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Sequence Impedance Modeling and Analysis of
MMC in Single-Star Configuration

Yang Zhang , Student Member, IEEE, Xin Chen, Member, IEEE, and Jian Sun , Fellow, IEEE

Abstract—This paper presents sequence impedance modeling
and analysis of modular multilevel converters (MMCs) in a single-
star configuration for static VAR compensation (STATCOM) ap-
plication. Prior work on impedance modeling of MMC is limited
to the double-star configuration for high-voltage dc transmission
applications. Compared to that, single-star configuration uses only
a single arm of switching modules in each phase, eliminating the
second-harmonic circulating current and the need for the associ-
ated circulating current control. On the other hand, the lack of
connection to a stiff dc bus makes it essential to include module
capacitor voltage control in the model. A special form of the multi-
harmonic linearization method is applied to take advantage of the
simpler harmonic spectra and to reduce the complexity of the re-
sulting models. The developed models are verified by simulation
and experiment, respectively, and used to understand the similar-
ities and differences in the impedance characteristics of the two
configurations as well as the effects on stability. A representative
wind power plant is presented as an example to demonstrate the
application of STATCOM impedance models on the system stabil-
ity analysis.

Index Terms—Harmonic linearization, impedance modeling,
modular multilevel converters (MCCs), STATCOM.

I. INTRODUCTION

S EQUENCE impedance modeling and analysis is an ef-
fective method to study stability and resonance of power

electronics connected to the power grid. Small-signal sequence
impedance models have been developed for various types of con-
verters and converter systems, such as type-III and type-IV tur-
bines [1]–[4] and high-voltage dc (HVDC) converters [5], [6], to
support this application. Because these converters operate with
sinusoidal voltage and/or current, linearization of their models,
which is necessary for the development of sequence impedance
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models, requires a different method called harmonic lineariza-
tion [7]. With modular multilevel converters (MMCs) replacing
conventional two-level voltage-source converters (VSCs) as the
state-of-the-art technology for high-power applications, their
sequence impedance modeling also attracts a lot of attention
due to the instability problems in the renewable power system
involving MMC-based converters [8]–[11]. Sun and Liu [12]
presented a new sequence impedance modeling method, called
multi-harmonic linearization, for MMC to allow any number
of steady-state harmonics to be considered in the linearization
process. Another advantage of the model presented in [12] is
that it only involves circuit and control variables of a single arm,
which significantly reduces model complexity and provides new
insights into MMC operation in the frequency domain.

Among the possible configurations of MMC, the double-star
configuration has received the most attention because of HVDC
application [13], [14] and is the focus of [12]. The single-star
configuration, depicted in Fig. 1(a), is a simpler circuit and is
preferred for applications that require lower voltage. One such
application is for static VAR compensation (STATCOM) [15],
which is usually used to compensate for reactive power in power
systems. Resonance is an increasing concern for this type of
applications of power electronics [16], [17]. A new application
we have been developing for STATCOM is to provide damping
to renewable energy system resonance [18]. The objective of this
work is to develop small-signal sequence impedance models for
MMC in single-star configuration to support both applications.

Sun and Liu [12] identified the symmetries among different
arm currents and voltages in a double-star MMC to reduce the
power stage model to that of a single arm. Based on this reduced-
order model, modeling of a single-star MMC is not simpler than
a double-star MMC in spite of the halved number of arms. On
the other hand, the single-star configuration eliminates the pos-
sibility for circulating current in each phase leg, hence also the
need to control such current, which is an important part of MMC
control considered in [12]. This simplifies control modeling to
some extent. However, since there is no connection to a stiff dc
bus in STATCOM applications, dynamics and control of the ca-
pacitor voltage, which so far has been ignored in MMC sequence
impedance models, are important and must be considered. The
balancing control for these module capacitor voltages used in
STATCOM, which is different from that used in the double-star
MMC converters due to the different modulation methods, may
affect the dynamics of the converter at the low frequency and
will be also considered. Additionally, the absence of second-
harmonic circulating current also eliminates the need to include
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Fig. 1. Power stage of an MMC in single-star configuration. (a) Main circuit.
(b) Continuous approximate model.

such harmonics in the small-signal model, which provides an
opportunity to develop a lower-order model.

The purpose of this paper is to present small-signal sequence
impedance modeling and analysis of MMC in the single-star
configuration. Compared to the previous work on the modeling
of MMC in double-star configuration, this work emphasizes the
following.

1) A simplified form of the multi-harmonic linearization
method by taking advantage of the absence of second-
harmonic circulating current.

2) Inclusion of module capacitor voltage control in the small-
signal model.

3) The effects of these features on impedance characteristics
of the converter.

4) Experimental validation of the developed model by a
scale-down prototype.

The rest of the paper is organized as follows. Section II de-
scribes the circuit and control of MMC in the single-star con-
figuration. Section III develops the converter impedance model
based on double-harmonic linearization and uses a block dia-
gram of small signal flow to represent this model. Section IV
verifies the developed impedance models by detailed circuit
simulation and experimental measurement of a scale-down pro-
totype. Section V discusses the impedance characteristics of the
single-star MMC by comparison with the double-star configura-
tion. Section VI presents an application of the stability analysis
of a representative wind power plant with STATCOM using
this developed STATCOM impedance models. Section VII con-
cludes the work.

II. CIRCUIT AND CONTROL

Fig. 1(a) shows a simplified diagram of a three-phase MMC
circuit in the single-star configuration. A full-bridge topology
is commonly used as the switching module. Compared to the

Fig. 2. Control functions of single-star MMC. (a) Phase current control.
(b) PLL.

Fig. 3. Module capacitor voltage control of a STATCOM in single-star con-
figuration. (a) Average voltage control. (b) Phase voltage balancing control.
(c) Cell voltage balancing control for the nth sub-module.

double-star configuration, each phase here consists of only one
arm. This difference in the converter circuit leads to several
unique features in the operation and control of the single-
star configuration that merits the work reported in this paper:
harmonic-free arm current, no circulating current control, and
no connection to a stiff dc bus. However, based on the symmetry
between the upper and lower arms, the general form of a single-
arm model of a double-star MMC modeled in [12] can also be
applicable to the power stage of the single-star MMC.

The basic function for any MMC is phase current control,
which is usually done by using a phase-locked loop (PLL) to
synchronize with the PCC voltage and dq-frame current con-
troller to regulate the currents, as depicted in Fig. 2. The d-axis
and q-axis current reference represent the active and reactive
current MMC, which are required to inject, respectively. The
design and operation of these two control functions are similar
to that of a double-star MMC, such that their corresponding
small-signal control models modeled in [12] can be adopted as
well. Circulating current control is important in the double-star
configuration, but is not required here.

Since the absence of a connection to a stiff dc bus, the module
capacitor voltage control becomes an integral part of single-
star MMC control to maintain a stable and balanced module
capacitor voltage. Functionally, this control is usually divided
into three layers [19].

1) Average voltage control. Fig. 3(a) depicts an algorithm
of average voltage control to regulate the average of all
module capacitor voltages by using a PI compensator and
adding a component to the d-axis reference of the phase
current control.
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2) Phase (Clustered) voltage balancing control. A number
of algorithms can be used to achieve such function [20],
where Fig. 3(b) presents a common method by reallocat-
ing the active power component in phase currents indepen-
dently based on the average of module capacitor voltage
in each phase. Noting that the phase voltage balancing is
necessary for STATCOM operating with unbalanced grid
voltages or to compensate for grid unbalance [21], [22].
Under such conditions, however, the symmetries identi-
fied in [12] among three phases are no longer true and
additional harmonics may also appear. Therefore, a full-
order power stage model with additional harmonics would
be required, leading to a much more complex model. We
will leave this for future work and focus in this paper on
the balanced operation of STATCOM.

3) Cell (Individual) voltage balancing control. Fig. 3(c) de-
picts an algorithm of cell voltage control for carrier phase
shifting pulsewidth modulation (PWM) to individually
regulate each module capacitor voltage by using a PI
compensator, and the operator before sinusoidal function
depends on the operation mode of STATCOM [19]. How-
ever, since the average of module capacitor voltage in one
phase is equal to any module capacitor voltages among
this phase based on the assumption that the voltages are
balanced at all time within each phase, this control actu-
ally doesn’t affect dynamics of the converter, and we will
ignore it in the small-signal model.

III. IMPEDANCE MODELING

A. Double-Harmonic Linearization

The starting point for the development of the desired
frequency-domain small-signal model is the frequency-domain
representation of key converter variables in Fig. 1(b). Without a
second-harmonic circulating current in each phase, the arm cur-
rent in the single-star configuration can be assumed harmonic-
free in the steady-state operation, such that the control signal
(insertion index) also contains no harmonics due to the feedback
control of arm current presented in Fig. 2. On the other hand, the
strong second-harmonic power flow caused by this sinusoidal
arm current and insertion index leads to a second-harmonic
component in the module capacitor voltage. When multiplied
with the sinusoidal insertion index, this second-harmonic volt-
age has a trend to drive a third-harmonic current through the arm
inductor. However, since this third harmonic is zero-sequence,
it cannot actually flow.

Based on these, the arm current (i), insertion index (m), and
equivalent module capacitor voltage (vi) can be represented in
the frequency domain by a vector of complex Fourier coeffi-
cients as

i =

⎡
⎢⎢⎢⎢⎢⎣

0
I1e

−jα1

0
I1e

jα1

0

⎤
⎥⎥⎥⎥⎥⎦

m =

⎡
⎢⎢⎢⎢⎢⎣

0
M1e

−jγ1

0
M1e

jγ1

0

⎤
⎥⎥⎥⎥⎥⎦

vi =

⎡
⎢⎢⎢⎢⎢⎣

Vi2e
−jβ2

0
Vi0

0
Vi2e

jβ2

⎤
⎥⎥⎥⎥⎥⎦

. (1)

The coefficients are arranged in each vector according to their
frequencies, starting from –nf1 and ending at nf1 , with the dc
component at the center. The arm current and insertion index
vectors only contain a positive-sequence component at ±f1 . The
module capacitor voltage contains a dc and a second-harmonic
negative-sequence component, but no higher order harmonics,
such that the vectors in (1) can be defined to include up to the
second harmonic (±2f1).

The frequency-domain representation (1) of the converter
state and control variables leads to a frequency-domain model
of the power stage where multiplication between two variables
is replaced by convolution of the corresponding vectors. To
develop a small-signal linearized model, the next step is to in-
troduce a small-signal perturbation at an arbitrary frequency
fp to the grid voltage. Since the response to negative-sequence
perturbation of a converter at frequency fp can be obtained
as the complex conjugate of its positive-sequence responses at
frequency –fp [12], the development below will focus on the re-
sponses under the positive-sequence perturbation. Considering
the nonlinearity in the converter model, this voltage perturbation
will interact with the steady-state harmonics and cause a number
of small-signal harmonics at frequencies that can be expressed
as fp ± if1 , i = 1, 2, . . . . With up to the second steady-state
harmonic considered in (1), the frequencies of small-signal har-
monics can be arranged in a vector form as

[fp − 2f1 , fp − f1 , fp , fp + f1 , fp + 2f1 ] .

Accordingly, the grid voltage perturbation can be expressed
in the frequency domain as

v̂p =
[
0 0 V̂pe

jϕp 0 0
]T

where V̂p is the amplitude of the perturbation at fp and ϕp is its
initial phase angle. Similarly, small-signal responses of each of
the variables defined in (1) can also be represented by a vector

î =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Îp−2e
jαp −2

Îp−1e
jαp −1

Îpe
jαp

Îp+1e
jαp + 1

Îp+2e
jαp + 2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

m̂ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

M̂p−2e
jγp −2

M̂p−1e
jγp −1

M̂pe
jγp

M̂p+1e
jγp + 1

M̂p+2e
jγp + 2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

v̂i =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

V̂ip−2e
jβp −2

V̂ip−1e
jβp −1

V̂ipe
jβp

V̂ip+1e
jβp + 1

V̂ip+2e
jβp + 2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

.

(2)
Using these definitions, we can model the small-signal re-

sponse of the converter by the following frequency-domain
model [12]:

î = Yl [v̂p − (Mv̂i + Vim̂)] (3)

v̂i = Zc îi = Zc(Mî + Im̂) (4)

where steady-state matrices I, M, and Vi are formed based
on the steady-state vectors defined in (1) [12], Zc represents
the impedance of equivalent module capacitor at small-signal
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frequencies, defined as

Zc =
1

j2πC
· diag

[
1

fp − 2f1
,

1
fp − f1

,
1
fp

,
1

fp + f1
,

1
fp + 2f1

]

and Yl represents the admittance of arm inductor at small-signal
harmonic frequencies, defined as

Yl =
1

j2πL
· diag

[
1

fp − 2f1
, 0,

1
fp

,
1

fp + f1
, 0

]
.

Noting that the zero diagonal elements in Yl correspond to
frequencies of small-signal harmonics that form a zero-sequence
among the three phases, and these elements are set to zero
to eliminate zero-sequence current which cannot flow in the
converter [12].

It should be pointed out that since the effects of second-
harmonic circulating current in double-star MMC, the infinite
number of harmonics, in theory, should be considered in multi-
harmonic linearization. However, the amplitude of harmonic
becomes progressively smaller as the frequency increases, such
that only a small number of harmonics (up to the nth harmonic)
would need to be considered in practice. Obviously, the cor-
rectness and accuracy of the small-signal model developed by
multi-harmonic linearization depends on that selected harmonic
truncation order. But the harmonic spectra becomes totally dif-
ferent in single-star MMC, without any harmonic truncation op-
erations, the second harmonic is the only harmonic that should
be considered in the small-signal modeling of single-star MMC.
Based on this, the multi-harmonic linearization is naturally mod-
ified as double-harmonic linearization presented in this paper to
greatly simplify the modeling process and reduce the order of
matrix models without losses of the accuracy of developed mod-
els of single-star MMC.

B. Control Modeling

Basic MMC control functions such as phase current control
and synchronization to the grid voltage by a PLL have been
modeled in [12], and is summarized in this paper. The phase
current control model Qi is

Qi = diag [Hi(j2π(fp − f1)) + jKd, 0,

Hi(j2π(fp − f1)) − jKd, 0, 0] . (5)

The PLL model Pp is a zero matrix except for the (1, 3)th
element, denoted as

Gθ (j2π(fp − f1)) · {[Hi(j2π(fp − f1)) + jKd ]

I1e
−jα1 − M1e

−jγ1
}

(6)

and the (3, 3)th element, denoted as

− Gθ (j2π(fp − f1)) · {[Hi(j2π(fp − f1)) − jKd ]

I1e
jα1 − M1e

jγ1
}

(7)

where

Gθ (j2πfp) = Tθ (j2πfp)/(1 + V1Tθ (j2πfp))

Tθ (j2πfp) = Hθ (j2πfp)/(j2πfp).

Since module capacitor voltage control is unique in single-
star MMC, the rest of this section is devoted to its modeling
for inclusion in the over small-signal model. Considering first
the average voltage control as depicted in Fig. 3(a), it can be
expressed in small-signal form as

v̂iavr = (v̂ia + v̂ib + v̂ic)/3N (8)

where N is the number of the module in each arm. Since the
summation in (8) cancels all positive and negative sequence
components of the voltages among three phases, we can define
a 5 × 5 diagonal matrix T0 to pick up the zero-sequence small-
signal harmonics of one phase as

v̂iavr = T0 v̂i (9)

where T0 is defined as T0 = diag[0, 1, 0, 0, 1].
The average voltage control generates a reference for the

d-axis current reference. This, in turn, contributes to the response
of the insertion index in the d-axis through the d-axis current
compensator. Based on this, the overall gain from the average
module capacitor voltage to the d-axis insertion index can be
written as

m̂d = Gv v̂iavr (10)

where Gv is a 5 × 5 diagonal matrix defined as

Gv = diag[{Hv (j2π(fp + nf1))

Hi(j2π(fp + nf1))}|n=−2,−1,0,1,2 ].

To convert (10) into the sequence domain, we denote that the
insertion indexes in the phase and dq-frame are related to each
other by
⎡
⎣

ma

mb

mc

⎤
⎦=

⎡
⎢⎣

cos(2πf1t) −sin(2πf1t)

cos(2πf1t − 2π/3) −sin(2πf1t − 2π/3)

cos(2πf1t + 2π/3) −sin(2πf1t + 2π/3)

⎤
⎥⎦

[
md

0

]
.

(11)
This is a nonlinear function and its small-signal response

is obtained by convoluting m̂d defined in (10) with a vector
representing each row of the matrix in (11). Considering the
symmetry of three phases, we can express the relationship as

m̂ = Tcm̂d (12)

where Tc is a 5 × 5 tridiagonal matrix, of which elements in
the main diagonal are zero, and elements in the diagonal above
and below main diagonal are both 1/2.

By combining (9), (10), and (12), the model for this average
voltage control is obtained and can be written as

m̂ = TcGvT0 v̂i . (13)

The phase voltage balancing control is performed directly
in the phase domain and on each phase independently, as de-
picted in Fig. 3(b). Since this control is symmetrical among
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three phases under the balanced operation, we can develop its
small-signal model just using the control in phase a, and drop
the letter (a, b, and c) in the subscript. The time-domain rela-
tionship of the contribution of this control to the insertion index
with equivalent module capacitor voltage and phase current in
d-axis is denoted as

mx = cos θ · Ki

[(
Kpvpvi + Kpvi

∫
vidt

)/
N + id

]
. (14)

Because of the only existence of slight steady-state second
harmonic in the right-side term of (14) under the balanced op-
eration, the additional small-signal term at this control output
caused by PLL dynamics is also very small, such that it can
be ignored in the control model. Based on this assumption, the
similar method used to linearize (11) can be applied to (14),
then the small-signal form of (14) is expressed as

m̂x = TcGpv v̂i + KiTc îd (15)

where Gpv is a 5 × 5 diagonal matrix defined as

Gpv = diag [{Ki · Hpv (j2π(fp + nf1))/N} |n=−2,−1,0,1,2 ] .

Based on Fig. 2, when the PLL is considered, the small-signal
d-axis current can be denoted as

îd = Td î + Gp v̂p (16)

where Td is a 5 × 5 tridiagonal matrix, of which elements in
the main diagonal are zero, elements in the diagonal above main
diagonal are {0, 1, 0, 0}, and elements in the diagonal below
main diagonal are {1, 0, 0, 1}. Gp is a 5 × 5 matrix of which
all elements are zero except for the (2, 3)th element, expressed
as

Gθ (j2π(fp − f1)) · (I1e
−jα1 − I1e

jα1 ).

By substituting (16) into (15), the phase voltage balancing
control model is obtained as

m̂x = TcGpv v̂i + KiTcTd î + KiTcGp v̂p . (17)

In summary, an overall control model for the single-star MMC
including phase current control and PLL as well as module
capacitor voltage control by combining (5)–(7), (13), and (17)
is

m̂ = Ev̂i + Qî + Pv̂p (18)

where

E = TcGvT0 + TcGpv , Q = Qi + KiTcTd ,

P = Pp + KiTcGp .

C. Impedance Response

Since the effects of capacitance in sub-modules, the arm cur-
rents in the power stage model (3) and (4) can be seen as the
responses to both ac perturbation and module capacitor voltage
perturbations. We consider the responses to the only ac volt-
age perturbation first by making the small-signal response of
equivalent module capacitor voltage zero and substituting con-
trol model (18) into power stage model (3) and (4) to eliminate

m̂, resulting in the following matrices:

Yaa = (U + YlViQ)−1 · (Yl − YlViP) (19)

Yma = MYaa + I(QYaa + P) (20)

where U is a 5 × 5 unity matrix. Yaa relates arm current î to
the grid voltage perturbation v̂p and Yma relates the module
capacitor charging current îi to the grid voltage perturbation v̂p .
Therefore, we can define the (3, 3)th element in (19) in terms of
the complex frequency s as

Yaa1(s) = î(s)/v̂p(s) (21)

and the (2, 3)th and (4, 3)th element in (20), respectively, as

Yma1(s) = îi(s − jω1)/v̂p(s) (22)

Yma2(s) = îi(s + jω1)/v̂p(s) (23)

where ω1 = 2πf1 .
Similarly, when the responses to module capacitor voltage

perturbation are considered independently, the control model
(18) is introduced into the power stage model (3) and (4) and
solved as

Yam = −(U + YlViQ)−1 · (YlM + YlViE) (24)

Ymm = MYam + I(QYam + E) (25)

where Yam relates arm current î to the module capacitor voltage
perturbation v̂i and Ymm relates the module capacitor charging
current îito module capacitor voltage perturbation v̂i . The (3,
2)th and (3, 4)th element in (24) are defined in terms of the
complex frequency s, respectively, as

Yam1(s) = î(s)/v̂i(s − jω1) (26)

Yam2(s) = î(s)/v̂i(s + jω1) (27)

and the (2, 2)th, (2, 4)th, (4, 2)th, and (4, 4)th element in (25)
are defined, respectively, as

Ymm1(s) = îi(s − jω1)/v̂i(s − jω1) (28)

Ymm2(s) = îi(s − jω1)/v̂i(s + jω1) (29)

Ymm3(s) = îi(s + jω1)/v̂i(s − jω1) (30)

Ymm4(s) = îi(s + jω1)/v̂i(s + jω1). (31)

Since the transfer functions (22) and (23) are non-zero, the ac
perturbation and module capacitor voltage perturbations are not
independent. An ac voltage perturbation induces a current that
charges the module capacitance to impose a module capacitor
voltage perturbation, and then this module capacitor voltage
perturbation induces an additional ac current that changes the
converter responses. In addition, the transfer functions (28)–
(31) indicate that the module capacitor voltage perturbations at
different small-signal frequency are also related to each other.
Such small signal flow from ac voltage perturbation to the arm
current response at frequency fp is represented in block diagram
form in Fig. 4.

Based on this block diagram, the admittance model of single-
star MMC as STATCOM with phase current control, PLL and
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Fig. 4. Block diagram of small signal flow from ac voltage perturbation to
arm current response at fp .

module capacitor voltage control can be obtained as (32) shown
at the bottom of this page, where Yc(s) = Zc

−1(s) = sC.
Accordingly, the negative-sequence admittance can be ob-

tained by replacing s in (32) by –s, and then taking the complex
conjugate of each expression.

IV. MODEL VALIDATION

Small-signal sequence impedance can be measured by fol-
lowing the principle of harmonic linearization [3], which can
be achieved by both computer simulation and experimental
measurement. Since the computer simulation and experimental
measurement have their merits, the developed models are val-
idated by numerical simulation first and then by experimental
measurement to support each other.

A. Simulation Validation

The computer simulation, which has been widely used for
modeling and system analysis of power electronics in power
systems, is a reliable tool for the validation of impedance of
those high-power converters. An example high-power STAT-
COM with phase current control, PLL and module capacitor
voltage control in Figs. 2 and 3 is built in MATLAB/Simulink
to validate the developed impedance models. The parameters
used in simulation are listed in Table I, where the control band-
width is 200 Hz for the phase current control loop, 30 Hz for the
PLL, 20 Hz for the average voltage control loop, 100 Hz for the
current loop of phase voltage balancing control, and 2 Hz for the
voltage loop of phase voltage balancing control, respectively. In
addition, steady-state harmonics required for the power stage
small-signal model are listed in Table II.

Impedance response of the converter is scanned numerically
point by point from 1 Hz to 1 kHz. At each frequency, a voltage
perturbation in either positive or negative sequence is injected
and the converter is simulated for long enough time to enter

TABLE I
PARAMETERS OF AN EXAMPLE 6 MVA STATCOM

TABLE II
SIMULATED RESULTS OF COMPLEX FOURIER COEFFICIENTS OF STATCOM

steady-state. The response of the arm current at the perturba-
tion frequency is extracted by Fourier analysis to calculate the
input impedance. The scanned impedance responses are com-
pared in Fig. 5 with the predicted impedance responses by the
inverse of the admittance model (32). The two sets of responses
are virtually identical over all frequencies, proving the accu-
racy of the model and correctness of the modeling method and
approximations involved.

B. Experimental Validation

Based on the principle of harmonic linearization, a source
of perturbation that has sufficient power and bandwidth, and
can be connected in series with the grid voltage is required for
the impedance validation; however, it is difficult to find such
perturbation source and carry out the impedance measurement
of an actual high-voltage high-power STATCOM in laboratory.
One possible approach to provide experimental validation of the
developed small-signal models would be to build a small-scale
laboratory prototype of the MMC and measure its impedance
[3], [23]. Obviously, such a scale-down prototype is different
from actual converter in several aspects that do not scale with
voltage and current, such as the number of modules, control
delays, and amount of harmonics, but it can be used to evaluate
the potential impacts on the responses, such as the discretized
errors and parasitic component, to further validate the reason-
ability and accuracy of double-harmonic linearization based on
the actual converter.

Y (s) = Yaa1(s) +
Yam1(s)[(Yc(s + jω1) − Ymm4(s))Yma1(s) + Yma2(s)Ymm2(s)]

(Yc(s − jω1) − Ymm1(s))(Yc(s + jω1) − Ymm4(s)) − Ymm2(s)Ymm3(s)

+
Yam2(s)[(Yc(s − jω1) − Ymm1(s))Yma2(s) + Yma1(s)Ymm3(s)]

(Yc(s − jω1) − Ymm1(s))(Yc(s + jω1) − Ymm4(s)) − Ymm2(s)Ymm3(s)
(32)
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Fig. 5. Validation of the impedance responses of the example single-star
STATCOM by comparing the developed models to the detailed circuit sim-
ulation: positive-sequence impedance (Zp /circles) and negative-sequence
impedance (Zn /triangle).

TABLE III
PARAMETERS OF 10 KVA PROTOTYPE

Therefore, a 10 kVA laboratory prototype of STATCOM in
the single-star configuration is set up for the impedance mea-
surement. The hardware architecture design of this prototype
refers to a practical application of high-voltage high-power
STATCOM, which consist of the master controller, slave con-
trollers for each phase, executive controllers on their corre-
sponding power sub-modules, high-speed LVDS board-to-board
data transmission, and optical fiber communications. The con-
trol of this prototype is identical to that in Figs. 2 and 3, and
its parameters are listed in Table III, where the control band-
width is 400 Hz for the phase current control loop, 15 Hz for the
PLL, and 20 Hz for the average voltage control loop, 200 Hz
for the current loop of phase voltage balancing control, and
2 Hz for the voltage loop of phase voltage balancing control,
respectively.

Fig. 6. Configuration of experimental measurement of a scale-down prototype
impedance response.

The configuration of this experiment is illustrated in Fig. 6,
where the Chroma Regenerative Grid Simulator Model 61860 is
used as the three-phase grid, which the prototype is connected to,
as well as the small-signal perturbation voltage injection source.
The INTERHARMONIC function of this grid simulator allows
performing frequency sweeps ranging from 1 to 1000 Hz su-
perposed on the 50 Hz fundamental frequency. However, since
this grid simulator cannot fully control the sequence of injected
three-phase small-signal harmonics, we have to inject the per-
turbation voltage only in one phase (phase a), then acquire the
data of three-phase currents and voltage of phase a though a high
resolution oscilloscope, and calculate the magnitude and phase
of these variables at the perturbation frequency fp by Fourier
analysis, which frequency spectrum resolution is set high (1 Hz)
enough to guarantee the accuracy of small-signal frequency re-
sponse measurement. Finally, the sequence impedance of this
prototype can be obtained by

Z(fp) =
vsa(fp)

ia(fp) + ib(fp)e±j2π/3 + ic(fp)e∓j2π/3 (33)

where the top of the ± and ∓ operators is to be used for
positive-sequence impedance response and the bottom is to be
used for negative-sequence impedance response. Noting that
the impedance of the grid simulator may have effects on the
impedance measurement results, but such effects are very lim-
ited in this experiment due to the much lower responses in the
output terminal voltage at coupling frequencies, which indi-
cates that the impedance of the grid simulator is low enough to
be ignored [24].

The measured impedance responses are also compared with
the predicted impedance responses by the inverse of the admit-
tance model (32) using the parameters in Table III, presented
in Fig. 7, where the steady-state harmonics required for the
impedance models can be found by the solving of steady-state
harmonic matrix equations or by numerical simulation. It is
found that the impedance responses by experimental measure-
ment match both the analytical positive-sequence and negative-
sequence impedance responses very well. Compared to Fig. 5,
the impedance responses of this scale-down prototype and the
high-power STATCOM used in the simulation have similar char-
acteristics due to the similar design of controls and their band-
width. These confirm the validity of the developed impedance
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Fig. 7. Validation of the impedance responses of a scale-down proto-
type by comparing the developed models to the experimental measurement:
positive-sequence impedance (Zp /circles) and negative-sequence impedance
(Zn /triangle).

models based on double-harmonic linearization applied to the
actual converters, as well as indicate that the discretized errors
and parasitic component in this prototype do not cause a distinct
difference on the impedance responses.

V. IMPEDANCE CHARACTERISTICS ANALYSIS

A. Comparison With Double-Star MMC

The symmetries among different arm currents, insertion in-
dexes, and module capacitor voltages in a double-star MMC
identified in [12] help to significantly reduce the power stage
model to that of a single arm, such that the modeling of a double-
star MMC and a single-star MMC seems similar, but actually is
different due to their variant harmonics and controls. To fully
understand the impedance characteristics of MMC, the devel-
oped small-signal model of single-star MMC is compared with
double-star MMC that presented in [12].

The effects of harmonics on the impedance responses can
be highlighted by the comparison of open-loop impedances of
these two MMCs. By setting matrices Q, P, and E that represent
the effects of control to zero in (19), (20), (24), and (25), we
can obtain the algebraic expressions of transfer functions in
(21)–(23) and (26)–(31) under the open-loop condition, where

Yaa1(s) = 1/sL, Yma1(s) = M1e
−jγ1 /sL,

Yma2(s) = M1e
jγ1 /sL, Yam1(s) = −M1e

jγ1 /sL,

Yam2(s) = −M1e
−jγ1 /sL,

Ymm1(s) = −M1
2/sL − M1

2/(s − 2jω1)L,

Fig. 8. Comparison of the open-loop impedance responses of single-star
MMC (Z0 ) and the open-loop single-arm impedance responses of double-star
MMC (Zd0 ).

Ymm2(s) = −(M1e
−jγ1 )2/sL,

Ymm3(s) = −(M1e
jγ1 )2/sL,

Ymm4(s) = −M1
2/sL.

Since these transfer functions can be seen as equivalent in-
ductive admittances, based on (32), the open-loop impedance of
single-star MMC is equivalent to a series and parallel connec-
tion of these inductive admittances and admittances of module
capacitor at small-signal frequencies, which causes some reso-
nances on the impedance responses.

Similarly, the open-loop impedance of double-star MMC pre-
sented in [12] also can be redefined using the block diagram form
of small signal flow in Fig. 4. However, because of the complex
harmonics caused by significant second-harmonic circulating
current in double-star MMC, the number of module capacitor
voltage perturbations increases to 2n+1, whose frequencies vary
from fp–nf1 to fp + nf1 . Additionally, the double-star MMC
as HVDC application is required to connect to a stiff dc bus, such
that its insertion index usually includes an additional dc com-
ponent compared to single-star MMC. Based on these features,
more transfer functions, which consist of multiple equivalent
inductive admittances at different small-signal frequencies in
parallel, as well as admittances of module capacitor related to
those module capacitor voltage perturbations should be consid-
ered in the open-loop impedance of double-star MMC, leading
to more resonances on the impedance responses than signal-star
MMC.

To confirm that, Fig. 8 shows the open-loop impedance
response of the single-star MMC predicted by the model and
compares it with the open-loop single-arm impedance response
of a double-star MMC presented in [12]. The example single-
star MMC as high-power STATCOM used in Section IV-A
is applied, and the contrastive double-star MMC has similar
circuit parameters and operation conditions with the single-star
MMC to facilitate this comparison here and in the following. As
can be seen, there are multiple resonances on the both positive-
and negative-sequence open-loop impedance responses of the
single-star MMC and the double-star MMC. Compared to the
double-star MMC, the resonances on the impedance responses
of single-star MMC are less and exist at different frequen-
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cies. This demonstrates that the characteristics of open-loop
impedance responses of MMC significantly depend on har-
monics in the module capacitor voltage, arm current, and given
insertion index, and the more complex harmonics MMC has,
the more resonances its open-loop impedance responses have.

To understand the effects of current controls on the impedance
response of MMC, these two MMCs with their each current con-
trol are compared. When the exclusive current control, namely
phase current control, is considered in the single-star MMC, the
corresponding transfer functions of (21)–(23) and (26)–(31) for
impedance model can be obtained by setting matrix Q to Qi

and ignoring matrices P and E in (19), (20), (24), and (25). The
algebraic expressions of transfer functions become too complex
to be presented here completely, and one of them is taken as
an example for the sake of clarity, which is this unnumbered
equation shown at the bottom of this page, where q11(s) and
q33(s) are the (1, 1)th and (3, 3)th elements in (5), respectively.
It is found that compared to this transfer function under open-
loop condition, impedances caused by the current controller are
added in series and parallel with the impedances of arm induc-
tor at small-signal frequencies to provide additional damping
[25]. This effect of phase current control on transfer functions
in (21)–(23) and (26)–(31) is similar, such that the resonances
on the open-loop impedance responses of single-star MMC can
be damped out when the phase current control is considered.

The current controls in the double-star MMC, including phase
current control and circulating current control, have similar
damping effects on the impedance responses. However, since
the frequency separation between differential-mode (DM) and
common-mode (CM) small-signal harmonics in double-star
MMC [12], the additional impedances in the transfer functions
caused by the phase current control and circulating current con-
trol mainly affect the impedances of arm inductor at the DM
and CM small-signal frequencies, respectively. In other words,
some resonances on impedance responses of double-star MMC
caused by those inductive impedances of transfer functions at
the CM small-signal frequencies cannot be alleviated without
the circulating current control.

The comparison of the single-arm impedance responses
of the double-star MMC with only phase current control
and it with both phase current control and circulating cur-
rent control is presented in Fig. 9. The parameters of circuit
and phase current control and operation conditions are sim-
ilar to the single-star MMC in Section IV-A, and a propor-
tional resonant (PR) regulator tuned to the second-harmonic
frequency is used in the circulating current control. Com-
pared to the open-loop single-arm impedance responses of
double-star MMC in Fig. 8, the phase current control has
damped most resonances on both the positive- and negative-

Fig. 9. Comparison of the single-arm impedance responses of double-star
MMC with both phase current control and circulating current control (Zd1 )
and it with only phase current control (Zd2 ).

impedance responses, but still left a few resonances. When the
circulating current control is activated, these left resonances
are mitigated effectively. Additionally, the circulating current
control improves the magnitude of impedance responses of
double-star MMC below the fundamental frequency, which is
helpful for the converter to enhance the stability.

The comparison of the impedances of the single-star MMC
with phase current control and the single-arm impedances of
the double-star MMC with phase current control and circulat-
ing current control is presented in Fig. 10. Since the impedance
characteristics of the converter with an ideal PLL are usually
dominated by the phase current control, the impedance re-
sponses of these two MMCs with the same bandwidth of phase
current control are similar. The obvious difference on these two
sets of impedances reflects in their responses at the low fre-
quencies, of which the magnitude is decreased but the phase
is increased due to the more equivalent admittance caused by
complex harmonics in double-star MMC as well as the effects
of circulating current control.

B. Effects of Module Capacitor Voltage Control

Since the single-star MMC as STATCOM application has
no connection to a stiff dc bus, the module capacitor volt-
age control becomes indispensable under its normal operation.
Based on (24) and (25), the effects of the first layer of mod-
ule capacitor voltage control, namely average voltage control,
can be equivalent to additional equivalent admittance added to
the transfer functions Yam1(s), Ymm1(s), and Ymm3(s), which
increases the magnitude of output admittance in (32) at low
frequencies.

Since such effects mainly reflect in the positive-sequence
impedance responses, Fig. 11 shows the comparison of the
positive-sequence impedance responses of STATCOM with or

Yma1(s) =
(M1e

−jγ1 + I1e
−jα1 q33(s))(Vi0q11(s) + (s − 2jω1)L)

(Vi0q33(s) + sL)(Vi0q11(s) + (s − 2jω1)L) − Vi2
2q33(s)q11(s)

− (M1e
jγ1 + I1e

jα1 q11(s))(Vi2e
−jβ2 q33(s))

(Vi0q33(s) + sL)(Vi0q11(s) + (s − 2jω1)L) − Vi2
2q33(s)q11(s)
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Fig. 10. Comparison of the impedance responses of single-star MMC with
phase current control (Z1 ) and the single-arm impedance responses of double-
star MMC with phase current control and circulating current control (Zd1 ).

Fig. 11. Comparison of the positive-sequence impedance responses of STAT-
COM with different bandwidth of the average voltage control (Z3p ) and without
this control (Z2p ).

without average voltage control, where the parameters of STAT-
COM is presented in Table I. The plotted impedance responses
confirm the effects of average voltage control analyzed above.
Additionally, Fig. 11 compares the effects of average voltage
control with 20- and 50-Hz bandwidth design on the impedance
responses. We can find that fast average voltage control

Fig. 12. Comparison of the impedance responses of STATCOM with the phase
voltage balancing control (Z4 ) and without this control (Z3 ).

decreases the magnitude of impedance responses below 100 Hz
sharply, except those impedance responses around the funda-
mental frequencies. Noting that this fast control specially leads
to more dipping on both the magnitude and phase responses at
the frequencies that dominated by the PLL, which is usually not
desirable for gird-connected converters and should be avoided.

The second layer of module capacitor control, that is, phase
voltage balancing control used in this paper consists of the volt-
age control loop and current control loop, which are similar to
the average voltage control and phase current control, respec-
tively, such that they have similar effects on the impedance re-
sponses. Based on (17), the phase voltage balancing control has
effects on the gain of phase current control, PLL, and average
voltage control; however, since the phase voltage balancing con-
trol is usually slow to avoid a conflict with that average voltage
control and phase current control [19], such effects are too weak
to cause significant difference on the impedance responses. The
comparison of the impedance responses of STATCOM with or
without this phase voltage balancing control is shown in Fig. 12,
where the parameters of the phase voltage balancing control are
also presented in Table I. As can be seen, except for the responses
at the low frequencies as well as the bandwidth frequency of
phase current control, there are almost no differences between
these two sets of impedance responses. The difference at these
frequencies is caused by the current control loop in the phase
voltage balancing control that increases slightly the magnitude
and phase of impedance responses, and such effects of phase
voltage balancing control on the impedance responses help to
enhance the stability of converter interacted with the grid.
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Fig. 13. Configuration of an example wind farm with STATCOM.

TABLE IV
PARAMETERS OF 30 MW AGGREGATED WIND INVERTER

Fig. 14. Nyquist stability analysis. (a) Case 1, 20 Hz bandwidth of average
voltage control in STATCOM. (b) Case 2, 50 Hz bandwidth of average voltage
control in STATCOM.

VI. IMPEDANCE-BASED STABILITY ANALYSIS

An example wind farm with STATCOM connected to a weak
grid in Western China is analyzed in this paper to account for
the application of system stability analysis involving developed
STATCOM impedance models. Fig. 13 shows the configuration
of this representative wind power plant, where the wind farm
is equipped with 20 1.5-MW direct-drive wind turbines based
on two-level VSCs and LC filter and one 6 MVA STATCOM,
introduced in Section IV-A. To simplify the system model, the
20 wind turbines are aggregated to a single 30 MW unit with the
parameters listed in Table IV. A transformer is used to step up
the inverter output voltage from 620 V to 10 kV and the leakage
inductance of the transformer Ls serves as part of the inverter
output filter. The grid is modeled as an ideal voltage source
behind 7-mH grid impedance per phase, representing a weak
grid with a short circuit ratio (SCR) of 1.5.

Based on Fig. 13, the stability of the currents injected to
the point of common coupling (PCC) is determined by the
impedance ratio Zg/Zw , which should satisfy the Nyquist sta-

Fig. 15. Simulated results of three-phase PCC voltages and injected grid
currents for Case 1.

Fig. 16. Simulated results for Case 2. (a) Three-phase PCC voltages and
injected grid currents. (b) FFT results of the current waveform.

bility criterion if the injected currents are stable [7]. Noting
that the wind farm impedance Zw can be expressed as a par-
allel connection of wind inverter impedance modeled in [26]
and STATCOM impedance modeled in (32). Fig. 14 shows the
Nyquist curves of Zg/Zw in positive sequence, where the wind
turbine operates at unity power factor with 75% of rated power,
and the STATCOM with phase current control, PLL and mod-
ule capacitor voltage control operates under full load. Two cases
are considered here: the bandwidth of average voltage control
in the STATCOM is set to 20 Hz in Case 1 and 50 Hz in Case
2, and corresponding impedance characteristics of STATCOM
for these two control bandwidth design have been analyzed in
Section V-B. It can be seen that the Nyquist curve does not
circle the point (−1, 0j) in Case 1, which indicates that the
currents injected to the grid are stable. However, the Nyquist
curve approaches the point (−1, 0j) gradually with the faster
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average voltage control, and it encircles the (−1, 0j) point once
clockwise in Case 2, showing the instability.

Differing from the experimental validation of sequence
impedance models of individual STATCOM, the computer sim-
ulation is considered to be an appropriate and acceptable method
to verify system-level stability analysis due to the complexity of
such practical application system. Fig. 15 shows the simulated
results of this example wind farm with STATCOM for Case 1.
The sinusoidal PCC voltages and injected grid currents without
harmonics are consistent with the Nyquist plot in Fig. 14(a).
And the simulated results of this example system for Case 2
are presented in Fig. 16. As can be seen, there are unstable
resonances on the three-phase PCC voltage and injected grid
current, and the FFT results of the injected grid currents show
that resonance at 90 and 10 Hz, which likewise matches the
Nyquist plot in Fig. 14(b).

VII. CONCLUSION

Impedance modeling of STATCOM based on MMC in single-
star configuration is presented to characterize its frequency-
domain behavior. Because of the absence of circulating current
and its related control, the arm current in single-star configura-
tion becomes harmonic-free. Based on this, a double-harmonic
linearization method is proposed. In addition, the module capac-
itor voltage control for STATCOM is developed step-by-step
to explain its effects on impedance responses. The developed
models are validated by a high-power detailed switching cir-
cuit simulation and experimental measurement of a scale-down
prototype, and also used to understand the effects of impedance
behavior due to different control functions.

1) The complex harmonics in MMC cause some resonances
on the open-loop impedance responses, but the current
controls can provide some damping to mitigate these res-
onances and enhance the stability of the converter.

2) The fast average voltage control leads more dipping at the
frequencies dominated by the PLL on positive-sequence
impedance response, which should be avoided.

3) The phase voltage balancing control has no significant
effects on the impedance responses, but increases slightly
the robustness of impedances at the bandwidth frequency
of phase current control.

Additionally, an example wind farm with STATCOM con-
nected to a weak grid is presented to account for the application
of system stability analysis using the developed STATCOM
impedance models.
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