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Abstract: Recently, power electronic transformers (PETs) have received widespread attention owing to their flexible 
networking, diverse operating modes, and abundant control objects. In this study, we established a steady-state model 
of PETs and applied it to the power flow calculation of AC–DC hybrid systems with PETs, considering the topology, 
power balance, loss, and control characteristics of multi-port PETs. To address new problems caused by the introduction 
of the PET port and control equations to the power flow calculation, this study proposes an iterative method of AC–DC 
mixed power flow decoupling based on step optimization, which can achieve AC–DC decoupling and effectively improve 
convergence. The results show that the proposed algorithm improves the iterative method and overcomes the over-
correction and initial value sensitivity problems of conventional iterative algorithms.

Keywords: Power electronic transformers, AC–DC distribution systems, AC–DC mixed power flow algorithm.
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1	 Introduction   

Power electronic transformers (PETs) can achieve 
independent, fast, and accurate control of the transmission 
power and voltage of each port [1]-[4]. Currently, research 
on PETs has focused mainly on the design of their internal 
structure, assembly-level simulation, and controller design. 

A topology, as well as the associated modeling analysis 
and control scheme of multi-port PETs with multi-winding 
medium-frequency transformer isolation, was proposed in 
the study of [5]. In the study of [6], the unbalanced-load 
correction capability of two typical PET topologies were 
analyzed and compared.

However, because the topology, operating characteristics, 
and control methods of PETs do not have a unified 
standard, relatively few studies were conducted on the 
operational control of the steady-state model of PETs. A 
novel method was proposed for steady-state and dynamic 
load flow calculations, as well as a method for the automatic 
participation of a meshed HVDC grid in load frequency 
control causing load flows and a decentralized DC voltage 
control [7]. A steady-state voltage source converter multi-
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terminal direct current (VSC-MTDC) model for power flow 
programs was proposed by [8], allowing the simulation of 
multiple AC grids interconnected by multiple DC grids. 
Reference [9] proposed an improved analytical model, 
derived from the bisection algorithm and superposition 
principle to investigate the steady-state performance of 
droop-controlled VSC-MTDC systems under the conditions 
of converter outage and converter overload. Further, 
Reference [10] proposed detailed steady-state and transient 
stability investigative models of PETs.

At present, AC-DC power flow algorithms are 
categorized into two types: the unified iterative method and 
the alternating iterative method [11]-[14]. The advantages 
and disadvantages of the two types of algorithms have been 
compared in detail in the study of [15]. The alternating 
iteration method is more computationally efficient than 
the unified iteration method. Moreover, owing to the 
decoupling iteration of the DC system and the AC system, 
the systems can be solved using different algorithms, so 
the alternating iteration method exhibits good scalability 
and portability. The power flow calculation of the AC–DC 
hybrid distribution network has two problems:

1) The converter and DC system equipment in AC–
DC power distribution systems has many types, and their 
power characteristics and control methods are complex; 
hence, system modeling is more difficult than that of a 
traditional distribution network [16]-[18]. Reference [19] 
proposed a decentralized optimal power flow model for 
running autonomous AC–DC hybrid microgrids, which 
considered the multiport coordinated control strategy 
of PETs. Reference [20] categorized distributed power 
and energy storage into two, namely, controllable and 
uncontrollable, and divided the controllable sources into AC 
and DC sources. However, this method is not equivalent to 
the droop control grid connection point. Referring to the ZIP 
load model of the AC distribution network, [21] categorized 
the DC load into three, namely, constant resistance, constant 
current, and constant power, and performed a mixed power 
flow calculation. To ensure the accuracy the DC transformer 
model, [22] added the DC voltage control equation of the 
primary and secondary sides on the basis of the study of [21].

2) The AC–DC hybrid distribution network contains 
many DC links, and the traditional algorithm is difficult 
to ensure effective convergence in the case of large-scale 
multi-DC feeding; thus, traditional AC–DC hybrid power 
flow algorithms or models should be improved [23]-[25]. 
Reference [26] proposed that the DC system be optimized 
first, only to iterate the AC system and to verify the DC 
variables after the AC power flow converges. This method 
avoids the problem of DC divergence due to the oscillation 

of DC variables in the alternating iteration process. 
Reference [27] suggested that large-scale DC systems are 
equipped with multiple DC relaxation nodes to achieve 
power flow convergence. According to [28], in a grid 
with many DC links, the dynamic model of the converter 
should be used to establish a quasi-steady-state power flow 
calculation model for the AC–DC hybrid system.

In this study, first, considering the topology, power 
balance, loss, and control characteristics of multi-port PETs, 
we established a steady-state model of power balance, 
internal coupling, losses, and control methods of the PET 
ports. Then, the proposed steady-state model was used in the 
power flow calculation of the AC–DC hybrid system with 
PETs. Owing to the complexity of the PET port equations 
and the associated governing equations, we proposed a 
decoupling iterative algorithm for AC–DC mixed power 
flow based on step size optimization. Finally, an example 
is provided to verify the effectiveness of the proposed 
algorithm, which can adapt to the coupling between the 
switching of the PET control modes and the power balance 
of multi-port PET ports.

2	� Characteristics of power distribution 
network system with high proportion of 
renewable energy

Owing to the increasing penetration of distributed 
renewable energy in the power distribution network and the 
advance of the power electronic processes of the distribution 
system, the components of the distribution system and the 
structure and interaction of the participants have changed 
profoundly.

At the system level (Fig. 1), distributed wind power 
and photovoltaics are connected to the distribution network 
on a large scale. Meanwhile, electric vehicles and energy 
storage can also be regarded as a flexible power supply, 
which elevates uncertainty to the source end of the grid. 
The form of the network is manifested by the diversification 
of the system’s networking mode, and the manner of 
the interactive coupling of power between AC, DC, and 
microgrids also differ, mainly determined by the function of 
power electronic power conversion devices, the abundance 
of network forms and multi-form, and multi-functional 
power electronic power conversion devices, which make 
the operational mode of AC–DC hybrid systems more 
complicated [29]. 

At the load side, many source loads with active response 
capabilities and two-way interaction capabilities exist, 
which requires users to participate in energy management. 
It also introduces new uncertainties to the load side. At 
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the device level, distributed power supply grid connection 
devices, flexible interconnection devices, power quality 
management equipment, DC system protection, isolation 
devices, and integrated power distribution terminal units all 
become more intelligent and modularized, boasting higher 
power density and higher energy density. The distribution 
network has experienced progress too, from free power flow 
to controllable power flow, which supports the system-level 
intelligent application of each link of the source-network–
load-storage and secondary system.

The future power system of Fig. 1 has the following four 
characteristics:

1) Improvement in the integration of the power control 
and communication control units has created the basic 
conditions for large-scale coordinated control of equipment.

2) Modular multilevel, pulse width modulation, and 
other power conversion technologies have complementary 
advantages in different application scenarios, thereby 
improving the energy efficiency of the power system.

3) Power conversion units can be flexibly combined, 
with multiple cascades, multiple ports, multiple flow 
directions, and multiple forms.

4) There are many fully controlled devices in the future 
power system, which has a high degree of dispersion and 
nonlinearity.

3	 Steady-state model of multi-port PETs
3.1	 Power flow calculation model of multi-port PETs 

Fig. 2 shows the generalized steady-state equivalent 
model of multi-port PETs. The PET model can be described 
by equations (1)–(8), the AC port can be described by 

equations (1)–(4), and the DC port can be described by 
equations (5)–(8). Here, superscript H represents the 
network side, including the AC network node at the far 
end of the AC–DC converter (node 2 shown in Fig. 2) 
and the DC node (node 4 shown in Fig. 2) connected to 
the secondary side of the DC–DC converter. Meanwhile, 
superscript D represents the PET port side, including the 
near-end AC node of the AC–DC converter (node 1 shown 
in Fig. 2) or the primary port node of the DC–DC converter 
(node 2 shown in Fig. 2).
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At the AC port side, PH
ack and QH

ack represent the injected 
active and reactive power at the AC port of the PET 
(the subscript ack represents the AC port number), UD

ack 
represents the voltage amplitude of the AC node on the 
port side of the AC port, and UH

ack represents the voltage 
amplitude of the AC node on the network side of the port. 
Further, δack indicates the phase angle of the node voltage 
of the AC port converter on the port side (which lags the 

D
ack ack ackE w U=

PET

LCC-HVDC

T
C

S
C

+
F

S
C

VSC-HVDC

DC distribution
network

Hydropower
station

Thermal
power station

electric car DC
load Distributed wind

power, photovoltaic

Centralized large-scale 
wind power

Centralized large-scale
photovoltaics

Power quality
sensitive load

Building load
Distributed energy

storage

AC/DC hybrid distributed renewable energy system

AC
distribution

network

Microgrid

Fig. 1 Structure and elements of the future power system

=~

=~

==

= ~

= =

= ~

SM×n SM×m

SM×n SM×m

Ek Pdck
D Pack

D D

Pack
DPdck

DPdck
H Pack

H ,Qack
H

Pk
H Qk

H,

Pack ,
D Qack

D Pack ,
H Qack

H

jback
H

gack+
H jback

H

Uack θackIack
H

Iack

Idck
D

Pdck
H

Vdck

rt

Idck

3 4

43 3

1

1

3n
=1:t

m

Uk θk

Uack θack δack–

Uack θack

Fig. 2  Generalized steady-state model of the multi-port PET



Global Energy Interconnection Vol. 3 No. 4  Aug. 2020

316

voltage of the node on the network side), gH
ack + jbH

ack is the 
equivalent admittance of the power loss, and jbH

aclk denotes 
the AC port equivalent susceptance of parallel reactive 
power loss. Moreover, Eack represents the DC side voltage 
of the AC–DC converter of the AC port, Iack is the DC side 
current of the AC–DC converter, and PD

ack represents the 
exchange power between the AC port and the PET.

At the DC port side, U H
dck represents the DC voltage 

on the secondary side of the DC port (the subscript dck 
represents the DC port number), PH

dck indicates the power 
injected into the DC port from the network connected to the 
DC port, Idck represents the DC port current on the secondary 
side of the DC–DC converter, PD

dck represents the exchange 
power between the primary side of the DC port converter 
and the power electronic transformer, Edck represents the 
DC voltage on the primary side of the DC port converter, 
I D

dck represents the DC current on the primary side of the DC 
port converter, and ΔPPET

loss represents the comprehensive loss 
of the PET.

3.2	� Loss equation of multi-port power electronic 
transformer

The total loss of the multi-port PETs can be equivalent 
to the sum of the AC port loss and the DC port loss. The 
loss equations of the two types of ports can be expressed in 
the form of quadratic equations.
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Here, ΔP loss
ack represents the comprehensive loss of the 

AC port, ΔP loss
dck is the comprehensive loss of the AC port, 

and a3k denotes the fixed loss coefficient, which represents 
the high-frequency core loss of the PET. Further, a2k is the 
linear loss coefficient, which represents the switching loss in 
the PET; a1k is the high-order loss coefficient, indicating the 
conduction loss of the switching device and the coil loss of 
the high-frequency transformer; Idck represents the injected 
current at the DC port; and Iack represents the injected 
current at the AC port.

3.3	 Control equation of multi-port PETs

Each port of the PET can have a different control 

H
dck

dck H
dck

PI
U

=

mode, which can independently control the voltage of 
their connected nodes and the transmission power of the 
port. Owing to the current decoupling control of the port 
converter, active power, and reactive power can be controlled 
independently. Table 1 present the operating mode of the 
PET.

Table 1  Operating mode of the PET

Mode
Active power 

control
Reactive power 

control

AC port

s1 P H 
ack constant Q H 

ack constant

s2 / U H 
ack constant

s3 / Q H 
ack constant

s4 P H 
ack constant U H 

ack constant

DC port

d1 U H 
dck constant /

d2 P H 
dck constant /

d3 P H 
dck- U H 

dck Sag /

Table 2 present the control equations corresponding to 
the control modes in Table 1.

Table 2  The operating mode of the PET

Control mode Control equations

PH 
k  constant                     PH 

k -PH 
k,set= 0

QH 
k  constant                    QH 

k -QH 
k,set = 0

UH 
k  constant                   UH 

k -UH 
k,set= 0

U H 
dck constant                  UH 

dck -UH 
dck,set= 0

P H 
dck constant                 PH 

dck -PH 
dck,set = 0

P H 
dck -U H 

dck Sag         PH 
dck - PH 

dck,set = K(UH 
dck -UH 

dck,set)

In the table, the subscript set indicates the value of the 
control variable of the port, and K represents the droop 
control coefficient. When the network contains multiple 
PETs, the master-slave control and the droop control are 
among the control strategy adopted by the DC port. In 
the master-slave control mode, a PET DC port must be 
controlled in a fixed DC voltage mode to maintain the DC 
node voltage. Meanwhile, the droop control can realize the 
automatic coordination of the DC voltage setting value and 
the automatic distribution of power between each DC port, 
by limiting the slope relationship between the DC power of 
each PET DC port and the DC voltage.

The AC port of the PET can independently control the 
active power and reactive power without being restricted by 
the power balance equation. Therefore, to achieve a unified 
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expression of the control equation as equations (14)–(16), 
the active and reactive control coefficients can be introduced 
for the state quantities under different control strategies.
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Here, ηP and ηQ represent the active power adjustment 
coefficient and reactive power adjustment coefficient of the 
PET port, respectively, and are both binary numbers with a 
value of 0 or 1. Table 3 presents the corresponding ηP and ηQ 
values of various control modes of the PET. Consequently, 
the number of independent control equations (Table 2) have 
been reduced to be further used in the unified representation 
of the power flow equations.

Table 3  The operating mode of the PET

Mode
Active power 

control
Reactive power 

control
ηP ηQ

AC 
port

s1    PH 
ack constant     QH 

ack constant 1 1

s2 /    UH 
ack constant / 0

s3 /    QH 
ack constant / 1

s4    PH 
ack constant    UH 

ack constant 1 0

DC 
port

d1     UH 
dck constant / 0 1

d2     PH 
dck constant / 1 1

d3    PH 
dck-UH 

dck Sag / 0 0

4	� Mixed power flow algorithms for multi-port 
PETs

4.1	� Power flow equation of the AC–DC hybrid 
system with multi-port PETs

                  �

	  f x f( )hyb = =
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The power flow equation of the AC–DC hybrid system 
with the PET can be expressed by equation (17), where 
Uaci and θaci represent the voltage amplitude and phase 

angle of the AC node, respectively; U t
aci and θ t

ack denote the 
voltage amplitude and phase angle of the AC contact node, 
respectively; Udci is the DC voltage of the AC node; and 
UH

ack represents the DC voltage of the DC connection node.
As observed in equation (17), the power flow calculation 

of the AC–DC hybrid system with the PET includes the 
following equations: 

1) DC network power flow equation ΔPloss
ack (Udci, Ydc) 

2) AC system power flow equation ΔPaci (θaci, Uaci)  
3) AC port power balance equation of AC–DC converter 

ΔPt
ack (θ

t
ack, U

t
ack), ΔQt

ack (θ
t
ack, U

t
ack), and 

4) DC port power balance equation of AC–DC converter 
ΔPt

dck (θ
t
dck, U

t
dck).

Under steady-state conditions, the power distribution of 
the DC network is expressed as follows:

		  ∆ = −P P U Idci dci dci dciρ �  (18)
Here, ρ represents the number of electrodes in the DC 
system. The current Idci injected at the DC node i can be 
written as the sum of currents flowing to other (n-1) nodes 
in the network.

                     I Y U Udci dcij dci dcj= ⋅ −∑
j
j i

n

=
≠

1

( )� (19)

To simplify the power flow equation, we rewrite 
equation (19) as a form of direct multiplication of the DC 
node admittance matrix and the DC node voltage.

		              I Y Udci dc dc= � (20)

The DC current vector Idc is expressed as Idci = [Idc1, Idc2, 
…Idck,0…0]T. As several inverters shut down or a few DC 
nodes are not connected to the AC system, the value of 
n-k elements in Idc is 0. The DC voltage vector Udc can be 
expressed as Udci = [Udc1, Udc2, …Udcn]

T. Ydc is the DC node 
admittance matrix and can be expressed as equation (21).

                          
		    Ydc =

 
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 −

y y
y y
dl dl

dl dl

−
 � (21)

where ydl is the series admittance value of the DC line 
connected to each DC node.

It should be highlighted that DC transformers are present 
in the complex DC system, and photovoltaic and DC 
energy storage are also connected to the DC system through 
the DC–DC converter. Therefore, when the DC network 
includes the DC–DC process, the DC node admittance 
matrix should be modified accordingly.

		  Ydc =
 
 
 −

y ky
ky k y

DT DT

DT DT

−
2 �  (22)

Here, yDT represents the internal impedance of the DC 
transformer and k represents the transformation ratio of the 
primary and secondary voltages of the DC transformer.
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4.2	� I terat ive method based on step size 
optimization for the AC–DC mixed power flow

Typical AC–DC mixed power flow is generally solved 
using the alternating iteration method or the unified 
iterative method. However, AC–DC mixed power flow 
equations with multi-port PETs are much more complex 
than conventional AC–DC mixed power flow equations. 
The alternating iteration method cannot handle the return of 
the port equivalent power during the iteration process. The 
unified iteration method based on Newton’s method has the 
problem of convergence caused by improper initial value 
selection owing to the addition of the PET control equation.

In this study, we improved the two power flow 
calculation methods to achieve AC and DC decoupling 
iterations while enhancing the convergence of the algorithm. 
To derive the algorithm, first we revised the power flow 
calculation equation (17).

                      �   (23)
Here, J represents the Jacobian matrix of the AC–DC 

mixed power flow equations. The Jacobian matrix can be 
express as equation (24).
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The Jacobian matrix can be express as equation (25).

                          J J J=
 
 
 
  

J J

0 0
ac
cov
ac ac

cov

cov

J

0
0

dc

 � (25)

Here, Jac is the Jacobian matrix of the AC nodes, which 
represents the contribution of the AC node state to the node 
power correction. Further, Jdc is the DC system Jacobian 
matrix, which represents the contribution of the state 
quantity of the DC node (including DC contact nodes) 
to DC power corrections; J cov

ac and Jcov are the AC–DC 
coupled Jacobian matrices, which represent the influence 
of the PET (or the VSC) port state quantity on the power 
correction amount of the port connection nodes and the 
AC nodes, respectively. In the actual power flow iteration 
process, the port state quantities of the PET and inverter 
are often specified by the control equation—that is, the port 

( )hyb hybf x J x∆ = • ∆

state quantities are kept artificially set during the iteration 
process. Therefore, when the PET port is operating in 
constant power and constant voltage mode, the value of Jcov

ac 
is 0.

The unified iterative equation of the AC–DC mixed 
power flow correction equation is expressed as follows:

∆ = ∆ + ∆

              ( ) ( )

f x f x x( ) ( )hyb hyb hyb
( 1) ( ) ( )p p p+

= ∆ + ∆ + ∆f x J x H xhyb hyb hyb
( ) ( ) ( ) ( )p p p p

� (26)

where the state variable correction value Δx (p)
hyb includes 

the AC component Δx (p)
ac and the DC component Δx(p)

dc, the 
superscript p indicates the number of current iterations, and 
n represents the sum of all higher-order terms. In the DC 
system,

         H x x f x x( ) ( ) [ ( )]∆ = ∇ ∆dc dc dc dc
( ) ( ) 2 ( ) ( )p p T p p1

2
� (27)

In the AC system, the H(Δx(p)
ac) value is 0. This difference 

leads to an asymmetry of the AC and DC iterative 
corrections. In the unified iteration process, when the initial 
value of the DC part is not selected appropriately, the AC 
power flow often diverges due to excessive corrections. 
To address this problem, we introduced the iteration step 
correction factor ς ( )p , and the iteration equation can be 
expressed as

∆ + ∆ = ∆ +

                              ( )

f x x f x( ) ( )hyb hyb hyb
( ) ( ) ( ) ( )p p p pς

ς ς( ) ( ) ( ) ( ) ( )p p p p pJ x H x∆ + ∆hyb hyb

�   (28)

After introducing the correction factor, the high-
order terms of the iterative equation of AC system can be 
approximated by Taylor expansion for the AC component.

                 H x H x( ) ( ) ( )ς ς( ) ( ) ( ) 2 ( )p p p p∆ ≈ ∆ac ac �   (29)
In the DC system, the higher-order term expression of 

the iterative equation introducing the correction factor can 
be expressed as

                    ( ) ( )

H x x f x x( ) ( ) ( ) [ ( )]ς ς( ) ( ) ( ) 2 ( ) 2 ( ) ( )p p p p T p p∆ = ∆ ∇ ∆dc dc dc dc

= ∆

1
2
ς ( ) 2 ( )p pH xdc

�  (30)

Therefore, the high-order term expressions of the AC-
DC mixed power flow iteration equation can be uniformly 
expressed as

H x H x f x( ) ( ) ( ) ( ) ( )ς ς ς( ) ( ) ( ) 2 ( ) ( ) 2 ( 1)p p p p p p∆ ≈ ∆ = ∆ ∆hyb hyb hyb
+ � (31)

Evidently, equation (29) only holds when the value of 
ς ( )p  tends to 0 or 1. The optimization model of the ς ( )p  value 
is expressed as follows:

( ) ( ) ( ) ( ) ( ) ( ) ( )1min ( ) [ ( )] ( )
2

p p p p T p p p
hyb hyb hyb hybF f x x f x xς ς ς= ∆ + ∆ ∆ + ∆ �  (32)

Let ∆ =f x a( )hyb
( ) ( )p p , ∆ + ∆ =f x x b( )hyb hyb

( ) ( ) ( )p p p ; then, the 
constraints are expressed as follows:
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         h h h h3 2 1 0
( ) ( ) 3 ( ) ( ) 2 ( ) ( ) ( )p p p p p p p( ) ( ) 0ς ς ς+ + + = 	 (33)

   �
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�  (34)

Fig. 3 shows the proposed algorithm flow chart.

of the next iteration. The x(p+1)
hyb should satisfy the following 

equations.

xhyb
( 1)p+ =





x x f x x f x x

x x f x x f x x
hyb hyb hyb hyb hyb hyb

hyb hyb hyb hyb hyb hyb

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

p p p p p p p

p p p p p p p p

+ ∆ ∆ + ∆ > ∆ + ∆

+ ∆ ∆ + ∆ < ∆ + ∆ς ς

,        ( ) ( )

,  ( ) ( )max max

max maxς
�         

�
(35)

                 
�   (36)

� (37)

5	 Case study
5.1	 Test system

Based on the model and algorithm proposed in this 
study, we modified and re-programmed the equipment 
model and the main program of the basic function module 
provided by the open source software package MATACDC 
and used the MATLAB platform to compile a multi-port 
PET AC–DC mixed power flow calculation program. The 
test system used in this study included multi-port PETs and 
multiple AC and DC voltage levels. Fig. 4 shows the test 
grid topology, and the details of the parameter data for the 
test system can be obtained from [30].

5.2	 Calculation result analysis

To verify the effectiveness of the proposed algorithm, 
the proposed algorithm was compared with two traditional 
algorithms: 1) Algorithm 1, unified iteration method; 2) 
Algorithm 2, alternating iteration method; 3) Algorithm 3, 
iterative method based on simplified optimized Jacobian 
matrix and step size correction optimization proposed in this 
study. Table 4 present the basic parameters of the PET.

Table 4  The operating mode of the PET

Port 
number

Connected 
node

Port 
impedance

Control mode and 
set value

PET1

H_1 D5 0.016+0.12j s2:UH 
ack constant,1.04

L_1 C75 0.036 d1: UH 
dck constant,0.6

L_2 C88 0.022 d2:PH 
ack constant,1.04

L_3 D8 0.016+0.26j
s1:PH 

ack constant,0.9;   
    QH 

ack constant,0.3

PET2

H_1 D6 0.016+0.12j s3: QH 
ackconstant,0

L_1 C44 0.039 d2: PH 
dckconstant,0.7

L_2 C61 0.022 d1: H 
dckconstant,1.04

L_3 D7 0.016+0.26j
s1: PH 

ackconstant,0.8;   
     QH 

ackconstant,0.4

The maximum convergence accuracy of the three 
algorithms was set to 1×10-7, and the initial value of the DC 
network voltage iteration was set to 1.04. Table 5 shows the 
calculation results and convergence iteration times of the 
three algorithms.

Fig. 3  Flow chart of the power flow calculation algorithm 
with the PET

Control parameters of input nodes, 

branches, PET and inverter

Nodal admittance matrix

Select the initial value of the iteration, 

the number of iterations P = 1

Split the Jacobian matrix and form the

AC correction equation and DC

correction equation, respectively 

Use formulas (30)-(32) to get the

maximum power deviation Y, and

calculate the iterative correction

coefficients for AC power flow and

DC power flow, respectively

Reserve the amount of unbalanced

power after using the correction factor 

Discard

correction factor

Has the power flow 
converged or the number of iterations

reached the maximum? 

Output result

end

start

(p) (p) (p) (p) (p)
max( ) ( )?hyb hyb hyb hybx x f x xς+ ∆ <∆ +∆

YES

p=p+1

YES

NO

NO

To reduce the influence of the introduced step size 
correction factor on the iterative correction amount, the 
obtained maximum power difference between the AC node 
and the DC node at the p+1 iteration must be compared to 
obtain the maximum power difference, and the obtained 
maximum power difference should be compared also with 
the maximum power difference of the system obtained 
after introducing the iteration step correction factor. We 
used the smaller of the two sets of data as the state quantity 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
max ( ) max[ ( ), ( )]p p p p p p p p p

hyb hyb ac ac ac dc dc dcf x x f x x f x xς ς ς∆ + ∆ = ∆ + ∆ ∆ + ∆

∆ + ∆ = ∆ + ∆ ∆ + ∆f x x f x x f x xmax ( ) max[ ( ), ( )]hyb hyb ac ac dc dc
( ) ( ) ( ) ( ) ( ) ( )p p p p p p
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Fig. 4  Benchmark test system for the hybrid AC–DC distribution network with PETs
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Table 5  The operating mode of the PET

Algorithm
Number of 
iterations

Maximum 
voltage 

deviation node

Maximum 
voltage 

deviation

1
34 AC iterations, 
28 DC iterations

B19 0.90657

2 31 B30 0.08869

3 22 B46 0.05872

The calculation performance comparison presented 
in Table 5 indicates that only one iteration correction 
equation should be operated during the calculation process 
of Algorithm 2 unified iteration method. Further, the 
constraints of the power electronic transformer control 
equation are considered in the iterated Jacobian matrix; 

hence, compared with the alternate iterative method 
of Algorithm 1 (which first makes the node equivalent 
and iterates the AC and DC iterative parts separately), 
Algorithm 2 has a faster convergence rate than Algorithm 
1. Algorithm 3 adds the sparsity and symmetry of the 
Jacobian matrix on the basis of Algorithm 2, which further 
improves the convergence speed of Algorithm 3 over that 
of Algorithm 2. Moreover, under the condition that all three 
algorithms meet the convergence accuracy, the calculation 
deviation of Algorithm 3 is smaller. It should be noted that 
Algorithms 2 and 3 are both based on the basic principle of 
Newton’s method, and a disadvantage of Newton’s method 
is that it is more sensitive to the selection of initial values. 
To verify whether Algorithm 3 improves the sensitivity of 
the initial values, we compared the impact of different initial 
values on the calculation performance. Table 6 presents the 
comparison of the calculation results.

Table 6  Comparison of initial value sensitivity of different algorithms

Initial value of voltage 1.00 1.01 1.02 1.03 1.05

Algorithm 1

Reached convergence? No Yes Yes Yes Yes

Number of iterations / AC36+DC29 AC30+DC26 AC29+DC25 AC28+DC26

Maximum deviation / 0.29869 0.25471 0.32862 0.37404

Algorithm 2

Reached convergence? No No No Yes Yes

Number of iterations / / / 31 33

Maximum deviation / / / 0.20789 0.33265

Algorithm 3

Reached convergence? No Yes Yes Yes Yes

Number of iterations / 28 26 23 25

Maximum deviation 0.19879 0.17452 0.09578 0.12369 0.16238

From the comparison results in Table 6, we can observe 
that because Algorithm 3 optimizes the power flow iteration 
process, compared with Algorithm 2 (which does not limit 
the iteration process), Algorithm 3 exhibits a reduced 
sensitivity to the initial iteration value. This is because the 
iterative step size optimization technology proposed by 
Algorithm 3 effectively avoids the over-correction problem 
of Algorithm 2 during the iteration process. Considering 
that Algorithm 3 enhances the anti-interference ability of 
the unified iteration method and can also ensure better 
convergence accuracy, the algorithm proposed in this paper 
can be shown to have better computing performance and 
operational adaptability.

To verify the adaptability of the algorithm proposed in 
this study to different PET control modes, the control modes 
of the two PETs were adjusted as follows: the control mode 
of the low-voltage AC Port L_3 of PET1 was adjusted to 

S4 mode, and the set value of the active power and voltage 
amplitude were adjusted to 0.8 and 1.03, respectively. The 
control mode of the low-voltage DC Port L_1 of PET2 was 
adjusted to d3, and the droop coefficient K was set to 0.75. 
After modifying the control mode, the algorithm proposed 
in this study still achieved convergence results. Fig. 5 shows 

Fig. 5  Voltage comparison of interconnection nodes before 
and after modification of the PET control mode
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the comparison of the interconnection node voltage before 
and after modification.

As shown in Fig. 5, after the control mode was modified, 
the voltage of the key interconnection node converged to the 
same value as before the modification, which verifies the 
accuracy of the PET model proposed in this paper.

6	 Conclusion

In this study, based on the topology, power balance, 
loss, and control characteristics of multi-port PETs, we 
established a steady-state model of the PET and applied this 
state model to the power flow calculation of AC–DC hybrid 
systems with PETs. To address the new problems caused 
by the introduction of the PET port equations and control 
equations to the power flow calculation, we proposed an 
iterative method of AC–DC mixed power flow decoupling 
based on step optimization, which can achieve AC–DC 
decoupling and effectively improve convergence. The 
results demonstrates that the proposed algorithm improved 
the iterative method to overcome the over-correction and 
initial value sensitivity problems of conventional iterative 
algorithms.
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