susceptance of the AC/DC converter 

at each port are defined in (1). 
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  (1) 

The power flow equation of the l-th port of the energy 

router can be expressed as 

  2 cos sin 0H H H H

l l l l l l l l l lP G U m E G B U       (2) 

    2 sin cos 0H H H H H

l cl l l l l l l l l lQ B B U m E G B U       (3) 

In (2) and (3), lU  refers to the voltage magnitude of the bus 

in the AC network, which connects to the l-th port of the 

energy router, and mi is the defined equivalent utility control 

factor, which is the ratio of the AC side voltage magnitude and 

the DC side voltage magnitude of the port of the energy router, 

which means: 

 
H

l l lU m E   (4) 

where 
H

lU and lE are the related voltage magnitudes that are 

pointed out in Fig. 3. The equivalent utility control factor is 

determined by the voltage utilization factor of the DC side (  ) 

and the modulation index of the converters ( ). The voltage 

utilization factor of the DC side and the modulation index of 

the converters are common control parameters in power 

electronics. For the VSC-based AC/DC converter, the voltage 

utilization factor of the DC side denotes the maximum ratio of 

the AC voltage fundamental amplitude to the DC side voltage. 

The modulation index is the ratio of the modulation wave 

voltage amplitude to the carrier wave voltage amplitude In 

Pulse-Width Modulation (PWM). The quantitative 

relationship of lm , l  and l  can be expressed as follows: 

 
2

l l

lm
 

   (5) 

Equation (5) shows that a larger voltage utilization factor of 

the DC side and a smaller modulation index of the converter 

will result in a larger utility control factor. 

The active power balance equation of the energy router is 

described as 
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2 2

0l l l l st

l K l K l K

E I I R I R P
 

 

  

    
        

     
     (6) 

where ΔPst represents the static power loss of the DC/DC 

transformer, the loss of the DC/DC transformer is represented 

by equivalent resistance R (the primary side) and R  (the 

secondary side). In (6), Il is defined as 

  2 cos sinH H H

l l l l l l l l l lI G m E m G B U       (7) 

for all 
Kl S . 

C.  Port-bus Incidence Matrix 

To integrate the power flow model of the energy router into 

the classic power flow model, the port-bus incidence matrix M 

is introduced. M is an N×K matrix, the elements of which are 

defined as follows 

1) Mil is 1 if the i-th bus of the AC network is connected to 

the l-th port of the energy router; 

2) Mil is 0 in other cases. 

D.  Normalized Power Flow Model 

By introducing the port-bus incidence matrix, the 

normalized power flow model for the energy router-

incorporated power system can be built as follows: 

  
1 1

sin cos 0
K N

H

gi di il l i j ij ij ij ij

l j

P P M P U U B G 
 

       (8) 

 
1 1

sin cos 0
K N

H

gi di il l i j ij ij ij ij

l j

Q Q M Q U U G B 
 

       (9) 

for all 
Ni S , and 
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  (10) 
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i

N
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i
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  (11) 

for all 
Kl S .  

Furthermore, (7) can be reorganized as 

  2

1

cos sin
N

H H H

l l l l l l l l l il i

i

I G m E m G B M U 


      (12) 

Equations (8) - (11), together with (6) and (12), form the 

power flow equations of the overall system network, which is 

used as a basis in formulating the OPF model in the next 

section. 

III.  OPF FORMULATION CONSIDERING ENERGY ROUTER 

A.  Objective Functions 

The purpose of this integrated OPF model is to optimize the 

output power for all generators and the port power flow of the 

energy router during operation. In this formulation, bus power 

injections, bus states, and control and state variables of the 

energy router are modified coordinately, aiming to achieve the 

ideal operating state of the power system. 

Objective functions under different control targets are 

shown below, respectively.  

 1) Minimize system active power losses 

  1

1
i i

N

g d

i

Min F P P


    (13) 

 2) Minimize generation costs 

 
2

1

( )
i

N

i g

i

Min F C P


   (14) 

 Usually, quadratic functions are commonly used to describe 

the generation costs, which can be expressed as 

 
2( )

i i ii g i g i g iC P P P       (15) 

 3) Minimize bus voltage deviation  

  
2

3 0

1

N

i i

i

Min F U U


    (16) 

B.  Constraints 

This formulation is subject to the following constraints: 

 1) Power flow equations for the AC network 

 0giP    (17) 

 0giQ    (18) 

for all 
Ni S . giP  and giQ  are defined by (8) and (9), 

respectively. 

2) Line power flow upper and lower bound constraints of 

the AC network 

  min 2 maxcos sinij ij i j ij ij ij ij ij i ijS S U U G B G U S       (19) 

for all , Ni j S . 

3) Port power flow equations of the energy router 

 0H

lP    (20) 

 0H

lQ    (21) 

for all 
Kl S . 

H

lP  and 
H

lQ  are defined by (10) and (11), 

respectively. 

4) Voltage balance equations of the DC/DC level 

For all variables on the primary side of the energy router, 

we have 

 = 0l lE E E   , for all Kl S


  (22) 

And for all variables on the secondary side of the energy 

router, we have 

 = 0l lE E E   , for all Kl S


   (23) 

5) Active power balance equation of the energy router 

 0lossP    (24) 

in (24), lossP  is defined by (6) and (7). 

6) DC/DC level exchanged power flow upper and lower 

bound constraints of the energy router 

  min 2 max( )H

DC DC l l DC

l K

P P E G m E f l P


    



       (25) 

  min 2 max( )H

DC DC l l DC

l K

P P E G m E f l P


    



       (26) 

where 
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1

( ) cos sin
N

H H

l l l l l il i

i

f l m G B M U 


     (27) 

7) Port complex power upper and lower bound constraints 

of the energy router 

      
2 2 2

2 ,max0 H H H H

l l l lS P Q S    , for all 
Kl S  (28) 

8) Upper and lower bounds of the parameters involved in 

this model 

 
min max

i i iP P P  , for all 
Ni S  (29) 

 
min max

i i iQ Q Q  , for all 
Ni S  (30) 

 
min max

i i iU U U  , for all 
Ni S  (31) 

 
min max

i i i    , for all 
Ni S  (32) 

 
,min ,maxH H H

l l l
P P P  , for all 

Kl S  (33) 

 
,min ,maxH H H

l l l
Q Q Q  , for all 

Kl S  (34) 

 
min max

l l l
E E E  , for all 

Kl S  (35) 

 
min max

l l l
    , for all 

Kl S  (36) 

 
min max

l l l
m m m  , for all 

Kl S  (37) 

The overall OPF formulation is discussed above. The 

optimization variables in this programming model include P, 

Q, U, θ, PH, QH, E, δ and m. Among all of them, P, Q, PH, QH, 

E and m are independent variables that can be optimized while 

the rest of the variables are determined by these independent 

variables. 

C.  Matrix Formulation of the Optimization Problem 

To make the model more easily to be understood, the model 

is converted into a unified matrix formulation. The variables 

and constraints are first reorganized. The variables appearing 

in the OPF model are placed in a normalized vector form, 

namely 

   
T

T T
T T T T T T T T TE E 

 
  

H H

g g
x P Q U θ P Q E δ m   (38) 

The constraints of the model are reorganized as  

 
loss

T
P   

H H H2

gi gi ij l l l DC l
C ΔP ΔQ S ΔP ΔQ ΔE P S   (39) 

in (39), C represents the combination of constraints (17) - (28). 

After the reorganization of the variables and constraints, the 

OPF model can be rewritten in a generalized form, which is 

described as 

 ( )Min F x   (40) 

 Subject to 

 min max C C C   (41) 

 min max X X X   (42) 

The subsequent analysis and the simulation is carried out 

based on this normalized form. 

D.  Discussion 

Incorporated with the energy router, the OPF model of the 

comprehensive system differs from the conventional model in 

the following aspects. 

1) Optimization space 

After the system has incorporated the energy router, new 

constraints are brought into the formulation. These constraints 

emerge mainly because of the port power flow and the inner 

power balance equations of the energy router. Without the 

energy router’s participation, the constraints of the related 

buses and branches are in equality forms, and the value of 

power injections on the related buses and power flow in the 

related branches must follow Kirchhoff's voltage law and do 

not have the freedom to be optimized individually. However, 

in the new OPF model, these equality constraints no longer 

exist; instead, the newly introduced constraints include the 

total power balance of the energy router and the related 

parameters varying within certain limits. These newly 

introduced constraints, together with the power balance 

constraints of the AC network, define the variable space of the 

OPF model. 

2) Solving complexity 

Compared with the formulations of the original network 

power flow constraints, the degree of nonlinearity is much 

higher on the newly introduced constraint features of the 

energy router. This is particular prominent in (24), which 

consists of the quartic polynomial, quadratic terms, 

trigonometric terms and their coupling forms. Some 

optimization tools based on the simplex method, such as 

CPLEX, are unsuitable for solving such a difficult 

programming model. Also, current approximation or 

relaxation approaches of OPF to satisfy the CPLEX’s 

requirements may not be applicable to such a formulation 

because adding energy router may jeopardize the precondition 

of such approximation or relaxation. Therefore, here we use 

IPOPT to directly solve the model. Similar to traditional OPF 

model, using IPOPT will also face the convergence problem. 

However, in this paper we only focus on the modeling of the 

energy router. In order to tackle the convergence problem, the 

initial value is selected beforehand. 

3) The role of the energy router in power system 

optimization 

The application of the energy router changes the structure 

of the system; moreover, the relationship among the power 

flow injections and bus voltages are also changed. Some 

quantities that are dependent on the power flow injections in 

the conventional system, such as voltage and power flow, can 

be adjusted through the decouple control strategies of the 

energy router. For example, the port voltages of the energy 

router can be determined individually if we would like to keep 

them on their assigned value. The magnitude and direction of 

the power flow at each port could be controlled flexibly, if 

there are congestions on some transmission lines and the 

power flow of some ports are required to change their 

direction in order to eliminate the congestion. All of the above 

can be achieved under the set of power balance equations of 

the energy router. 

IV.  CASE STUDY 

The OPF formulation of the system is solved using IPOPT 

3.12 together with Matlab R2015b on a Windows 7-based PC 

with four threads clocking at 2.50 GHz and 8 GB of RAM. 
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A.  IEEE RTS-79 System 

In this section, a modified IEEE RTS-79 system is used to 

demonstrate the results of the OPF formulation on the energy-

router-incorporated system network under different optimal 

objectives, and comparisons among them are discussed. 

    1)  System Configuration 

The configuration of the modified RTS-79 system is shown 

in Fig. 4. Transformers between buses #9 and #11 and 

between #10 and #12 are replaced by an energy router with 

two primary ports (1 and 2) and two secondary ports (3 and 4). 

The rated capacity of the energy router is 350 MVA, and the 

rated voltages of the primary and secondary side are 138 kV 

and 230 kV, respectively. The total load of the power system 

is 2850 MW. The output of the generators is extracted from 

the example files from ‘Case24_ieee_rts’ in Matpower version 

5.1. The impedance parameters of the primary and secondary 

sides are R = 0.00181, X = 0.0363, and Xc = -7.2617, with a 

100 MVA base capacity. The equivalent resistance of the 

DC/DC transformer stage is set to REΦ = 0.000494, REΨ = 

0.000494, and the static active power loss is set to ΔPst = 

0.0412. 
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Fig. 4.  Modified IEEE RTS-79 system with the energy router 

 

    2)  General Experimental Results on Generation Data 

The results of the modified IEEE RTS-79 system under 

different optimal targets proposed in Section III.A (F1, F2 and 

F3) are shown in this part. Fig. 5 shows the active and reactive 

generation outputs of the OPF results in these cases. Fig. 6 

calculates the generation cost and the active power losses 

under different optimal objectives.  
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Fig. 5.  System generation data of the OPF results  
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Fig. 6.  Generation statistical information of the OPF results  

 

Table I shows that the generation outputs vary under 

different optimal objectives, most of which reach their upper 

or lower bounds in each case. Table II shows that F2 has the 

lowest generation cost, whereas F1 has the minimum active 

power loss, agreeing with their respective control targets. 

    3)  General Experiment Results on Operation States 

The bus voltage magnitudes and angles of the OPF results 

are shown in Fig. 7. In the cases whose optimal targets are F1 

and F2, the bus voltage magnitudes and angles are similar. 

The fluctuations among different buses are small in these two 

cases. Furthermore, in the last case with the minimum bus 

voltage deviation target (F3), the system bus voltages are very 

close to the rated value, which meets the optimal target. 
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Fig. 7.  Bus Voltage Magnitude and Angle of the OPF Results 

 

A comparison between the above results shows that once 

the set targets are reached, other characteristics of the system 

must deviate from the normal value. In other words, it is 

impossible to achieve all benefits without bearing the related 

losses. 
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    4)  Discussion on the Functions of the Energy Router 

Details of the inner operation information of the energy 

router in different cases are shown in Appendix A, including 

the active and reactive power injection of the energy router, 

equivalent utility control factor, voltage at the DC side of ports 

of the energy router and voltage angle lags of the ports of the 

energy router in the OPF results. It is meaningful to determine 

the differences in the energy-router-related buses and lines 

between the original system and the integrated system. Taking 

Case F2 as an example, Fig. 8 shows the port power flow 

injections of the energy router and the corresponding power 

injections in the original system under the objective of 

minimizing the system generation cost. 
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Fig. 8.  Bus Voltage Angle of the OPF Results 

 

 The comparison in Fig. 8 shows that the energy router is 

able to change the power flow at the related ports. The values 

of the active and reactive power flow in the integrated case are 

much larger than they were in the conventional case. Thus, it 

would be easy to find the proper way to promote the system 

voltage level or operation states using this feature of the 

energy router. 

B.  IEEE 118 Bus System 

In this part, the modified IEEE 118 bus system is used to 

compare the OPF results of the original system and the 

energy-router-incorporated system, under the optimal target of 

minimizing the system active power losses.  

    1)  System Configuration 

The parameters of the generator, nodes and branches are 

extracted from the example files from ‘Case118’ in Matpower 

version 5.1. The total load of the system is 4242 MW. The 

transformers of the original system, shown in Appendix B, are 

incorporated with an energy router with 9 ports on the primary 

side and 10 ports on the secondary side, of which the last port 

is connected to bus #10 in the original system. The rated 

capacity of the energy router is 500 MVA, and the rated 

voltage of the primary and secondary sides are 138 kV and 

345 kV, respectively. 

    2)  Experimental Results 
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Fig. 9.  Comparisons of the bus voltage magnitudes between the two cases 

 

For the two cases, the total active power loss in the 

conventional system is 9.23 MW, whereas in the energy-

router-incorporated system, the loss is 9.16 MW, slightly 

better. Moreover, the advantages are enhanced in other aspects 

after the energy router adjusts the system behavior. Fig. 9 

demonstrates the comparisons of the bus voltage magnitudes 

between the systems. It is easy to find that the most voltage 

magnitudes decrease after the incorporation of the energy 

router. In the conventional case, many bus voltage magnitudes 

reach their upper bounds to lower the currents of the network, 

so the losses of the lines are reduced. However, in the 

modified system, the energy router is able to lower the system 

losses without pushing the bus voltage to the edge of the 

safety limit. 

Fig. 10 compares the active power of each branch between 

the two cases. The results show that the energy router is able 

to manage the power flow of not only the branches that are 

directly connected to it but also those that it can indirectly 

impact. For example, the energy router lowers the power flow 

on branches #127 and #37 by 9.87 MW and 9.69 MW, 

respectively, and further shifts the power flow in branch #102 

to branch #109. Because the branch has lower resistance, the 

active power losses are reduced. The results suggest that 1) the 

control of the energy router should consider not only the local 

region but the overall power system and 2) the location of the 

energy router determines how and how much it is able to 

improve the power system performance.  
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Fig. 10.  Comparisons of the line active power flows between the two cases 
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    3)  Discussions 

The purpose of the above comparisons between the original 

system and the energy router incorporated system is to 

validate the proposed model and conceptually demonstrate the 

how and how much the energy router improves the operation 

of the power system. It might be over-idealized compared to 

reality. In the real system operation, the practical control 

schemes may also need to be taken into consideration, such as 

the automatic voltage control scheme. Under such conditions, 

additional constraints may be introduced into this model to 

take into account more practical control schemes.  

V.  CONCLUSION 

This paper proposes a generalized steady-state model of the 

energy router and expands the system power flow model by 

incorporating the formulation of the energy router using the 

port-bus incidence matrix. The energy router embedded OPF 

formulation is then proposed. The results of the case studies 

on a modified IEEE RTS-79 and a modified IEEE 118 bus 

system show that the system is able to optimize the power 

system operation through controlling the power injections and 

voltage of ports of the energy router. This study demonstrates 

the roles of the energy router in improving the performance of 

a power system in a smarter and more flexible manner (as an 

energy internet). It is of great value to further investigate the 

issues of system planning considering the energy router. For 

example, how the configuration of the energy router can be 

optimized with respect to the capacity of inverters on each 

port and the capacity of the SST from the power system point 

of view? Where and how many energy routers should be 

placed in the power system? The generalized mathematical 

steady-state model of the energy router and the OPF 

formulation of the energy-router-incorporated system network 

will act as the basic formulations for answering these 

questions. 

APPENDIX A 

TABLE A I.  PORT DATA OF THE ENERGY ROUTER UNDER CASE F1 

Port No PH / MW QH / MW E δ/° m 

1 -199.1 -57.1 1.9 -3.41 0.5825 

2 -294.1 75.4 1.9 -5.26 0.5668 

3 199.4 -16.0 2.1 3.47 0.5206 

4 302.4 -21.8 2.1 5.24 0.5228 

 

TABLE A II.  PORT DATA OF THE ENERGY ROUTER UNDER CASE F2 

Port No PH / MW QH / MW E δ/° m 

1 -273.7 -80.0 1.9 -4.54 0.5942 

2 -446.3 85.0 1.9 -7.90 0.5706 

3 327.7 -25.0 2.1 5.68 0.5232 

4 406.0 -47.4 2.1 7.00 0.5275 

  

TABLE A III.  PORT DATA OF THE ENERGY ROUTER UNDER CASE F3 

Port No PH / MW QH / MW E δ/° m 

1 -484.2 -46.0 1.9 -10.26 0.5318 

2 -486.1 200.0 1.9 -13.64 0.4468 

3 500.0 200.0 2.1 13.57 0.3979 

4 500.0 153.9 2.1 13.54 0.4033 

  

TABLE A IV.  PORT DATA OF THE ENERGY ROUTER UNDER CASE F4 

Port No PH / MW QH / MW E δ/° m 

1 -307.2 -69.6 1.96 -5.95 0.5336 

2 -361.1 56.6 1.95 -7.50 0.5125 

3 249.1 -27.1 2.05 5.18 0.4897 

4 432.9 -70.9 2.06 8.88 0.4976 

 APPENDIX B  

TABLE B I.  TRANSFORMERS MODIFICATION INFORMATION OF  

THE IEEE 118 BUS SYSTEM 

Transformer 

No 

Associated bus No. 

of the primary side 

Associated bus No. 

of the secondary side 

1 5 8 

2 25 26 

3 17 30 

4 37 38 

5 59 63 

6 61 64 

7 66 65 

8 69 68 

9 80 81 
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