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Abstract——The power flow (PF) calculation for AC/DC hybrid 
systems based on voltage source converter (VSC) plays a cru‐
cial role in the operational analysis of the new energy system. 
The fast and flexible holomorphic embedding (FFHE) PF meth‐
od, with its non-iterative format founded on complex analysis 
theory, exhibits superior numerical performance compared with 
traditional iterative methods. This paper aims to extend the FF‐
HE method to the PF problem in the VSC-based AC/DC hybrid 
system. To form the AC/DC FFHE PF method, an AC/DC FF‐
HE model with its solution scheme and a sequential AC/DC PF 
calculation framework are proposed. The AC/DC FFHE model 
is established with a more flexible form to incorporate multiple 
control strategies of VSC while preserving the constructive and 
deterministic properties of original FFHE to reliably obtain op‐
erable AC/DC solutions from various initializations. A solution 
scheme for the proposed model is provided with specific recur‐
sive solution processes and accelerated Padé approximant. To 
achieve the overall convergence of AC/DC PF, the AC/DC FF‐
HE model is integrated into the sequential calculation frame‐
work with well-designed data exchange and control mode 
switching mechanisms. The proposed method demonstrates sig‐
nificant efficiency improvements, especially in handling scenari‐
os involving control mode switching and multiple recalculations. 
In numerical tests, the superiority of the proposed method is 
confirmed through comparisons of accuracy and efficiency with 
existing methods, as well as the impact analyses of different ini‐
tializations.

Index Terms——AC/DC power flow, holomorphic embedding, 
numerical performance, voltage source converter (VSC).

I. INTRODUCTION 

THE AC/DC hybrid systems based on voltage source 
converter (VSC) possess significant advantages in 

achieving flexible control, high-capacity transmission, and in‐

tegration of renewable energy sources such as photovoltaic 
(PV) and wind power [1] - [3]. Power flow (PF) calculation 
in AC/DC hybrid system serves as the basic analytical tool 
for hybrid system planning, operation analysis, and stability 
assessments. Considering the complexity of hybrid topolo‐
gies and the diversity in control modes of VSCs, the devel‐
opment of PF methods for rapidly, accurately, and reliably 
obtaining accurate AC/DC PF solutions has been a focal re‐
search point.

Current AC/DC PF methodologies can be categorized into 
unified [4]-[7] and sequential [8]-[11] methods. The unified 
method formulates a high-dimensional nonlinear equation by 
integrating AC and DC subsystems with converter equations, 
leading to rapid convergence. However, computational effi‐
ciency may be diminished in solving large systems. In con‐
trast, the sequential method, offering superior scalability and 
flexibility, solves subsystem and converter equations indepen‐
dently, yet faces challenges in ensuring overall algorithm 
convergence due to data exchange between modules.

Using iterative techniques such as the Newton-Raphson 
(N-R) method to solve the nonlinear PF equations consti‐
tutes the central procedure in both unified [5] and sequential 
[8] methods. In most AC cases, N-R-based PF method con‐
verges to the feasible solution particularly. However, the AC/
DC PF methods based on N-R method encounter several 
challenges:

1) The most notable drawback of the N-R-based PF meth‐
od is that its convergence is highly sensitive to a reasonable 
initial guess. If the initial guess deviates significantly from 
the true PF solution, the method may fail to converge, lead‐
ing to computational failure [12], [13].

2) To solve the AC/DC PF equations by N-R method, the 
Jacobian matrix must incorporate multiple control variables 
of the VSC [9]. This leads to extra modifications and recal‐
culations when switching converter control strategies, there‐
by escalating computational complexity. Moreover, varying 
control parameters increase the risk of the Jacobian matrix 
becoming singular, ultimately resulting in solution failure.

3) The high-dimensional and nonlinear nature yields multi‐
ple solutions of PF equation. Only the high-voltage (HV) so‐
lution is operable for the system [14]. In the application of 
N-R-based PF method, convergence to HV solution cannot 
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be guaranteed due to the unpredictable convergence property 
of these methods.

To address the aforementioned issues, a non-iterative PF 
method based on holomorphic embedding (HE) is firstly pro‐
posed in [15]. The HE PF method, which is based on com‐
plex analysis, transforms PF equations into those that satisfy 
Cauchy-Riemann conditions by embedding complex vari‐
ables, and obtains solutions through analytic continuation 
techniques. Later in [16] and [17], by refining the structure 
of the embedded PF equation, the HE PE method is extend‐
ed to be applicable to general AC PF problems with PV bus‐
es and nonlinear DC PF problems. Benefiting from the non-
iterative solving process, the HE PF method provides a theo‐
retical guarantee of converging to HV solutions as long as 
they exist [18]. It enables the HE PF method to exhibit supe‐
rior numerical performance compared with the N-R-based 
method. The implementation of the HE method has been ex‐
tended to encompass modeling of flexible AC transmission 
system (FACTS) devices [19], [20], analysis of voltage sta‐
bility [21], [22], and identification of vulnerable buses [23] 
in AC power systems, showcasing its robust versatility and 
scalability.

HE based AC/DC PF method is investigated in [24], [25], 
preserving the advantageous feature of reliable convergence 
to HV solutions. The extension of such method to the AC/
DC microgrid is investigated in [26] - [28]. HE models of 
power electronic devices, distributed generations, and imped‐
ance, current, and power (ZIP) loads are developed in these 
studies while various operating scenarios of AC/DC mi‐
crogrid are considered. However, there are still two main un‐
resolved challenges in the HE based AC/DC PF based AC/
DC PF method. First of all, the HE based AC/DC PF meth‐
od requires the generation of more complex coefficient matri‐
ces that consider variables of AC and DC subsystems, as 
well as converter stations. This complexity results in the HE 
based AC/DC PF  method not exhibiting superior numerical 
performance in terms of computational speed. In fact, its 
computational speed can be much slower than the N-R-
based method [8]. More importantly, HE method in [15] and 
[16] suffers from one major limitation: a fixed initialization, 
usually the zero injection state (flat start) of the embedded 
system, is required for each HE PF calculation. Meanwhile, 
due to the restriction of VSC power limit, the VSC control 
mode switching becomes necessary during the AC/DC PF 
calculation. Each switch between control modes inevitably 
triggers the recalculation of AC/DC PF. Existing HE based 
AC/DC PF methods only allow the initialization to be reset 
to the flat start after each control mode switching, instead of 
taking the latest solved PF solution as a new start. Such re‐
calculations will significantly diminish the efficiency of the 
AC/DC PF method.

The fast and flexible holomorphic embedding (FFHE) 
method, as proposed in [29]- [31], introduces a flexible em‐
bedding form that accommodates various state vectors as ini‐
tial guesses. Additionally, it demonstrates faster convergence 
and superior computational efficiency compared with the 
original HE methods when dealing with AC PF problem. 
Consequently, the FFHE method appears to offer a promis‐

ing solution to the previously mentioned challenges in the 
AC/DC PF calculation.

To Introduce the FFHE method into the AC/DC PF calcu‐
lation, several key issues still need to be addressed:

1) In [29], it only provides the FFHE model for the pure 
AC systems, which cannot be simply and directly applied to 
AC/DC hybrid system. At the same time, there are various 
manners of embedding technique, but not all of them are 
suitable. Thus, the challenging task of properly constructing 
the FFHE models for the AC/DC PF problem remains. Here, 
“properly” implies that the newly proposed model should 
not only retain the constructive and deterministic properties 
of the original FFHE model but also be tailored to solve the 
variables of the DC subsystem associated with VSC stations 
in multiple control modes simultaneously.

2) The calculation of converter losses and the control 
mode switching require well-designed AC/DC sequential cal‐
culation framework to achieve the overall convergence of 
AC/DC FFHE results under the constraints of VSC stations.

3) Moreover, the effect of the FFHE method on computa‐
tional accuracy and convergence still needs further testing 
and explanation when applied to the AC/DC PF calculation.

Inspired by the FFHE method, a novel PF calculation 
method based on FFHE for VSC-based AC/DC hybrid sys‐
tems is proposed in this paper. The primary contributions of 
this study are outlined as follows:

1) By considering the detailed model of VSC stations, we 
construct the PF model of the AC/DC hybrid system, upon 
which the AC/DC FFHE model is developed. The proposed 
model not only possesses a more flexible form to incorpo‐
rate multiple control strategies of VSC, but also preserves 
the constructive and deterministic properties that allow it to 
obtain operable AC/DC PF solutions from various initializa‐
tions.

2) A solution scheme for the AC/DC FFHE model is de‐
signed, including the construction of recursive solution for 
AC/DC FFHE model and the use of accelerated Padé approx‐
imant to determine power series coefficients and the numeri‐
cal results of AC/DC PF solutions.

3) A sequential framework for AC/DC PF calculation is in‐
troduced, integrating the FFHE solution scheme, data ex‐
change mechanism between AC and DC subsystems, as well 
as VSC limit check and control mode switching mechanism. 
While achieving the overall AC/DC PF convergence, this 
framework facilitates the use of the intermediate PF results 
as the default start for each recalculation, leading to a note‐
worthy reduction in overall runtime.

The remainder of this paper is organized as follows. In 
Section II, the analysis of the steady-state model of the VSC-
based AC/DC hybrid system is presented. Building upon this 
steady-state model, the AC/DC FFHE model is established 
in Section III. Section IV introduces the sequential computa‐
tion framework to form the AC/DC FFHE PF method. By 
comparing with existing methods, the computational perfor‐
mance of the proposed method is demonstrated through mul‐
tiple numerical tests in Section V. Finally, Section VI draws 
conclusions.
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II. STEADY-STATE MODEL OF VSC-BASED AC/DC 
HYBRID SYSTEMS

The schematic representation in Fig. 1 illustrates the topol‐

ogy of the VSC-based AC/DC hybrid system. It consists of 
AC subsystem, DC subsystem, and converter station. The 
steady-state PF models of these three parts are particularized 
in this section.

A. VSC Station

The VSC station is modeled by assuming a separate 
branch comprising a transformer, a phase reactor, and a low-
pass filter [8]. The connections of the VSC station to the AC 
and DC subsystems are established through the points of 
common coupling (PCC bus) and points of DC connection 
(PDC bus), respectively. The interconnection between the 
converter and the station is referred to as the points of AC 
connection (PAC bus). By applying the Y-Δ transformation, 
the π equivalent circuit of the converter station is obtained, 
as shown in Fig. 1, in which the series and shunt parameters 
ysc, ysc0, and ycs0 can be determined by zc, ztf, and zf, which de‐
note the complex impedances of phase reactor, transformer, 
and filter, respectively.

Define V͂s and V͂c as the nodal voltages of PCC bus and 
PAC bus, respectively. S͂s =Ps + jQs denotes the power ex‐
change between the AC system and PCC bus. S͂c =Pc + jQc 
denotes the power exchange between the VSC and the PAC 
bus. DS͂sc =DPsc + jDQsc denotes the series branch power loss‐
es. DS͂sc0 =DPsc0 + jDQsc0 and DS͂cs0 =DPcs0 + jDQcs0 denote the 
shunt branch power injections. Then, the power balance 
equation inside the converter station, e. g., inverter mode 
shown in Fig. 1, is given as:

S͂c = S͂s +DS͂sc +DS͂sc0 +DS͂cs0
(1)

In (1), with known S͂s, DS͂sc0 can be determined by (2a). 
The symbol * represents the conjugation. Meanwhile, the 
nodal voltage V͂c can be obtained via (3). Then, DS͂cs0 and 
DS͂sc can be computed by (2b) and (2c), respectively.

DS͂sc0 = |V͂s |
2
y*

sc0 (2a)

DS͂cs0 = |V͂c |
2
y*

cs0 (2b)

DS͂sc =
|
|
|||| ( )S͂s +DS͂sc0 V͂s

|
|
||||
2

´ 1 ysc (2c)

V͂c = V͂s + ( )S͂s +DS͂sc0

* ( )V͂ *
s ysc (3)

Considering the active power loss of the VSC, the active 
power exchange between PAC and PDC buses is modeled as:

Pdc =-Pc -Ploss (4)

The converter losses Ploss are quadratically dependent on 
the converter current I͂c [8], [10], as shown in (5), where a, 
b, and c are the constants related to the types of VSC.

Ploss = a + b | I͂c | + c | I͂c |
2

(5)

The converter current magnitude can be obtained by:

Ic = P 2
c +Q2

c ||V͂c (6)

B. Types of VSC Station Buses

The VSC station can independently control the active and 
reactive power outputs through multiple combinations of d-q-
axis control modes [5], [9]. The d-axis control mode set 
comprises Ps-control, Vdc-control, and droop control, while 
the q-axis control mode set encompasses Qs-control and Vs-
control. Vdc is the DC voltage at PDC bus; and Vs is the AC 
voltage magnitude at PCC bus. Different control strategies 
directly influence the PF characteristics of PCC bus and 
PDC bus within the converter station. The bus type classifi‐
cation according to various control strategies is summarized 
as follows.

As shown in Table I, the PCC bus mainly behaves as the 
PQ bus or PV bus, which is the same as the pure AC bus. 
The PDC bus can be categorized into several types based on 
different implemented control modes, including:

1) Constant-Vdc bus under Vdc-control: the DC voltage at 
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Fig. 1.　Topology of VSC-based AC/DC hybrid system.
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PDC bus maintains while the active power injection varies. 
Due to its similarity to the AC slack bus, this type of PDC 
bus is typically treated as the slack bus for the DC system.

2) Constant-Pdc bus under Ps-control: the active power in‐
jection at PDC bus stays constant while the DC bus voltage 
needs further determination.

3) Voltage droop bus: the active power varies with voltage 
changes to a predetermined droop constant Ki, reference volt‐
age Vrefi, and reference active power Prefi via control equa‐
tion (7), thereby achieving flexible power distribution among 
DC buses. Note that constant-Pdc bus can be treated as a spe‐
cial droop bus with Ki = 0.

Ki(Vdci -Vrefi ) =Prefi -Pdci (7)

where Vdci is the DC voltage at PDC bus i; and Pdci is the 
DC active power injection at PDC bus i.

C. AC and DC Subsystems

Consider an AC/DC hybrid system with an N-bus AC sys‐
tem and an M-bus DC system interlinked via VSC stations. 
Note that PCC buses are considered as the decoupling 
boundary between the AC subsystem and the VSC station. 
Therefore, an AC subsystem comprises all pure AC buses 
and PCC buses.

The power balance equation for the pure AC bus or PCC 
bus, specifically operating as a PQ bus i, is given by (8).

V͂ *
i∑

k = 1

N

YikV͂k = S͂ *
i (8)

where V͂i is the AC voltage at bus i; V͂k is the AC voltage at 
bus k; Yik is the element of admittance matrix; and S͂i =Pi +
jQi is the apparent power at AC bus i, Pi =PGi -PDi and Qi =
QGi -QDi are the active and reactive power injections deter‐
mined by generation power PGi, QGi and demand power PDi, 
QDi at AC bus i.

Specifically, for the PV bus i in the AC system, its PF 
characteristic can be described by (9).

Re
ì
í
î
V͂ *

i∑
k = 1

N

YikV͂k

ü
ý
þ
=Pi (9a)

|V͂i | =Vspi (9b)

where Vspi is the pre-specified voltage magnitude for bus i; 
and Re{ × } represents the real part of a complex phasor.

For PAC bus, with the AC voltage V͂s and power injection 
S͂s at PCC bus known by solving AC subsystem PF, V͂c and 

S͂c at the converter side can be calculated by (1) - (3). Then, 
converter losses can be determined by (5) and (6) so that the 
power balance between PDC and PAC buses can be estab‐
lished according to (4).

The DC subsystem contains all PDC buses. For PDC bus 
i, the PF equation is derived as:

pVdci∑
k = 1

M

GikVdck =Pdci (10)

where p = 1 or 2 for a monopolar or bipolar DC configura‐
tion; and Gik is the conductance component of Yik in the ad‐
mittance matrix. When multiple control modes in Section II-
B are considered, (10) is rewritten as (11) by substituting (7) 
into (10) for the bus i under constant-Pdc and droop control:

pVdci∑
k = 1

M

GikVdck =Ki( )Vrefi -Vdci +Prefi (11)

For PDC bus i under constant-Vdc, (12) is satisfied.

Vdci =Vspdci (12)

where Vspdci is the pre-specified DC voltage for PDC bus i .

III. AC/DC FFHE MODEL 

The primary procedure of FFHE involves the following 
steps: ① establishing embedded PF models for PF equa‐
tions; ② representing the HE function of nodal voltage by 
power series and determining corresponding coefficients; 
and ③ computing the summation of the power series to as‐
certain the PF solution at the target state.

A. FFHE Model for AC Subsystem

Since the PCC buses, as analyzed in Section II, generally 
behave as PQ or PV buses, the AC FFHE model in [29] can 
be applied to PCC buses together with pure AC buses. By in‐
troducing a complex variable αÎC into AC PF equations 
(8) and (9), the AC FFHE model is formulated as:

V͂ *
i (α* )∑

k = 1

N

YikV͂k( )α = v*
i∑

k = 1

N

Yikvk + α ( )S͂ *
i - v*

i∑
k = 1

N

Yikvk (13)

V͂ *
i ( )α* ∑

k = 1

N

YikV͂k( )α + V͂i( )α ∑
k = 1

N

Y *
ikV͂

*
k ( )α* =

v*
i∑

k = 1

N

Yikvk + vi∑
k = 1

N

Y *
ik v*

k +

α
é

ë

ê
êê
ê ù

û

ú
úú
ú

2Pi - ( )v*
i∑

k = 1

N

Yikvk + vi∑
k = 1

N

Y *
ik v*

k (14a)

V͂i(α)V͂ *
i (α* ) = viv

*
i + α ( )V 2

spi - viv
*
i (14b)

where viÎC/{0} is a predefined adjustable constant, which 
denotes the initial value of V͂i(α) by V͂i(0) = vi at the refer‐
ence state of α = 0. At the target state α = 1, the original PF 
equations (8) and (9) are recovered from (13) and (14), and 
V͂i(1) denotes the target nodal voltage solution. Specially for 
the slack AC bus i, V͂i(0) = vi and V͂i(1) = V͂spi are satisfied. 

V͂spi is the pre-specified slack AC bus voltage phasor.
The HE function of AC nodal voltage V͂i(α) and its conju‐

gate V͂ *
i (α* ) are expressed by power series expansions cen‐

TABLE I
CONTROL MODES AND BUS TYPES

d-axis control

Ps-control

Ps-control

Vdc-control

Vdc-control

Droop

Droop

q-axis control

Qs-control

Vs-control

Qs-control

Vs-control

Qs-control

Vs-control

PCC bus type

PQ

PV

PQ

PV

PQ

PV

PDC bus type

Constant-Pdc

Constant-Pdc

Constant-Vdc

Constant-Vdc

Droop

Droop
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tered at 0 as:

V͂ (α) =∑
q = 0

¥

uiqα
q

(15a)

V͂ *
i (α* ) =∑

q = 0

¥

u*
iqα

q
(15b)

where uiq is the coefficient of the qth term in the power se‐
ries.

B. FFHE Model for DC Subsystem

Due to different PF characteristics between AC buses and 
VSC controlled DC buses, the original FFHE model in [29] 
cannot be directly used for DC subsystem. To be adapted to 
various VSC control modes while upholding the superior 
properties of original FFHE model, the newly proposed DC 
FFHE model should meet the following three conditions.

1) At the initial state 0, the model has a known solution. 
The solution should be adjustable to provide a flexible start 
for FFHE.

2) At the target state 1, the original PF equation (11) 
should be recovered.

3) The model should incorporate multiple control vari‐
ables to generally represent all kinds of VSC controlled bus‐
es. It should also be able to adapt to changes in correspond‐
ing control variables with convenient operations while main‐
taining the model structure.

Note that unlike the AC FFHE model, all variables in‐
volved in the DC FFHE model are real numbers instead of 
complex ones. However, it is crucial that the embedding pa‐
rameter remains complex. This is because, as stipulated by 
Stahl’s theorem [32], [33], working in the complex plane en‐
sures the convergence and effectiveness of the analytic con‐
tinuation procedure employed in the numerical summation of 
the power series. The proposed DC FFHE model is then for‐
mulated as follows.

Equation (16a) presents the DC FFHE model of PF bal‐
ance equation (11) for constant-Pdc and droop buses, while 
(16b) represents the model for constant-Vdc.

Vdci(α) ( p∑
k = 1

M

GikVdck( )α +Ki ) = vdci( )p∑
k = 1

M

Gikvdck +Ki +

α
é

ë

ê
êê
ê ù

û

ú
úú
ú( )KiVrefi +Prefi - vdci( )p∑

k = 1

M

Gikvdck +Ki (16a)

Vdci = vdci + α (Vspdci - vdci ) (16b)

where vdci is an adjustable non-zero constant that can be pre‐
defined. The power series of DC nodal voltage Vdci(α) is de‐
rived as:

Vdci(α) =∑
q = 0

¥

udciqα
q

(17)

where udciq is the coefficient of the qth term in the power se‐
ries.

In (16a), at the initial state α = 0, an initial value of 
Vdci(0) equals vdci. At the target state α = 1, (16) recovers 
(11) while the nodal DC voltage solution can be retrieved by 
Vdci(1). In (16b), Vdci(0) = vdci and Vdci(1) =Vspdci are al‐

ways satisfied for DC bus i under Vdc-control. Therefore, con‐
ditions 1 and 2 are met.

By substituting specific control parameters of VSC station 
in practical cases, it is evident that the model (16) can satis‐
fy condition 3: if Ki ¹ 0, (16a) represents the droop buses. 
By letting Ki = 0, (16a) becomes the representation of con‐
stant-Pdc buses. By adjusting the value of Ki, the proposed 
DC FFHE model can easily switch between constant-Pdc and 
droop buses. Moreover, any modification of parameters relat‐
ed to Ki, Vrefi, and Vspdci cannot change the structure of the 
proposed model, ensuring that its analyzability remains un‐
changed.

C. Solution Scheme for AC/DC FFHE Model

1)　Recursive Solution Processes for Power Series Coeffi‐
cients

In order to obtain the PF solution by (15) and (17), the co‐
efficients uiq and udciq in the power series need to be deter‐
mined. Here, we provide the example calculation procedure 
for these coefficients of PQ, constant-Pdc, and droop buses.

To bootstrap the recursive solution process for power se‐
ries coefficients, initial values vi and vdci are needed, which 
represent the 0th-order coefficients of V͂i(α) and Vdci(α) at 
the state of α = α0 = 0, yielding:

ui0 = V͂i(0) = vi ¹ 0 (18a)

udci0 =Vdci(0) = vdci ¹ 0 (18b)

Such initial values are defined as the “germ solution” 
[15], leading the voltage power series to the convergence of 
an operable HV solution is called the “white germ” [16]. In 
the HE method, α = 0 represents the zero power injection 
and zero shunt current injection state, where 1 + j0 and 1 are 
the straightforward white germ solutions. Obviously, by set‐
ting vi = 1 + j0 and vdci = 1, these values are also the white 
germ for AC/DC FFHE model. Such germ solution exactly 
matches the “flat start” condition in iterative PF calculation 
methods, thus serving as the flat start for FFHE method. By 
adjusting the values assigning to vi and vdci, AC/DC FFHE 
model possesses the flexibility of germ solution selection in 
addition to using the flat start, which is the key advantage 
over the HE method. It should be pointed out that, AC/DC 
FFHE model is not globally convergent but locally conver‐
gent to the HV solution, meaning that the assignment of vi 
and vdci is not arbitrary. Actually, the PF solutions that lie on 
the same HV branch as the final PF solution, as well as the 
solutions near the final PF solution, are collectively regarded 
as white germ solutions for FFHE. Moreover, when using 
white germ solutions closer to the final PF solution, FFHE 
requires fewer series expansion terms to achieve conver‐
gence.

By substituting the AC voltage series (15) into (13), we 
can obtain:

∑
q = 0

¥

u*
iqα

q∑
k = 1

N

Yik∑
q = 0

¥

ukqα
q = v*

i∑
k = 1

N

Yikvk +α ( )S͂ *
i - v*

i∑
k = 1

N

Yikvk

(19)

By equating the coefficients of α1, α2, , αq on both sides 
of (19), the following recurrence relationship is derived:
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∑
m = 0

1

u*
im∑

k = 1

N

Yikuk ( )1-m = S͂ *
i - v*

i∑
k = 1

N

Yikvk     q = 1 (20a)

∑
m = 0

q

u*
im∑

k = 1

N

Yikuk ( )q-m
= 0    q ³ 2 (20b)

If PV buses are included, similar equations can be ob‐
tained by substituting (15) into (14), which should be incor‐
porated into the relationship above. Then, by moving the un‐
known and known variables of (20) to the LHS and RHS, a 
solvable linear function is given as:

Aac Xac[q] =Bac (21)

where Aac is a coefficient matrix, which is composed of Yik, 
S͂ *

i , vi, and v*
i ; Xac[q] is an unknown vector contains uiq and 

u*
iq; and Bac is the known vector associated with uim and u*

im 
for m < q, which also involves Yik, S͂

*
i , vi, and v*

i .
To provide the construction and detail elements of Xac[q],

 Aac, and Bac, complex variables are represented by their real 
and imaginary parts as: Yik =Gik + jBik, uiq = uRe

iq + juIm
iq , vi = vRe

i +
jvIm

i . Define subscripts S, LÎBPQ, and FÎBPV, which de‐
note the AC slack bus, AC PQ bus, and AC PV bus, respec‐
tively. BPQ and BPV are the sets of AC PQ buses and AC PV 
buses, respectively. Then,  Aac, Xac[q], and Bac can be ex‐

pressed as:

Aac =

é

ë

ê

ê

ê

ê

ê

ê
êê
ê

ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú

ú1 0 0
0 1 0

CLS DLS CLL

0 0 0
0 0 0

DLL CLF DLF
-DLS CLS ELL
CFS DFS CFL

0 0 0

JLL -DLF CLF
DFL CFF DFF

0 vRe
F vIm

F

(22a)

Xac[q] = [ ]uRe
Sq uIm

Sq uRe
Lq uIm

Lq uRe
Fq uIm

Fq (22b)

Bac = [ ]Re{ }ΠS Im{ }ΠS Re{ }ΠL Im{ }ΠL ΠFP ΠFV
(22c)

where Im{ × } represents the imaginary part of a complex 
phasor.

The elements of coefficient matrix Aac are listed as:

Cij =Gijv
Re
i +Bijv

Im
i     i ¹ j (23)

Dij =Gijv
Im
i -Bijv

Re
i     i ¹ j (24)

Cii =Giiv
Re
i +Biiv

Im
i +∑

k = 1

N

( )Gikv
Re
k -Bikv

Im
i (25)

Dii =Giiv
Im
i -Biiv

Re
i +∑

k = 1

N

( )Gikv
Im
k +Bikv

Re
k (26)

Eii =-Giiv
Im
i +Biiv

Re
i +∑

k = 1

N

( )Gikv
Im
k +Bikv

Re
k (27)

Jii =Giiv
Re
i +Biiv

Im
i +∑

k = 1

N

( )-Gikv
Re
k +Bikv

Im
k (28)

The elements of known vector Bac are listed as (29)-(32), 
where λ = 1 if q = 1 and λ = 0 if q ³ 2.

ΠS = λ (VspS - vS ) (29)

ΠL = λ ( )S͂ *
L - v*

L∑
k = 1

N

YLkvk -∑
k = 1

N ∑
m = 1

q - 1

YLku
*
Lm u

k ( )q-m (30)

ΠFV =
λ
2 ( )V 2

spF - vFv*
F -

1
2∑m = 1

q - 1

uFmu*
F ( )q-m (31)

ΠFP =
λ
2 ( )2PF -Re

ì
í
î

ü
ý
þ

vF∑
k = 1

N

Y *
Fkv

*
k -Re

ì
í
î
∑
k = 1

N ∑
m = 1

q - 1

YFku
*
Fmu

k ( )q-m

ü
ý
þ

(32)

Thus, uRe
iq  and uIm

iq  can be successively determined by solv‐
ing Xac[q] via the following recursive solution process:

V͂i(0) ®
( )18a uRe

i0

uIm
i0

®
(21) uRe

i1

uIm
i1

®
(21) uRe

i2

uIm
i2

®
(21)

®
(21) uRe

il

uIm
il

(33)

For the DC FFHE model, supposing p = 1 for simplicity, 
(34) is derived by substituting the DC voltage series (17) in‐
to (16).

∑
q = 0

¥

udciqα
q (∑k = 1

M

Gik∑
q = 0

¥

udckqα
q +Ki ) = vdci∑

k = 1

M ( )Gikvdck +Ki +

α
é

ë
ê
êê
ê ù

û
ú
úú
úKiVrefi +Prefi - vdci∑

k = 1

M ( )Gikvdck +Ki (34)

Similar to the AC case, the comparison of series coeffi‐
cients in (34) leads to:

∑
m = 0

1

udcim∑
k = 1

M

Gikudck ( )1-m +Kiudci1 =KiVrefi +Prefi -

vdci( )∑
k = 1

M

Gikvdck +Ki     q = 1 (35a)

∑
m = 0

q

udcim∑
k = 1

M

Gikudck ( )q-m
+Kiudciq = 0     q ³ 2 (35b)

Then, (35) yields the following linear function:

Adc Xdc[q] =Bdc (36)

where Xdc[q] is an unknown vector contains udciq; Adc is a 

coefficient matrix, which is composed of Gik, Vrefi, Prefi, Ki, 
and vdci; and Bdc is the known vector associated with udcim 
for m < q, which also involves Gik, Vrefi, Prefi, Ki, and vdci. 
Define subscripts GÎBPdcDrp and HÎBVdc

, which denote the 

DC constant-Pdc and droop bus and the constant-Vdc bus, re‐
spectively. BPdcDrp and BVdc

 are the set of DC constant-Pdc 

and droop buses and the set of constant-Vdc buses, respective‐
ly.

The constructions of matrix Adc, known vector Bdc, and un‐
known vector Xdc are given as:

Adc =
é
ë
êêêê ù

û
úúúú1 0

WHG WHH
(37a)

Xdc =
é
ë
êêêê ù

û
úúúúudcGq

udcHq

(37b)

Bdc =
é
ë
êêêê ù

û
úúúúΠG

ΠH
(37c)

The elements of coefficient matrix Adc are listed as:

Wij =Gijvdci    i ¹ j (38)
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Wii =Giivdci +∑
k = 1

N

Gikvdck +Ki (39)

The elements of known vector Bac are as listed as (40) 
and (41), where λ = 1 if q = 1 and λ = 0 if q ³ 2.

ΠG = λ (VspdcG - vG) (40)

ΠH = λ
é

ë

ê
êê
ê
KiVrefi +Prefi - vdcH(∑k = 1

M

GHkvdck +Ki )ùûúúúú -
∑
k = 1

M ∑
m = 1

q - 1

udcHmGHkudck ( )q-m (41)

Then, udciq can be sequentially obtained according to the 
following recursive solution process:

Vdci(0) ®
( )18b

udci0®
(36)

udci1®
(36)

udci2®
(36)

®
(36)

udcil
(42)

2)　Computation of Power Series by Padé Approximant
According to [16], [29], Padé approximant, an ideal ratio‐

nal approximant, is used in the HE and FFHE to converge 
the numerical solutions of V͂i(α) and Vdci(α) by the function 

(43) with the obtained uiq and udciq in Section III-C-1).

V͂i(α) » [L M ]
i( )α =

ai0 + ai1α + ai2α
2 + + aiLα

L

bi0 + bi1α + bi2α
2 + + biLα

M (43)

where [L M ]
i( )α  is the fractional approximation form of the 

power series truncation; and aiq and biq can be determined 
according to [34]. Then, the solution of the original PF equa‐
tion is provided by V͂i( )1 » [L M ]

i( )1 .

The acceleration of the Padé approximant can be achieved 
by evaluating the ratio of matrix determinants without the 
need to explicitly calculate aiq and biq, as described in [29]. 
Employing such accelerated Padé approximant in our pro‐
posed method results in significantly improved computation‐
al efficiency.

In brief, FFHE can be implemented through the following 
procedure.

Step 1: set the initial values of ui0 and udci0 by selecting vi 
and vdci. Set q = 1.

Step 2: construct the linear functions (21) and (36) and de‐
termine the coefficients of matrices Aac and Adc and vectors 
Bac and Bdc.

Step 3: calculate the qth unknown vectors Xac[q] and 

Xdc[q] by solving (21) and (36).

Step 4: calculate the numerical PF solutions V͂i for all 
iÎN or Vdci for all iÎM at α = 1 by accelerated Padé ap‐
proximant. Obtain coefficients in power series.

Step 5: check whether the power mismatch meets the pre‐
determined tolerance for AC PQ and AC PV buses iÎN ac‐
cording to (44a) or for DC bus iÎM according to (44b) un‐
der constant-Pdc and droop control. If yes, stop the computa‐
tion of FFHE; otherwise, set q = q + 1 and return to Step 2.

εac >max
ì
í
î

ïï
ïï

max
iÎBPQBPV

|

|

|
||
|
|
||

|

|
||
|
|
|
Re

ì
í
î

ü
ý
þ

V͂i∑
k = 1

N

Y *
ik V͂ *

k - S͂i 

ü
ý
þ

ïï
ïï

max
iÎBPQ

|

|

|
||
|
|
||

|

|
||
|
|
|
Im

ì
í
î

ü
ý
þ

V͂i∑
k = 1

N

Y *
ik V͂ *

k - S͂i (44a)

εdc > max
iÎBPdc Drp

ì
í
î

|

|

|
||
|
Vdci∑

k = 1

M

GikVdck +Ki( )Vdci -Vrefi -Prefi

|

|

|
||
|ü
ý
þ
(44b)

where εac is the AC tolerated error; and εdc is the DC tolerat‐
ed error.

IV. SEQUENTIAL CALCULATION FRAMEWORK FOR AC/DC 
FFHE PF METHOD 

Utilizing the AC/DC FFHE model and its solution scheme 
proposed in Section III, the PF solutions in AC and DC sub‐
systems can be solved separately. However, to develop the 
AC/DC FFHE PF method, a key challenge is to establish a 
proper solving sequence and data exchange mechanism un‐
der the constraints of the converter equations. Furthermore, 
the converter control mode switching can impact the compu‐
tational efficiency and accuracy of the proposed method. 
Hence, the impact of converter control mode switching on 
the proposed method needs to be further examined and dis‐
cussed.

A. Calculation Process and Data Exchange

The flow chart of the calculation process of AC/DC FFHE 
PF method is shown in Fig. 2. A sequential calculation 
framework is applied to solve the PF in AC subsystems, DC 
subsystems, and converter station separately.

Step 1: initialization. Load the system data of AC and DC 
subsystems. Set the initial values of ui0 and udci0 by assign‐
ing values to vi and vdci in the FFHE model. Set tolerated er‐
rors εac, εdc, and εac/dc.

Step 2: execution of AC FFHE. Given predetermined con‐
verter control modes, the PCC bus is treated as either a PQ 
bus (Ps and Qs are known) or a PV bus (Ps and Vs are 
known) in PF calculation. Combining with all the pure AC 
buses in the AC system, voltage solution V͂s at the PCC bus 
can be obtained by executing the AC FFHE.

Step 3: converter calculation. With the known and deter‐
mined parameters of PCC buses, the operational state, includ‐
ing S͂c =Pc + jQc and V͂c of the PAC buses, is easily obtained 
according to (1) - (3). Then, the active power losses of VSC 
can be calculated by (5) and (6).

Step 4: data exchange (AC to DC). Given the active pow‐
er losses, the active power Pdc injected from VSC into PDC 
buses is determined by (4). Note that, by making Pref equal 
Pdc, the parameters associated with the constant-Pdc buses 
(K = 0) required for solving (11) become known.

Step 5: execution of DC FFHE. Given the known parame‐
ters of Pref, Vref, K for droop buses, Vdc for constant-Vdc bus‐
es, and the latest obtained Pref for constant-Pdc buses, the DC 
FFHE is executed. Solutions include the Vdc for constant-Pdc 
and droop buses, and Pdc for constant-Vdc and droop buses.

Step 6: data exchange (DC to AC). With the newly calcu‐
lated active power of PDC buses under constant-Vdc and 
droop buses, a new active power injection P (new)

c  from VSC 
to PAC buses is updated by (4).

Step 7: check of termination criterion. A new active power 
injection at the ith PCC bus P (new)

si  can be updated via the con‐
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verter calculation (1)-(3) with P (new)
c  calculated in Step 6, and 

the calculation will be terminated if (45) is satisfied, where 
BPCC is the set of PCC buses, and P (old)

si  is the previous calcu‐
lated active power injection at PCC bus. Otherwise, a new 
round of calculation with P (new)

s  is started.

εac dc > max
iÎBPCC

{P (new)
si -P (old)

si } (45)

Note that, if the termination criterion is not met, the cur‐
rent PF results will be assigned to vi and vdci before return‐
ing to Step 2. These values will be directly used as the ini‐
tial state for the next round of AC/DC PF calculation.

In summary, within the proposed sequential calculation 
framework, the PF of AC and DC subsystems can be calcu‐
lated independently using the proposed FFHE model, while 
the AC/DC data interaction is facilitated by converter station 
calculation and data exchange mechanism. The advantage of 
this sequential calculation framework lies in its strong scal‐
ability to different grid topologies and scales of AC and DC 
subsystems, as well as various configurations and operation 
modes of VSC stations. The corresponding modification to 
any individual part in the sequential calculation framework 
can be simply and directly implemented without affecting 
other parts.

B. VSC Control Mode Switching

Due to the output power constraints of the converter and 
the voltage limitations of the converter bus, the converter 
control mode is crucial for conducting the AC/DC PF calcu‐
lation. By evaluating S͂c and V͂c at the PAC buses, VSC con‐
trol modes will be switched between Qs-control and Vs-con‐
trol [8] if the limits are exceeded. We propose a scheme to 
implement the VSC control mode switching mechanism for 
the AC/DC FFHE. An example of switching from Qs-control 
to Vs-control is presented as below.

Step 1: suppose the VSC is working under Qs-control.
Step 2: solve PF by the AC/DC FFHE and save the PF so‐

lutions. These solutions will be used in the limit check, as 
well as utilized as the initial values for the new round of AC/
DC FFHE if needed.

Step 3: conduct VSC limit check and determine the PAC 
buses that hit the V͂c limits using the saved PF solutions. 
Switch to Vs-control mode if the limits are exceeded.

Step 4: assign the current PF solutions to vi and vdci as 
the default start, and repeat Step 2 and Step 3 until all VSC 
limits are met.

The switching from Vs-control to Qs-control can be real‐
ized using the same mechanism.

It is worth noting that, in either the sequential calculation 
framework described in Section IV-A to achieve overall AC/
DC PF convergence or after a VSC control mode switching 
described in this subsection, multiple recalculations are al‐
ways necessary. Fortunately, even if the overall termination 
criterion is not met or the converter control mode needs to 
be switched, the newly calculated intermediate PF solutions 
often closely approximate the final solution. Benefiting from 
the flexibility of initialization (germ solution selection) of 
the proposed AC/DC FFHE model, these intermediate solu‐

tions can be directly utilized for the AC/DC FFHE PF meth‐
od as the white germ, achieved by assigning current solu‐
tions to vi and vdci, as shown in Fig. 2. This results in a nota‐
ble reduction in both the required calculation steps and the 
number of necessary series expansion terms of the AC/DC 
FFHE PF method, providing higher computational efficiency 
compared with the HE method, which can only be initialized 
from a flat start.

V. NUMERICAL TESTS 

In this section, numerical performance of the proposed 
AC/DC FFHE PF method will be demonstrated by multiple 
simulations on two test systems. Test system A comprises a 
5-bus AC grid (ACS) interconnected with a 3-bus DC grid 
(DCS), as shown in Fig. 3. Test system B is modeled after 
the IEEE RTS-96 system, featuring three AC grids (ACS1, 
ACS2, and ACS3) and the incorporation of two DC grids 
(DCS1 and DCS2), as depicted in Fig. 4. The parameters for 
both test systems A and B are consistent with the values pro‐
vided in [35], [36]. All the numerical tests are implemented 
using MATLAB installed on PC with Intel(R) Core(TM) i7-
7700HQ CPU @ 2.80 GHz and 16 GB RAM.

1
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4 5

1

2

3

DCS

ACS

C2

C1

C3

AC overhead line; PDC busDC bipole overhead line;

AC-DC converter (C1-C3)AC bus; PCC and PAC bus;

Fig. 3.　Test system A.
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Fig. 2.　Flow chart of calculation process of AC/DC FFHE PF method.
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A. Accuracy Verification

In this subsection, to verify the accuracy of the proposed 
AC/DC FFHE PF method, both the N-R-based method in 
[8] and the proposed method are implemented to solve PF in 
the test system A. AC bus 1 is defined as the slack bus with 
reference voltage V͂1 = (1.0600 + j1.0000) p. u., and AC bus 2 

is a PV bus with AC voltage magnitude |V͂2 | = 1.0000 p. u.. 

All of the rest AC buses are operating as PQ buses. The DC 
bus 2 is under constant-Vdc mode maintaining Vdc1 = 1.0000 
p. u., and all of the rest DC buses are working under con‐
stant-Pdc mode. The flat start, vi = 1 + j0, and vdci = 1 are used 
as the germ solutions to initialize both methods and the toler‐
ated error is set to be εac = εdc = εac/dc = 10-6. The results of the 
N-R-based method are regarded as the reference.

The proposed method converges to the final solutions af‐
ter 3 overall calculations. Tables II and III present the power 
series coefficients of AC voltage V͂i(α) and DC voltage 
Vdci(α) calculated in the 1st AC and DC FFHE process. As 

shown in Table II, the proposed method needs to calculate 
power series coefficients of 6 terms of AC voltage to satisfy 
the termination criterion. Note that, starting from the 4th 
term, the coefficients are smaller than 1 ´ 10-6 and approach 
0. The proposed method is required to calculate power series 
coefficients of 5 terms of DC voltage to satisfy the termina‐
tion criterion, with coefficients smaller than 1 ´ 10-6 starting 
from the 4th term.

By letting α = 1 and substituting power series coefficients 
into (15) and (17), the nodal AC/DC voltage solution listed 
in Tables IV and V can be obtained via accelerated Padé ap‐
proximant. The operation conditions of VSC stations are al‐
so evaluated according to the final solutions, as presented in 
Table VI. Based on the results, it can be observed that the 
calculated PF solutions in test system A using the proposed 
method are in complete agreement with the results obtained 
by the N-R-based method. The maximum error is observed 
in calculated bus power values of the VSC station, yet its rel‐
ative error remains below 0.1%. This validates the accuracy 
of the proposed method.

AC overhead line; DC busDC bipole overhead line;

AC-DC converter (C1-C7)AC bus; PCC and PAC bus;
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Fig. 4.　Test system B.

TABLE Ⅱ
POWER SERIES COEFFICIENTS OF V͂i(α) IN THE 1ST AC FFHE PROCESS

Power series coefficient

ui0

ui1

ui2

ui3

ui4

ui5

V͂1(α)
1 + j0

0.6 + j0

0

0

0

0

V͂2(α)
1 + j0

0.0000 - j0.0419

-0.0000 + j0.0021

0.0001 - j0.0001

0.0000 + j0.0000

0.0000 + j0.0000

V͂3(α)
1 + j0

0.0020 - j0.0666

-0.0032 + j0.0025

0.0002 - j0.0001

0.0000 + j0.0000

0.0000 + j0.0000

V͂4(α)
1 + j0

-0.0023 - j0.0732

-0.0030 + j0.0026

0.0002 - j0.0001

0.0000 + j0.0000

0.0000 + j0.0000

V͂5(α)
1 + j0

-0.0083 - j0.0720

-0.0033 + j0.0027

0.0002 - j0.0001

0.0000 + j0.0000

0.0000 + j0.0000

TABLE Ⅲ
POWER SERIES COEFFICIENTS OF Vdci(α) IN THE 1ST DC FFHE PROCESS

Power series coefficient

udci0

udci1

udci2

udci3

udci4

Vdc1(α)
1.0000

0.0080

-0.0001

0.0000

0.0000

Vdc2(α)
1

0

0

0

0

Vdc3(α)
1.0000

0.0022

-0.0001

0.0000

0.0000

TABLE Ⅳ
COMPARISON OF NODAL AC VOLTAGE SOLUTIONS OBTAINED BY 

PROPOSED AND N-R-BASED METHODS

AC bus 
No.

1

2

3

4

5

Proposed method

Voltage
magnitude (p.u.)

1.0600

1.0000

1.0000

0.9960

0.9908

Voltage
angle (°)

0.0000

-2.3829

-3.8947

-4.2608

-4.1489

N-R-based method

Voltage
magnitude (p.u.)

1.0600

1.0000

1.0000

0.9960

0.9908

Voltage
angle (°)

0.0000

-2.3829

-3.8947

-4.2608

-4.1489

TABLE Ⅴ
COMPARISON OF NODAL DC VOLTAGE SOLUTIONS OBTAINED BY 

PROPOSED AND N-R-BASED METHODS

DC bus No.

1

2

3

Voltage magnitude of proposed 
method (p.u.)

1.0079

1.0000

0.9978

Voltage magnitude of 
N-R-based method (p.u.)

1.0079

1.0000

0.9978
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B. Efficiency Comparison

In this subsection, we will demonstrate the computational 
efficiency of the proposed method compared with existing 
methods, including the N-R-based and HE methods. It is im‐
portant to note that, due to variations in programming tech‐
niques, simulation platforms, computer performance, and oth‐
er factors, the computational time presented in this subsec‐
tion may not necessarily be universally applicable. Neverthe‐
less, the comparative analysis conducted uniformly on the 
MATLAB 2023(a) platform on the same PC for different 
methods remains a valuable reference.

Then, we focus on the comparison between HE-based and 
proposed methods. The two methods are employed to solve 
the PF of test system B from a flat start, considering the 
maximum tolerated error { }ε | εacεdcεac/dc  ranging from 1 ´
10-3 to 1 ´ 10-9. Figures 5 and 6 present the required number 
of series terms and the corresponding runtime to complete 
the 1st-round AC/DC PF calculation in test systems A and B, 
respectively. As observed, the accelerated Padé approximant 
employed in handling the summation of power series signifi‐
cantly reduces the required number of series terms for the 
proposed method compared with that of the HE method. 
This consequently leads to a substantial reduction in runtime.

Moreover, after completing a full round of overall AC/DC 
PF calculation, if the AC/DC PF has not converged in the 
converter station calculation, both methods necessitate an up‐
date of the PCC bus parameters at the converter station and 
proceed to the next round of overall calculation. It should be 
noted that even if the termination criterion is not met, the 
current PF solution is usually very close to the final solu‐

tion. Recalculating from a flat start without utilizing this lat‐
est PF solution would result in significant redundant calcula‐
tions and reduce the efficiency of the proposed method. The 
sequential calculation framework depicted in Fig. 2 enables 
the latest PF solution to be assigned to vi and vdci, which are 
used directly for the subsequent FFHE recursive solution pro‐
cesses. In contrast, the HE method requires a recalculation 
starting from the flat start. This results in a significantly re‐
duced overall runtime for the proposed method compared 
with the HE method, with the runtime approaching or even 
falling below that of the N-R-based method, as shown in 
Fig. 7.

C. Impact of Different Types of Initializations

In the AC/DC FFHE solving process, there are three sce‐
narios that require initialization. In scenario 1, the proposed 
method necessitates initial value settings at the outset. In sce‐
nario 2, unless the overall AC/DC PF convergence is 
achieved, initializations are needed to start new AC and DC 
FFHE solving processes with the updated converter station 
parameters. In scenario 3, when the converter reaches the 
power limit constraint, leading to a control mode switching, 
FFHE initializations are also required. Here, we define two 
types of initializations: ① using vi = 1 + j0 and vdci = 1 as a 
flat start; and ② using the known or the last obtained PF so‐
lution as the default start. In our test cases, we consistently 
employ a flat start as the overall initial value for scenario 1. 
By changing the initial values for scenarios 2 and 3, the im‐
pact of different types of initializations on the proposed 
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TABLE Ⅵ
OPERATION CONDITIONS OF VSC STATIONS IN TEST SYSTEM A

VSC 
station

C1

C2

C3

PAC bus voltage

Magnitude 
(p.u.)

0.8899

1.0070

0.9955

Angle (°)

-13.0167

-0.6517

1.4421

PAC bus 
power (p.u.)

-0.5992-j0.3263

0.2078-j0.0065

0.3502-j0.0037

PDC bus 
power 
(p.u.)

0.5863

-0.2190

-0.3619

Power 
loss 
(p.u.)

0.0128

0.0114

0.0117
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method can be analyzed.
For DC FFHE solving process, as the DC PF solution is 

generally very close to 1 p.u., the choice of two types of ini‐
tializations has a minimal impact on its required calculation‐
al steps and runtime. Therefore, our focus is on the AC FF‐
HE solving process. For bus 4 and bus 5 in the ACS of test 
system A, the initial values v4 and v5 for these two buses are 
selected to vary within the following range: the real part vRe

4  
ranges from 0.94 p.u. to 1.04 p.u. and the imaginary part vIm

4  
ranges from -0.0850 p.u. to 0.0850 p.u. for v4, while the re‐
al part vRe

5  ranges from 0.92 p.u. to 1.02 p.u. and the imagi‐
nary part vIm

5  ranges from -0.0976 p.u. to 0.0976 p.u. for v5. 
The number of series terms required for the proposed meth‐
od meets a tolerance of εac = 10-6, which can reflect its con‐
vergence performance under different types of initializations. 
As shown in Figs. 8 and 9, the structure of the convergence 
area organized by the required number of series terms varies 
when different initial values for buses are selected. For in‐
stance, during the AC FFHE calculation for the ACS of test 
system A, within the same range of variation, the proposed 
method exhibits greater sensitivity to the initial value of bus 
4 compared with that of bus 5, leading to a larger number of 
required series terms. As observed from Fig. 8, it is evident 
that the AC FFHE fails to achieve the global convergence. 
As the solution deviates from the true solution (0.9804 -
j0.0850)p.u., the required number of series terms significant‐
ly increases and exceeds 50. Although it is possible that the 
AC FFHE process might converge with more series terms, it 
still significantly reduces the efficiency of the AC FFHE pro‐
cess, making its performance unsatisfactory.

Meanwhile, it can be observed that the AC FFHE method 
requires 12 series terms when starting the calculation from a 
flat start, while starting the calculation from or close to the 
default start only requires 4 series terms. It is worth noting 
that, in both scenarios 2 and 3, although the AC/DC PF does 
not achieve overall convergence at the 1st round of AC/DC 
FFHE calculation, the latest PF solution obtained is very 
close to the actual solution. The unique structure of the AC 
FFHE method takes advantage of these solutions as a default 
start condition. As shown in Table VII, utilizing such default 
start condition significantly reduces the number of series 

terms required for subsequent AC FFHE calculation, thereby 
decreasing the runtime. For example, under the tolerance of 
1 ´ 10-6, when a default start is used, convergence can be 
achieved with only 4 series terms in each subsequent calcula‐
tion, starting from the 2nd round of AC FFHE calculation. In 
contrast, AC FFHE calculation with a flat start results in a 
consistent number of required series terms for each subse‐
quent calculation.

Similar results are obtained when testing the control mode 
switching of test systems A and B. We adjust the power lim‐
it of VSCs at PCC bus 2 in test system A and the power lim‐
it of VSCs at PCC buses 203 and 207 in test system B. Due 
to the exceedance of the limits, the control mode of these 
VSCs has to be switched from Vs-control to Qs-control. With 
regard to the required runtime, it can be observed from Ta‐
ble VIII that the implementation of default start can signifi‐
cantly reduce the total runtime. The reduction of test system 
A is 27.6%, while that of test system B is 38.1%.
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Fig. 9.　Required number of series terms with variation of initialization for 
bus 5 in test system A.

TABLE Ⅶ
IMPACT OF DIFFERENT TYPES OF INITIALIZATIONS WITHOUT CONTROL 

MODE SWITCHING

lg(ε)

-4

-6

-8

Flat start

Number of series 
terms

[6, 6]

[8, 8, 8]

[10, 10, 10, 10]

Runtime 
(ms)

112

285

397

Default start

Number of series 
terms

[6, 4]

[8, 4, 4]

[10, 4, 4, 4]

Runtime 
(ms)

97

159

212

Note: [6, 6] represents that the numbers of series terms in the 1st and 2nd 
rounds are 6 and 6, respectively; and the meaning of other data can be in‐
ferred similarly.
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Fig. 8.　Required number of series terms with variation of initialization for 
bus 4 in test system A.

TABLE VIII
IMPACT OF DIFFERENT TYPES OF INITIALIZATIONS WITH CONTROL MODE 

SWITCHING

Test system

Test system A

Test system B

Runtime (ms)

Flat start

380

486

Default start

275

301

Reduced runtime (%)

27.60

38.10

1380



TIAN et al.: POWER FLOW CALCULATION FOR VSC-BASED AC/DC HYBRID SYSTEMS BASED ON FAST AND FLEXIBLE...

VI. CONCLUSION 

This paper presents a novel PF calculation method based 
on the FFHE for VSC-based AC/DC hybrid systems. The 
proposed method consists of an AC/DC FFHE model and a 
sequential calculation framework. The proposed AC/DC FF‐
HE model exhibits remarkable flexibility in its structure, al‐
lowing for systematic adaption to various bus types under 
different VSC control modes. A sequential calculation frame‐
work is designed combining solution scheme for the AC/DC 
FFHE model with AC/DC data exchange and control mode 
switching mechanisms. The initialization flexibility of AC/
DC FFHE PF method facilitates the reduction of runtime 
and required number of series terms, resulting in superior 
computational efficiency, especially when recalculations are 
required to achieve overall AC/DC PF convergence or after 
VSC control mode switching. Multiple numerical tests dem‐
onstrate that the proposed method retains the advantages of 
the HE method in terms of accurate and reliable conver‐
gence to feasible solutions, while also exhibiting higher com‐
putational efficiency than that of the existing methods.

In future, two potential prospects could be focused on. 
First, to further improve the computational efficiency of the 
proposed method, the research on code optimization and the 
integration of parallel computing techniques is required. Sec‐
ond, the utilization of FFHE to pinpoint PF limit solutions 
(static voltage stability limits) in AC/DC hybrid systems de‐
serves further investigation.
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