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Abstract——The transformer inrush current has been a poten‐
tial threat in wind farms connected modular multilevel convert‐
er based high-voltage direct current (WF-MMC-HVDC) system 
due to the low overcurrent capability of power electronic devic‐
es. To investigate this issue, this paper develops a complete har‐
monic state space (HSS) model of the WF-MMC-HVDC system 
containing saturable transformers. The severity of the inrush 
current is investigated under different transformer configura‐
tions and the result is compared with EMTP simulations. More 
importantly, key factors that influence inrush current character‐
istics in a WF-MMC-HVDC system are studied using the single-
input single-output impedance model derived from the linear‐
ized HSS model. The results indicate that wind farms have a 
minor impact on the inrush current characteristics, whereas V/
F controlled modular multilevel converter (MMC) reduces its 
output voltage during transformer energization, thereby mitigat‐
ing the severity of the inrush current. The severity of the in‐
rush current largely depends on the resonance point deter‐
mined by the transmission line. In the case of offshore WF-
MMC-HVDC system, long submarine cables may cause severe 
harmonic amplifications and even do not attenuate for a long 
time.

Index Terms——Wind farm, modular multilevel converter 
based high-voltage direct current (MMC-HVDC), transformer 
inrush current, harmonic state space (HSS), harmonic reso‐
nance.

I. INTRODUCTION

MODULAR multilevel converter based high-voltage di‐
rect current (MMC-HVDC) has gained great populari‐

ty in the last decade due to several distinct advantages, in‐
cluding high power quality, free of commutation failures, 
etc. [1]. Since 2020, several high-voltage modular multilevel 
converter (MMC) projects have been completed in China, in‐
cluding Zhangbei and Rudong projects [2], mainly for long-
distance power transmission of wind power. As interfacing 

inverters of wind generators and MMC are both power elec‐
tronic devices, their overcurrent capabilities are limited and 
thus suffer from the inrush current induced by the transform‐
er energization, e.g., the inrush current caused the protection 
trip in Rudong wind farm (WF) connected MMC-HVDC 
(WF-MMC-HVDC) system [3] in 2021.

Extensive research on inrush current has been documented 
in the literature for a considerable period, and it remains a 
ongoing study to the present day. For instance, [4] proposes 
a transformer inrush current identification method based on 
the differential current, which can accurately distinguish in‐
ternal faults from inrush current. References [5] and [6] in‐
troduce effective methods for calculating residual flux in 
transformers. In [7] and [8], strategies to suppress the inrush 
current are presented based on asynchronous reclosing tech‐
nology and the grid forming inverter, respectively. Through 
literature review, it can be found that the recent research 
mainly focuses on the identification and mitigation of the in‐
rush current, whereas very few of them investigates the char‐
acteristics and propagation. Different from the conventional 
power grid, WF-MMC-HVDC systems involve heteroge‐
neous inverters with different control strategies. The re‐
sponse mechanism of these devices to the inrush current has 
not been thoroughly investigated, which is the motivation to 
conduct this research. The findings would facilitate the un‐
derstanding of the practical incidents and the design of miti‐
gation strategies.

Due to the highly nonlinear nature of transformer energiza‐
tion, time-domain simulation is the most common method to 
investigate the impact of the inrush current. The method 
shows high-fidelity, but cannot provide deep insights into the 
phenomenon, thus providing limited help on the cause identi‐
fication and mitigation. Besides, a frequency-domain method 
named dynamic phasor method (DPM) gradually gains its 
popularity in recent years [9]-[13]. DPM employs time-vary‐
ing Fourier series to transform a linear time-periodic (LTP) 
system into a linear time-invariant (LTI) system, which sim‐
plifies the calculation of the LTP system and is capable of 
accurately reflecting the dynamics of harmonics during the 
transient [9], [10]. DPM has been successfully applied in var‐
ious scenarios such as thyristor-controlled rectifiers [11], 
high-voltage direct current (HVDC) transmission systems 
[12], and microgrids [13].

Similar to DPM, harmonic state space (HSS) is another 
LTP modeling method that effectively captures the character‐
istics of LTP systems using coupled harmonic phasors [14]. 
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Compared with DPM, the HSS modeling is more straightfor‐
ward and easy to use [15]. More importantly, as HSS estab‐
lishes harmonic phasors in complex domain, the impedance 
model of the system can be directly obtained through linear‐
ization and Laplace transform. Therefore, the method is very 
suitable for the unified transient and stability analysis. Refer‐
ence [16] employs HSS to model distribution networks. 
Both the transient response and the small-signal stability 
analysis are investigated. Yet, [16] does not investigate the 
transformer inrush current issue. In [17] and [18], HSS is, 
for the first time, applied to model Yg-Yg transformers and 
the inrush current when the no-load energization is simulat‐
ed. In [19], an HSS model of a static synchronous compensa‐
tor (STATCOM) with a saturable transformer is established, 
which only explains the modeling process and does not ana‐
lyze the interaction between the STATCOM and the inrush 
current. Moreover, systems in the above literature differ sig‐
nificantly from the one considered in this paper. In [16] -
[19], a Thevenin equivalent circuit is used to represent the 
voltage source, whereas a V/F controlled MMC is consid‐
ered in this paper. Therefore, it is difficult to conclude the 
characteristics of the inrush current in WF-MMC-HVDC sys‐
tems from the previous work.

In view of the above, this paper presents a comprehensive 
investigation on the transformer inrush current in WF-MMC-
HVDC systems. To achieve this goal, the HSS modeling 
technique is adopted to establish dynamic models of a WF-
MMC-HVDC system with saturable transformers. The char‐
acteristics of the inrush current can be then investigated us‐
ing harmonic phasors during the transient, and key influenc‐
ing factors are revealed using linearized impedance models. 
The main contributions of this paper are summarized as fol‐
lows.

1) Detailed HSS models for three commonly-used trans‐
formers are developed according to their magnetic and elec‐
tric circuits, which lay the foundation for the transformer in‐
rush current related research. Based on these models, it is re‐
vealed in this paper that Y-Yg transformers produce smaller 
inrush currents compared with Yg-Y and Yg-D transformers.

2) By establishing the complete HSS model including WF-
MMC-HVDC system and saturable transformers, the paper  
points out that the MMC with V/F control can alleviate the 
severity of the inrush current. The reason is analytically ex‐
plained by the mathematical model of MMCs.

3) Taking advantage of modal analysis, key factors influ‐
encing characteristics of harmonic resonances in WF-MMC-
HVDC systems are identified. It is found that the capaci‐
tance of transmission lines and MMC impedances have sig‐
nificant impact, while the influence of WFs and line induc‐
tances are limited. These findings would support the inrush 
current mitigation at the planning stage.

The remainder of this paper is organized as follows. Sec‐
tions II establishes WF-MMC-HVDC system model. Sec‐
tions III presents model validation and inrush current analy‐
sis. Section IV investigates the influencing factors. The con‐
clusion is presented in Section V.

II. WF-MMC-HVDC SYSTEM MODEL 

In this section, a WF-MMC-HVDC system shown in the 

Supplementary Material A Fig. SA1 [20] is established using 
the HSS modeling technique [16] - [19]. A 900 MVA MMC 
employs the V/F control to form the grid voltage, and the 
DC side is simplified as a DC voltage source. The capacity 
of the entire wind power system is 900 MVA, where 700 
MVA wind generators are in operation and 200 MVA wind 
generators are shut down. The WF consists of Type-4 wind 
generators, where the grid-side converter (GSC) adopts DC 
voltage control and the machine-side converter (MSC) 
adopts speed control. The parameters used in the system are 
presented in Tables I to III and the design method can be 
found in [20], [21].

TABLE I
NO-LOAD TRANSFORMER PARAMETERS

Parameter

Transformer capacity

Transformer ratio

Excitation resistance

Leakage reactance

Value

200 MVA

230 kV/35 kV

10000 Ω

0.11 p.u.

TABLE II
WF-MMC-HVDC SYSTEM PARAMETERS

Component

MMC 
station

WF

Parameter

DC side voltage

Arm inductance

Rated power

Arm resistance

Submodule number

Module capacitance

Transformer winding connection

Proportional parameter and integral parameter of 
circulating current suppression control (CCSC)

Proportional parameter and integral parameter of 
voltage loop 

Proportional parameter and integral parameter of 
current loop

Control delay

System frequency

Transformer ratio

Transformer leakage reactance

Filtering inductance

Rated power

Rated AC voltage

DC voltage

Transformer winding connection

Proportional parameter and integral parameter of 
DC voltage loop

Proportional parameter and integral parameter of 
current loop

Proportional parameter and integral parameter of 
phase-locked loop (PLL)

Number of wind turbine

Transformer ratio

Transformer leakage reactance

Value

500 kV

100 mH

900 MW

0.3 Ω

256

8 mF

Yg-D

20, 2000

1, 100

1, 10

250 μs

50 Hz

290 kV/
230 kV

0.12 p.u.

1.11 μH

700 MW

690 V

1450 V

Y-Yg

5, 10

1.2, 50

20, 100

350

230 kV/
0.69 kV

0.12 p.u.
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A. HSS Model of Saturable Transformer

Accurate modeling of saturable transformers is the key for 
the inrush current analysis. In practical WF-MMC-HVDC 
projects, common transformer winding connections are Yg-Y, 
Yg-D, and Y-Yg [22]. This subsection establishes the HSS 
model of a Yg-D transformer. The detailed HSS models of 
other two configurations can be found in the Supplementary 
Material B.

In this paper, a polynomial form is employed to simulate 
the magnetization current ijψ (t) as:

ijψ (t)= a1ψj (t)+ a3ψ
3
j (t)+ a5ψ

5
j (t)+ + anψ

n
j (t) (1)

where ψ is the magnetic flux acting on the excitation induc‐
tance and satisfies dψ/dt = v, and v is the excitation branch 
voltage; ak (k = 13...n) is the coefficient for each term, and 
n is an odd number; and subscript j represents one of the 
three phases. Based on the data provided by the manufactur‐
er, the knee point voltage of the transformer is 1.2 p.u. and 
the corresponding magnetizing current Ik is set to be 0.5% of 
the rated current of the transformer. The least square method 
is used for fitting, resulting in the magnetization characteris‐
tic curve of the transformer, as illustrated in Fig. 1.

The equivalent circuit of the three-phase Yg-D transformer 
is shown in Fig. 2, where Lj1 and rj1 are the total equivalent 
impedances on the primary side of the transformer; Lj2 and 
rj2 are the equivalent impedances on the secondary side; id is 
the circulating current on the secondary side; rmag is the mag‐
netizing resistance used to simulate transformer losses; and 
iinrj is the three-phase inrush current.

Based on Fig. 2 and (1), the corresponding formulation of 
phase A can be derived based on Kirchhoff’s voltage law 
(KVL) as:

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

vA = LA1

diinrA

dt
+ rA1iinrA + rmag (iinrA - id - iAψ )

v=
dψA

dt
= rmag (iinrA - id - iAψ )

iAψ = a1ψA + a3ψ
3
A + a5ψ

5
A + + anψ

n
A

(2)

By moving the differential terms in (2) to the left side of 
the equation, (2) can be rewritten as:

ì

í

î

ï

ïï
ï
ï

ï

ï

ï
ïï
ï

ï

diinrA

dt
=-

rA1 + rmag

LA1

iinrA +
vA

LA1

+
rmag

LA1

iAψ +
rmag

LA1

id

dψA

dt
=-rmag (a1 + a3ψ

2
A + a5ψ

4
A + + anψ

n - 1
A )ψA +

             rmagiinrA - rmagid

(3)

Then, expanding (3) to three phases as follows:

ì

í

î

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï

ï

ï

ï

diinrA

dt
=-

rA1 + rmag

LA1

iinrA +
rmag

LA1

iAψ +
vA

LA1

+
rmag

LA1

id

dψA

dt
=-rmag (a1 + a3ψ

2
A + a5ψ

4
A + + anψ

n - 1
A )ψA +

             rmagiinrA - rmagid

diinrB

dt
=-

rB1 + rmag

LB1

iinrB +
rmag

LB1

iBψ +
vB

LB1

+
rmag

LB1

id

dψB

dt
=-rmag (a1 + a3ψ

2
B + a5ψ

4
B + + anψ

n - 1
B )ψB +

             rmagiinrB - rmagid

diinrC

dt
=-

rC1 + rmag

LC1

iinrC +
rmag

LC1

iCψ +
vC

LC1

+
rmag

LC1

id

dψC

dt
=-rmag (a1 + a3ψ

2
C + a5ψ

4
C + + anψ

n - 1
C )ψC +

             rmagiinrC - rmagid

(4)

Similarly, based on KVL and Fig. 3, the voltage equation 
involving id can be identified as:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

rmag (iinrA - iAψ - id )= LA2

did

dt
+ rA2id

rmag (iinrB - iBψ - id )= LB2

did

dt
+ rB2id

rmag (iinrC - iCψ - id )= LC2

did

dt
+ rC2id

(5)

Generally, the transformer is three-phase balanced. Thus, 
it is reasonable to assume rA1(2)= rB1(2)= rC1(2), LA1(2)= LB1(2)=
LC1(2). Therefore, (5) can be rewritten as:

did

dt
=-

rmag + rA2

LA2

id +
rmag

3LA2

(iinrA + iinrB + iinrC - iAψ - iBψ - iCψ )

   (6)

Finally, the HSS model of the three-phase Yg-D transform‐
er can be derived as:

TABLE III
LINE PARAMETER

Parameter

Unit inductance

Unit capacitance

Unit resistance

Length of line A

Length of line B

Value

0.976 mH/km

0.011 uF/km

0.0626 Ω/km

20 km

20 km

1.2 p.u.

0.005 p.u.

ψ

I

Fig. 1.　Magnetization characteristic curve of transformer.
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Fig. 2.　Equivalent circuit of the three-phase Yg-D transformer.
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diinrj

dt
=- ( )rj1 + rmag

Lj1

EI +N iinrj +
rmag

Lj1

ijψ +
1

Lj1

vj +
rmag

Lj1

id

dψ j

dt
=-[rmag (a1 EI + a3Γ(ψ j )2 + a5Γ(ψ j )4 + +

            anΓ(ψ j )n - 1 )+N]ψ j + rmagiinrj - rmagid

did

dt
=- ( )rmag + rA2

LA2

EI +N id +
rmag

3LA2

(iinrA + iinrB + iinrC -

           iAψ - iBψ - iCψ )

  (7)

where N = diag{-jhω-jω0jωjhω}; EI is a n ´ n 
identity matrix; Γ is the Toeplitz matrix form of the variable; 
and variables in bold represent the matrix form of those vari‐
ables.

B. Modeling of WF-MMC-HVDC System

As MMCs and WFs are both power electronic devices 
that involve hardware and software systems [23], their mod‐
eling processes are similar. To avoid the repetition, only the 
modeling process of MMCs is explained in this paper. MMC 
model primarily consists of main circuits, V/F control loop, 
and CCSC.
1)　Main Circuit

Figure 3 depicts the equivalent circuit for phase A of the 
MMC. udcu and udcl are the DC voltages of the positive and 
negative poles, respectively, each with a value of 1/2udc; idc 
is the DC side current; iuA, ilA and ucumA, uclmA are the upper 
and lower arm currents and voltages, respectively; icA is the 
circulating current; u2A and i2A are the phase-A voltage and 
current on the AC side, respectively; and Rarm, Larm, and Carm 
are the equivalent arm impedances.

Applying the KVL to the circuit, the equations of phase A 
can be obtained as [24]:

ì

í

î

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï
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ïï
ï

ï

ï

ï

dicA

dt
=-

Rarm

Larm

icA -
nuA

2Larm

ucumA -
nlA

2Larm

uclmA +
udc

2Larm

di2A

dt
=-

Rarm

Larm

i2A +
nuA

Larm

ucumA -
nlA

Larm

uclmA +
2u2A

Larm

ducumA

dt
=

NmnuA

Carm

icA -
NmnuA

2Carm

i2A

duclmA

dt
=

NmnlA

Carm

icA +
NmnlA

2Carm

i2A

(8)

where nuA and nlA are the modulation signals for the upper 
and lower arm of phase A, respectively; and Nm is the num‐
ber of submodules.

Based on HSS theory, the three-phase main circuit of the 
MMC can be formulated in HSS domain as:

ì

í

î

ï

ï

ï

ï
ïïï
ï

ï

ï

ï

ï

ï

ï

ïïï
ï

ï

ï

ï

ï

dicj

dt
= ( )-

Rarm

Larm

EI -N icj -
Γ(nuj )

2Larm

ucumj -
Γ(nlj )

2Larm

uclmj +
udc

2Larm

di2j

dt
= ( )-

Rarm

Larm

EI -N i2j +
Γ(nuj )

Larm

ucumj -
Γ(nlj )

Larm

uclmj +
2u2j

Larm

ducumj

dt
= (0 ´EI -N)ucumj +

NmΓ(nuj )

Carm

icj -
NmΓ(nuA )

2Carm

i2j

duclmj

dt
= (0 ´EI -N)uclmj +

NmΓ(nlj )

Carm

icj +
NmΓ(nlj )

2Carm

i2j

(9)

where the variables in bold represent the matrix form of 
those variables.
2)　V/F Control Loop

MMC converter employs a V/F control loop to form the 
grid voltage, which includes an outer AC voltage control 
and an inner current control. In HSS domain, the park trans‐
formation can be expressed as:

ì

í
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ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
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ï

ï

ï
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ï
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ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

u2d =Γ(cos(ω0t))u2A +Γ ( )cos ( )ω0t -
2π
3

u2B +

          Γ ( )cos ( )ω0t +
2π
3

u2C

u2q =-Γ(sin(ω0t))u2A -Γ ( )sin ( )ω0t -
2π
3

u2B -

          Γ ( )sin ( )ω0t +
2π
3

u2C

i2d =Γ(cos(ω0t))i2A +Γ ( )cos ( )ω0t -
2π
3

i2B +

         Γ ( )cos ( )ω0t +
2π
3

i2C

i2q =-Γ(sin(ω0t))i2A -Γ ( )sin ( )ω0t -
2π
3

i2B -

        Γ ( )sin ( )ω0t +
2π
3

i2C

    (10)

where ω0 = 2πf0, f0 = 50 Hz; and u2d, u2q and i2d, i2q are the 
matrix forms of the d- and q-axis components of u2ABC and 
i2ABC at the point of common coupling (PCC) of MMC, re‐
spectively. Then, the outer AC voltage control can be de‐
rived as:

ì

í

î

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

i2refd = kmmcp

u2d - u2refd

Ubase

+ kmmci

xu2d

Ubase

i2refq = kmmcp

u2q - u2refq

Ubase

+ kmmci

xu2q

Ubase

dxu2d

dt
=-Nxugd + (u2d - u2refd )

dxu2q

dt
=-Nxugq + (u2q - u2refq )

(11)

where xu2d and xu2q are the matrix forms of the integral state 
variables of the voltage control at d- and q-axis, respective‐
ly; u2refd, u2refq, i2refd, and i2refq are the matrix forms of the 
voltage and current references at d- and q-axis, respectively; 
Ubase is the voltage base value of the MMC; and kmmcp and 

i2A

u2A

udcu

udcl

idc/3 iuA

ilA

Rarm

Rarm

Larm

LarmicA

ucumA

A

A'

uclmA
+

-

+

-

+

-
+
-

+
-

Fig. 3.　Equivalent circuit for phase A of MMC.
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kmmci are the proportional parameter and integral parameter 
of the proportional and integral (PI) controller in the AC 
voltage control, respectively.

The inner-current control can be written as:

ì

í

î

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

UMMCd = ( )u2d +ω
Larm

Zbase

i2q

Ibase

- kp

i2dref - i2d

Ibase

-
ki x i2d

Ibase

Ubase

UMMCq = ( )u2q -ω
Larm

Zbase

i2d

Ibase

- kp

i2qref - i2q

Ibase

-
ki x i2q

Ibase

Ubase

dx i2d

dt
=-Nx i2d + (i2dref - i2d )

dx i2q

dt
=-Nx i2q + (i2qref - i2q )

   (12)

where x i2d and x i2q are the matrix forms of the integral state 
variables of the current control at d- and q-axis, respectively; 
Ibase and Zbase are the base values of the current and the im‐
pedance, respectively; UMMCd and UMMCq are the matrix forms 
of the 50 Hz modulation signal at d- and q-axis, respective‐
ly; kp and ki are the proportional parameter and integral pa‐
rameter of the PI controller used in the current control, re‐
spectively; and ω is the output angular velocity of the PLL.
3)　CCSC

The second harmonic circulating current is suppressed by 
the CCSC in Supplementary Material A Fig. SA1 and the 
corresponding HSS model is:
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ï

Ucird = ( )-2ω
Larm

Zbase

icirq

Ibase

- kcirp

0 ´EI - icird

Ibase

- kciri

xcird

Ibase

Ubase

Ucirq = ( )2ω
Larm

Zbase

icird

Ibase

- kcirp

0 ´EI - icirq

Ibase

- kciri

xcirq

Ibase

Ubase

xcird

dt
=-Nxcird + (0 ´EI - icird )

xcirq

dt
=-Nxcirq + (0 ´EI - icirq )

 (13)

where xcird and xcirq are the matrix forms of the integral state 
variables of the CCSC control; icird and icirq are the matrix 
forms of the d- and q-axis components of circulating current, 
respectivley; Ucird and Ucirq are the matrix forms of the 100 
Hz modulation signals at the d- and q-axis, respectively; and 
kcirp and kciri are the proportional parameter and integral pa‐
rameter of the PI controller in the CCSC control, respective‐
ly.

III. MODEL VALIDATION AND INRUSH CURRENT ANALYSIS

Once the HSS model is established, the inrush current Irush 
can be simulated through the Runge-Kutta algorithm. As the 
accuracy of the HSS model increases with the truncation or‐
der h, the value of h must be properly selected to balance 
the modeling accuracy and the computation burden. In this 
paper, h is selected to be 9 according to the criterion devel‐
oped in [22]. To obtain the maximum inrush current, the 
closing angle for Yg-Y and Yg-D transformers are set to be 
30°, and the closing angle for Y-Yg transformer is set to be 
0° [25]. In addition, to investigate the influence of the V/F 
controlled MMC, a comparative scenario is considered, 

where the MMC is replaced by an ideal voltage source with 
a constant 290 kV voltage output. The results of two scenari‐
os are compared with EMTP simulation results, as shown in 
Supplementary Material C Figs. SC1 and SC2. The follow‐
ing findings are obtained: ① the simulation results of HSS 
and EMTP are highly consistent, which demonstrate that the 
developed HSS model can accurately simulate the phenome‐
non of inrush current in the WF-MMC-HVDC system; ② 
the peak values and decay characteristics of the inrush cur‐
rent are quite distinct in two scenarios due to different volt‐
age supplies. Specifically, for Yg-Y and Yg-D transformers, 
the peak values decrease from 5.8 p.u. and 5.6 p.u. to 3.3 p.
u. and 3.2 p.u., respectively. For Y-Yg transformers, the peak 
value decreases from 3.4 p. u. to 1.9 p. u.; and ③ the Y-Yg 
transformer exhibits the minimum peak inrush current. This 
is because the zero-sequence impedance of the Y-Yg trans‐
former on the primary side is infinite, which prevents the 
flow of 3rd and 9th harmonic currents.

Residual flux is one of the crucial factors affecting the 
characteristics of the inrush current. Here, referring to [26], 
the residual flux of the three phases is given as 0.6 p. u., 
-0.3 p.u., and -0.3 p.u., respectively. The corresponding in‐
rush current waveforms are illustrated in Supplementary Ma‐
terial C Figs. SC3 and SC4.

Compared with Figs. SC1 and SC2, the inrush current 
peaks in Figs. SC3 and SC4 increase significantly, which is 
expected as the residual flux, generally leading to more se‐
vere inrush currents. Besides, we observe that the V/F con‐
trolled MMC leads to a more significant reduction on the in‐
rush current. This phenomenon is investigated in detail using 
the Yg-Y transformer. Owing to the frequency domain nature 
of HSS, waveforms of voltage disturbance Du2A and current 
disturbance Di2A can be accurately decomposed into various 
harmonics, as shown in Fig. 4, where Du2A is the phase-A 
disturbance in the PCC voltage of the MMC, and Di2A is the 
phase-A disturbance in the output current of the MMC, after 
the occurrence of inrush current. Note that Di2A is reversed 
compared with Fig. SC1(a) due to different reference direc‐
tions.

According to Fig. 4, Du2A and Di2A consist of harmonics at 
the 1st, 3rd, 5th, 7th, and 9th orders, with the 1st harmonic, i.e., 
50 Hz component, being dominant. The 3rd and 9th harmon‐
ics cannot flow into the MMC through the Yg-D transformer, 
hence their amplitudes in Fig. 4(a) are almost zero. Such a 
result indicates that less severe inrush current is likely to be 
caused by the voltage drop at 50 Hz. 

Based on the main circuit and control diagram of the 
MMC, an approximate algebraic relationship between Du2A 
and Di2A is established as (14). Please refer to the Supple‐
mentary Material D for detail.

u2A »
( )1

2
Rarm + kp

Ubase

Ibase

i2A + kmmcpkpu2Aref +
1
2

Larm

di2A

dt
1 + kmmcpkp

    (14)

When a current disturbance Di2A emerges due to the inrush 
current, the voltage disturbance Du2A can be expressed as:

361



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 1, January 2026

Du2A »
( )1

2
Rarm + kp

Ubase

Ibase

Di2A +
1
2

Larm

Di2A

Dt
1 + kmmcpkp

(15)

According to (15), Di2A is in the same direction as Du2A, 
which explains the main cause of the voltage drop during 
the initial period of the inrush current and the less severe in‐
rush current when compared with the ideal voltage source. 
Equation (15) also explains the reason why the reduction in 
the inrush current is more significant when there is a residu‐
al flux in the transformer, as a larger inrush current leads to 
a greater voltage drop.

IV. INFLUENCING FACTORS 

To identify key factors that influence the inrush current in 
the WF-MMC-HVDC system, the system is partitioned into 
three subsystems: the WF subsystem, the MMC subsystem, 
and the transmission line subsystem. The linearized single-in‐
put single-output transfer function is obtained from the HSS 
model to facilitate the analysis from the impedance perspec‐
tive [27]. Detailed steps are described in Supplementary Ma‐
terial E Fig. SE1.

A. WF Subsystem

1)　Impact of Number of Wind Generators
In practical operation, the number of wind generators var‐

ies over time, which changes the output power and equiva‐
lent impedances of the WF subsystem. The variation of peak 
values with different numbers of wind generators in opera‐
tion is provided in Fig. 5. Figure 6 presents the impedance 
curves with different numbers of wind generators, where Zpp 
is the positive-sequence impedance, and Znn is the negative-
sequence impedance.

From Fig. 5, it can be observed that the number of wind 
generators has little impact on the peak value of inrush cur‐
rent. 

The reason can be explained by Fig. 6. The curves of posi‐
tive- and negative-sequence impedances above the 50 Hz fre‐
quency range remain almost constant regardless of the num‐
ber of wind generators. As a result, WFs have little impact 
on the inrush current that mainly consists of harmonics with 
a frequency of 100 Hz and above.
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2)　Impact of WF Output Power
To analyze the impact of different WF output power on 

the inrush current, the output power is varied while keeping 
the number of wind turbines constant. The WF output power 
is set to be 0 MW, 350 MW, and 700 MW, respectively. The 
results are shown in Fig. 7.

According to Fig. 7, it can be observed that with the in‐
crease in WF output power, there is a slight decrease in the 
peak value of the excitation current (this is due to the in‐
crease in transmission power leading to a greater voltage 
drop along the line), but the overall impact is minimal. 
Note, the above study does not mean that the impact of off‐
shore WFs on inrush currents can be disregarded in all WF-
MMC-HVDC systems. Rather, this effect is case-dependent 
and strongly influenced by the capacity of the WFs. As the 
rated capacity increases, the impact of the WF becomes 
more significant.

B. MMC Subsystem

In addition to V/F control, there are other grid-forming 
control strategies such as droop control and virtual synchro‐
nous generator (VSG) control. However, their control band‐
width is relatively small [28], [29], resulting in minimal im‐
pact on inrush currents. Therefore, these strategies are not 
specifically addressed in this paper. According to (15), Du2 
of the V/F control MMC is related to kmmcp and kp. The im‐
pacts of these two parameters on the inrush current are inves‐
tigated here.
1)　Impact of kmmcp

The peak values of the inrush current with different kmmcp 
are shown in Fig. 8. The corresponding voltage disturbances 
are compared, as shown in Fig. 9. It is worth noting that, to 
keep the figure concise, Fig. 9 only displays the dominant 
50 Hz and 250 Hz voltage drops as examples.
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Fig. 8.　Peak values of inrush current with different kmmcp.

According to (15), under identical Di2, increasing kmmcp 

contributes to reducing 50 Hz voltage drop in Du2. The volt‐
age waveforms shown in Fig. 9 confirm this reasoning. For 
higher harmonics, as the bandwidth of the AC voltage con‐
trol loop is usually narrow, changing kmmcp has a relatively 
small impact. Therefore, the variation in the 250 Hz voltage 
drop is much smaller than that in the 50 Hz voltage drop, as 
shown in Fig. 9(b). In short, the larger kmmcp is, the smaller 
the voltage drop, and consequently, the larger the peak of 
the inrush current. The data presented in Fig. 8 substantiate 
the validity of the above analysis.

2)　Impact of kp

Next, the impact of kp is discussed. The peak values of 
the inrush current with different kp are listed in Fig. 10. The 
corresponding voltage disturbances and the impedance 
curves of the MMC are investigated, as shown in Figs. 11 
and 12, respectively.

Figure 12 indicates that the change of kp shows a more 
significant impact on the 250 Hz voltage drop than that of 
the 50 Hz voltage drop. Due to the wide control bandwidth 
of the current loop, increasing kp reduces the impedance 
magnitude above 100 Hz, which in turn changes the voltage 
drop at the 250 Hz. On the other hand, the 50 Hz voltage 
change is not significant as both the numerator and denomi‐
nator in (15) increase with kp. Compared with kmmcp, the in‐
fluence of kp on Du2 and the inrush current is smaller, as 
shown in Figs. 10 and 11.
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C. Transmission Line Subsystem

From the analysis above, it can be concluded that WFs 
have a small impact on the peak value of the inrush current, 
whereas the V/F control of the MMC alleviates the severity 
of the inrush current. Therefore, the harmonic issues that oc‐
curred in practice are likely to be caused by the transmission 
lines. Presently, transmission lines in WF-MMC-HVDC sys‐

tems include two types: overhead lines and submarine cables 
(mostly used in offshore WFs).

Maintaining the topology of WF-MMC-HVDC system 
[20], the parameters of an offshore WF-MMC-HVDC sys‐
tem are used, which involves one 47.3 km submarine cable 
and two 32.2 km submarine cables [4]. The cable parameters 
are listed in Table IV, and the analysis of inrush current and 
voltage under different transmission lines is shown in Fig. 
13, where proportion indicates the percentage of harmonics 
relative to the fundamental component.
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TABLE IV
CABLE PARAMETERS

Parameter

Inductance (mH/km)

Capacitance (μF/km)

Resistance (Ω/km)

Length (km)

Cable A

0.4752

0.1269

0.0616

47.3000

Cable B

0.4988

0.1182

0.0698

32.2000
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As shown in Fig. 13, cables result in a much more severe 
inrush current. Harmonics even do not attenuate for a long 
time, which results in consequences such as tripping of line 
protection and disconnection of wind generators from the 
grid.

In Fig. 14, the impedance curves are observed from the 
230 kV bus. It is evident that due to the larger capacitance 
of the cables, a resonance occurs around 100 Hz, significant‐
ly amplifying harmonics in the inrush current. In other 
words, compared with onshore WF systems using overhead 
lines, offshore WF systems employing cables might encoun‐
ter more severe inrush current issues. To further demonstrate 
the impact of submarine cables on inrush current, three cases 
are designed, as shown in Table V, with cable lengths corre‐
sponding to 1 p.u., 0.9 p.u., and 0.8 p.u..

In Fig. 15, the impedance curves are presented near 100 
Hz for the system under three cases. It is clear that the cable 
lengths exert a significant impact on resonance. Specifically, 
case 2 demonstrates the most pronounced resonance effect at 
100 Hz, registering a magnitude of 68.7 dB. This is succeed‐
ed by case 3, which records a magnitude of 64.7 dB, and 
case 1, with a magnitude of 59.5 dB.

Figure 16 presents the simulation results of the transform‐
er inrush current and the voltage waveforms at 230 kV bus 
for case 2 and case 3, and the result of case 1 is shown in 
Fig. 13(b). The results show that all three cases lead to sig‐
nificant resonant overvoltage. Case 2 exhibits the most se‐
vere voltage distortion, with a THD of 286.34%. Case 3 fol‐
lows with a THD of 264.21%, and case 1 has a THD of 
249.09%. These results are consistent with the impedance 
based resonance analysis in Fig. 15.

The above cases highlight the significant impact of the ca‐
ble length on inrush current. Altering the cable length causes 
a shift in the resonant point of the system, as shown in Fig. 
15. When the resonant point aligns with the harmonic fre‐
quency range of the inrush current, i.e., the 2nd to 9th harmon‐
ics, it amplifies the inrush current, leading to sustained oscil‐
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lations and resonant overvoltage, as can be observed from 
the waveforms in Fig. 16.

D. Sensitivity Analysis

To quantify the contribution of various components on the 
resonance, harmonic resonance modal analysis [30] is ap‐
plied in this paper. The nodes considered in the analysis in‐
clude the PCC of the MMC (Node 1), the 230 kV bus 
(Node 2), and the PCC of the WF (Node 3). The modal im‐
pedance of the system in case 1 is depicted in Fig. 17, in 
which there is a resonance peak at 94 Hz in Node 3, which 
is consistent with the impedance analysis in Fig. 14.

To analyze the primary factors influencing resonance, the 
following formula is used to calculate parameter sensitivity:

α =
( || λ0 - || λ1 )/ || λ0

(k0 - k1 )/k0

=
(1 - || λ1 / || λ0 )

(1 - k1 /k0 )
(16)

where λ is the modal impedance; k is the system parameter; 
the subscript 0 denotes the value before parameter variation; 
the subscript 1 denotes the value after parameter variation; 
and α is the defined modal sensitivity, with a higher value in‐
dicating a greater impact of parameter k on the system reso‐
nance.

The results of the modal sensitivity analysis are shown in 
Fig. 18, where Ln (n =A B) is the equivalent inductance of 
the cables; Cn1 and Cn2 are the capacitances of the cables; 
and T is the impedance of the converter transformer.
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ent components. (a) Structure diagram of offshore WF-MMC-HVDC sys‐
tem. (b) Results of modal sensitivity analysis.

The result indicates that the sensitivity values of Cn1 and 

Cn2 are the highest, followed by the impedances of the 
MMC and the converter transformer. This indicates that the 
capacitances of cables are the main cause of the resonance 
around 94 Hz, while the impacts of the WFs and line induc‐
tances are limited.

V. CONCLUSION 

This paper develops an HSS model of WF-MCC systems 
with a saturable transformer to investigate the characteristics 
of the transformer inrush current in WF-MMC-HVDC sys‐
tems. The main conclusions can be summarized as follows:

1) For three commonly-used winding connections, i.e., Yg-
Y, Yg-D, and Y-Yg, the former two exhibit a higher peak of 
inrush currents, whereas the peak value for Y-Yg is relatively 
smaller due to its infinite zero-sequence impedance on the 
primary side, which suppresses the 3rd and 9th harmonics. 
Therefore, more attentions should be given when Yg-Y and 
Yg-D transformers are energized.

2) The influence of WFs is small, whereas the V/F con‐
trolled MMC would attenuate the peak value of the inrush 
current due to the 50 Hz voltage drop caused by the inrush 
current. Compared with current loops, the proportional term 
of the V/F control loop has the most significant impact on 
the inrush current.

3) The severity of inrush current is closely related to trans‐
mission lines, whose parameters may vary in a wide range. 
By using the parameters of a real-world offshore WF-MMC-
HVDC system, it is found that the large capacitance of the 
offshore cable leads to a decrease in the natural resonance 
frequency, which may significantly amplify the harmonics in 
inrush currents.
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