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A Complete HSS-Based Impedance Model of
MMC Considering Grid Impedance Coupling

Zigao Xu

Abstract—Harmonic state space (HSS) is seen as an effective
impedance modeling method to precisely characterize the internal
harmonic features of the modular multilevel converter (MMC).
However, the existing MMC impedance models assume the ideal
grid, ignoring the grid impedance, and they also do not incorporate
the widely used dual-loop control and phase-locked loop (PLL). In
this article, a complete MMC impedance model based on HSS is
proposed to reveal the grid impedance coupling effect of MMC.
The model analysis results demonstrate that the MMC impedance
is coupled with the grid impedance due to the internal harmonics.
This coupling causes MMC to be affected by the grid impedance
and may cause instability. On the other hand, the proposed model
not only consists of the ac current and the circulating current
control, but also incorporates dc voltage outer loop and PLL with
a clear physical meaning. Based on the proposed model, this article
illustrates the factors that will enhance the coupling, which shows
that the proposed model has to be used to improve the accuracy of
the analysis. Finally, effectiveness of the proposed model is verified
by simulation and experimental results.

Index Terms—Dual-loop controller, grid impedance coupling,
harmonic state space (HSS), modular multilevel converters

(MMC), phase-locked loop (PLL).
NOMENCLATURE!
j Denotes three phases A, B, and C.
u/l Denotes the upper or lower arm of MMC.
cm/dm Denotes the common- or differential-mode
(CM or DM) component.
N Number of submodules per arm.
C Submodule (SM) capacitance.
L Arm inductance.
R Parasitic arm resistance.
Zgdc/ac(W) Equivalent impedance of dc/ac grid.
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Uzgde/acj(t)  Voltage on dc/ac grid impedance.
Ugde/acj (1) Equivalent source voltage of dc/ac grid.
Ude /ac; () DC/AC terminal voltage of MMC.
ide/acs () DC/AC current of MMC.

Uy 15 (1) Arm voltages of MMC.

i1 (t) Arm currents of MMC.

Ucu 15 (1) SM capacitor voltages.

iy (t) SM capacitor currents.

My 15(t) Arm modulation indexes.

un'N (1) Voltage between dc and ac grid neutral points.
Uerm /dmj () CM/DM arm voltages.

icm/dmj (t

CM/DM arm currents, where CM current is
circulating current.

UCem/dmj(t) ~ CM/DM capacitor voltages.

iCem /dmy (1) CM/DM capacitor currents.

Mem /dmj (1) CM/DM modulation indexes.

%, @) Zero-sequence components of circulating
current.

it.(t) Positive- and negative-sequence components
of ac current.

icm Toeplitz matrix of circulating current.

iac Toeplitz matrix of ac current.

UCcm/dm Toeplitz matrixes of capacitor voltages.

Mep /dm Toeplitz matrixes of modulation indexes.

Zgac)ac(w) Impedance matrix of dc/ac grid.

AS(w) Coefficient matrix of the derivative in HSS.

AN () Vector of circulating current perturbation.

Ai,(w) Vector of ac current perturbation.

AUcem/dm(w) Vector of capacitor voltage perturbations.

AiCcm/dm(W)

Vector of capacitor current perturbations.

Amg,, /am(w)  Vector of modulation index perturbations.
Ei, E° Ej Sequence extraction matrixes, s€{+, —, 0}.
Taw, Tup Frequency downshift and upshift matrixes.

1. INTRODUCTION

ITH advantages, such as scalable structure, high effi-
; ‘ ciency, and lower voltage distortion, the modular multi-

level converter (MMC) [1]—[3] has attracted extensive attention
in the field of high-voltage direct current (HVdc) transmission
[4], [5]. However, many existing MMC-HVdc projects have been
reported unstable phenomenon in a wide frequency range, from
subsynchronous oscillation [6] to high-frequency oscillation [7].
These problems have prompted MMC modeling and stability
analysis as a research hotspots in recent years [8], [9]. Among
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the modeling techniques, the impedance model can reflect the
dynamic relationship of terminal voltage and current, which
has been widely used in the stability analysis of interconnected
systems [10], [11].

The difficulty of MMC impedance modeling is mainly due to
two factors. One is the time variance introduced by its internal
harmonics, such as ripples of the circulating current and the
submodule (SM) capacitor voltage [12]. The other factor is
the nonlinearity caused by the closed-loop control, where the
feedback variables multiplied with other state variables result
in quadratic nonlinear terms. Some nonlinear operations in
controllers, such as phase-locked loop (PLL) will also introduce
nonlinearities into the model [13]. To deal with time variance
and nonlinearity, a linearized MMC model in the dg frame is
established in [14] by neglecting the harmonics of circulating
current and capacitor voltage. But this simplification cannot
reflect the interaction among different harmonics in MMC.

The harmonic state space (HSS) theory [15]-[17], which
states that the model with signals varying periodically is pos-
sible to be linearized by means of Fourier series, is an effec-
tive way to deal with time-varying harmonics by transforming
them from the time domain to frequency domain. This method
was initially used to describe the modulation harmonics of the
two-level converter [18]-[20] and further applied in the MMC
modeling applications. Jamshidifar and Jovcic [21] and Sun
and Liu [22], respectively, advocated the use of multiple-dg
frames and multiple-harmonic linearization to model the MMC,
which are considered to be essentially the same as HSS method
because they all work by transforming MMC harmonics into the
frequency domain [23]-[24]. Later on, the voltage controller
[25], the zero-sequence (ZS) voltage compensation [26], the
reduction-order method [27], and MMC dc impedance [28], [29]
are gradually being developed with HSS-based MMC models.
However, most of these modeling procedures assume an ideal
grid and thus cause inaccuracy when MMC is connected to
a grid with certain impedance. The grid impedance has been
considered in the models of two-level converters [30]-[32]. It
shows that the converter ac impedance will be affected by the
connected grid impedance due to the filter capacitor in the dc
link or the asymmetric control structure in the dg frame, which
is named as the grid impedance coupling. In [24] and [25], the
external impedance has been considered into the MMC model-
ing process, but the mechanism of the impedance coupling effect
is not focused. Recently, although a small amount of literature
mentions that the coupling exists in MMC ac side [33], a detailed
analysis of this phenomenon has not yet been developed. Unlike
the two-level converter, there is no filter capacitor on the MMC
dc side, yet the grid impedance coupling still appears in MMC;
and this coupling occurs not only on the ac side but also on the
dc side.

On the other hand, the dual-loop control structure and the
PLL are commonly used in the practical MMC-HVdc projects.
Nevertheless, the models derived in [21]-[27] only consider
the ac current/voltage single loop and the circulating current
controller while they neglect the dc voltage outer loop and the
PLL. The work presented in [28] and [29] include the dual-loop
control but still without PLL, and the modeling procedure are
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not detailed. Sun and Liu [22] and Bessegato et al. [34] in-
troduced the PLL into the MMC model and then analyzed the
influence of phase angle dynamic on the Park and inverse Park
transformation (PT and IPT) of MMC controllers. However, the
frequency shift effect of PT and IPT is addressed by setting
different controller transfer functions according to the sequence
of the MMC variables, which makes the model mathematically
complex and difficulty to find the physical meaning.

In this article, starting from the physical principle of the MMC
circuit, a thorough analysis of the internal frequency coupling is
presented in detail; subsequently, a complete HSS-based MMC
impedance model is proposed. The impedance of the grid is
taken into account during the modeling procedure, and thus the
resulting model can exactly reveal the MMC grid impedance
coupling effect. According to the proposed model, this article
elaborates on the mechanism of this coupling, and points out that
the MMC internal harmonic interaction is the key reason for it.
Moreover, besides the ac current inner loop and the circulating
current control loop, the dc voltage outer loop and the PLL
are also modeled in HSS and connected with the open-loop
MMC model to constitute the dual-loop structure. Based on
the closed-loop model, the influences of MMC controllers and
the weak grid on the grid impedance coupling are illustrated,
which show that the proposed model has to be used to improve
the accuracy of the analysis. In addition, this article introduces
a frequency shift matrix and a sequence extraction matrix to
reflect the frequency shift effect and the influence of PT and IPT
on different sequences, respectively. These two matrixes make
the HSS modeling for MMC controllers more concise with clear
physical meaning.

The remainder of this article is organized as follows. The
circuit and the time-domain model of MMC are presented in
Section II. In Section III, MMC is linearized in HSS to get the
open-loop impedance of ac and dc sides, respectively, and then
the sequence of small-signal responses in MMC is analyzed.
Furthermore, in Section IV, controllers are modeled in HSS to
derive the closed-loop impedance of MMC, and the influence
factors on the grid impedance coupling are also discussed.
Then, the proposed model is demonstrated by simulation and
experimental results in Section V. Finally, Section VI concludes
this article.

II. MMC MODEL IN TIME DOMAIN

The time-domain model is the basis for linearization. This
section first devotes to obtaining the time-domain model of
MMC from its three-phase circuit. Then, the model is simplified
into single phase form to reduce order.

A. Circuit and the Three-Phase Model in Time Domain

The circuit configuration of MMC is presented in Fig. 1. It
contains six arms, and each arm consists of N SMs plus an arm
inductance L and a parasitic resistance R. uq. is dc voltage, ¢4 1S
dc current, and 1,5 and 7, are ac output voltage and current of
phase 7 (5 € {A, B, C}), respectively. The voltages and currents
of arms are drawn in the figure, where the subscript “u” and
“I” denote upper and lower arms, respectively. The equivalent
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Fig. 1.  Circuit configuration of MMC.

impedances of ac and dc grids are expressed as Zga. and Zgqc,
respectively, whereas the grid sources are denoted as ugq. and
Ugac;. For simplification, an ideal balancing between SMs in
one arm is assumed since the influence of the SMs differences
on the MMC impedance is negligible [21]-[23]. Applying the
Kirchhoff Voltage Law to the circuit, the MMC three-phase
model can be obtained as

. . d (i1 +
Ugde = wj + Unj + R (i1 + iuj) + L% + Uzgde
(Ta)
Uy — Uyj R . . Ld(i]'—iu')
ey = T g () TG
+ Uzgacj T UN'N (1b)
. duc 1 . ducy
icuyj = C dtu]’ icy = C dt] (Ic)
where
Nicyj = i Nmyj, Nicy = 1, Nmy, (2a)
Uyj = Ucuj Nmyj, uy; = ucy Nmy; (2b)
fge= Y dy= > iy (2c)

J={A,B,C} J={A,B,C}

UN'N = — 5

1 fua —uga = wWB —UuB | UC — UuC
3 2 2 2 '

(2d)

where uc,; and uc); represent the average SM capacitor volt-
ages of upper and lower arms, respectively.m denotes the mod-
ulation index that has the range from zero (all SMs bypassed) to
one (all SMs inserted). un/n denotes the ZS voltage between
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neutral point N’ (in dc side) and N (in ac grid side). uzgdc
and uzgac; are voltages across the dc and ac grid impedances,
respectively, that is

{uzgdc =7 ' Zgae (@) iac (W)]
3)

' Zgac (W) facj (w)].

Note that these voltages are expressed by inverse Fourier
transformation since the impedance belongs to frequency do-
main. This inverse Fourier transformation will be removed dur-
ing the HSS modeling procedure, and thus it will not introduce
extra complexity into the final impedance model.

It is observed from (1) that the ac and dc sides of MMC are
affected by the sum and the difference of upper and lower arm
variables, respectively. Therefore, the model can be simplified
with the concept of differential mode (DM) and common mode
(CM) [35] by expressing an arbitrary variable x in (1) and (2) as

Tamj = (T1j — Tuj)/2
Temj = (T15 + Tuj) /2.

Then, the MMC three-phase model becomes

— g
UZgacj = F

“

dicmj

Ugde = 2ucmj + 2chmg + 2L—dt
+ T [ Zgae (W) iac (w)]

Ugacj = Udmj + Siacj + 522 + T [Zgae () facj (w)]

+ un'N
ducemj . 1 .
O™ = Memjlemj + 3Mdmjlacy
ducdmj 1 . :
CTJ = 3Mcmjlacy + Mdmjlcmyj
Q)
where
Ide = § Z'cmjv Z.acj = 2Z.dmj (63)
j={A,B,C}
Uemj = N (mcmquij + mdmqudmj) (6b)
Udmj = N (MemjUCdmy + Mdmj UCem) (6¢)
1
UNN =3 (UdmA + UdmB + UdmC) (6d)

where mcmj, Mdm; and Ucemj, Ucdm; denote the CM/DM
components of modulation indexes and SM capacitor voltages,
respectively. icm; is the circulating current of MMC. Equation
(5) shows that ip,; is controlled by adjusting m.cr,j, whereas
the 7,¢; is controlled by 1mqy,;. This feature makes the MMC
model capable of connecting with the controllers where My
and mgqy,; come from.

B. Single-Phase Equivalent Model of MMC

In (6), both ig. and un consist of three-phase variables,
leading to a complex 12th-order expression. To simplify it and
reduce the order, a single-phase equivalent model of MMC is
derived in this section.

In MMC, only ZS component of i.y; flows into the dc
side, whereas the positive- and negative-sequence (PS and NS)
components are counteracted. Therefore, iy, can be simplified
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Fig. 2. Equivalent circuit of the MMC linear model in (8), and (9).

as the three times of the i.,,; ZS component. On the other hand,
from the ac side, MMC is connected to a three-phase three-wire
system where only the PS and NS components appear in 4;.; and
the ZS voltage un/n cannot cause any ZS current [26]. Thus, the
influence of un/n on MMC can be reflected by removing the ZS
component from 4,.;. Rewriting (5), we have

; dicm
Ugde = 2Uem + 2Riem + 2[/27

+ ﬁl [ngc (w) 3igm (UJ)]

R+ + L dig,

Ugac = Udm + E’Lac 2 dt 34;1 [Zgac (w) igc (w)]

du _ . 1 .
C gtcm = Memlem + §mdmlac

Cdu;tdm = %mcmiic + Mdmbem-
(N
Note that the superscript “0” and “+” indicate ZS and PS/NS
components, respectively, by which i4. preserves the ZS com-
ponent (i.e., 3i2m), whereas i, removes it (i.e., i:atc). As aresult,
all three-phase variables are expressed in a single-phase form,

obtaining a single-phase equivalent model of MMC.

III. MMC OPEN-LOOP IMPEDANCE MODEL BASED ON
HSS AND GRID IMPEDANCE COUPLING

A. Linear Time-Invariant MM C Model

The impedance model is essentially a time-invariant linear
model, and therefore (7) needs to be linearized first and then
transformed into a time-invariant model.

For linearization, applying the small-signal method to (7), we
have

Atgde = 28Uy + 2RNiey, + 2L 98
+ ?1 [ngc (w) 3Aigm (w)]

L dAis,
2 dt

+ T [ Zgac (w) Dig, (w)]

Atgac = Auam + %Az’fc +

®)

dAucem . . 1 O
CTCC = mcInAchl + ZCHlAmCI‘n —+ §mdmAlaC
1.+
+ §ZacAmdm

dAu _ 1 -+ 1.+ .
c d?dm - §mCmAlac + §’LaCAmCm + mdmAZcm

+ Z.cm ATndm

where

Aucm =N (mcmAuCcm + uCcmAmcm
+ Mam AUcdm + UCdm AMdm)
)

Audm =N (mcmAqum + qumAmcm

+ mdmAuCcm + uCcmAmdm) .

The symbol A denotes small-signal component, and the
variables without A represent the steady-state operating point.
Equivalent circuit of the MMC linear model (8) and (9) is
presented in Fig. 2, where the SM capacitors are decomposed
into DM and CM parts. The dependent sources colored in gray
relate to the transmission path of the state variables perturba-
tion, whereas that in orange and blue characterize the influ-
ence caused by DM and CM modulation indexes perturbation
(Amem, Amgy), respectively.

When MMC operates normally, all variables in (8) and (9)
would be periodically time-varying so they need to be transferred
to time-invariant expressions using the HSS theory [15]-[17].
In HSS, variables are transformed from time domain into the
frequency domain, presented by Fourier coefficients as

T (t) — Z xnej"‘*’lt

nez

(10)

where x(t) is an arbitrary steady variable in (8) and (9); w1 is the
fundamental angular frequency; n denotes the harmonic order;
and x,, is Fourier coefficient of the nth harmonic, a complex
number containing the signal amplitude and initial phase angle.
Likewise, the perturbation in x(t), that is Az(f), satisfies

Az (t) = Z xp+n6j(P+n)w1t

nez

(1)

in which p = w,/w1; w, denotes perturbation frequency; and
Tp4n 1s relative to the frequency of w;, + nwi. The multipli-
cation of Ax(t) and its steady-state coefficient a(t) in HSS is
expressed by the discrete convolution as

a(t)Azx(t) = Z anfmprrmej(p*")“’lt

n,mez

12)



XU et al.: COMPLETE HSS-BASED IMPEDANCE MODEL OF MMC CONSIDERING GRID IMPEDANCE COUPLING

which can be rewritten as the matrix form, such as

a(t) Az (t)

ap a-1 a_9 Tp-1
= AAx= |-+ a1 ay a_1 Zp (13)
az ai ag Lp+1

A is called the Toeplitz matrix, and the subscripts of the matrix
elements indicate the harmonics order. For the derivative of
Ax(t), it is given by

Az (t) = Z 7 (p+ n) wizyy el PT@t (14)
nez
which can also be written as the following matrix:
Az (t) = ASAx
Jp=1)w Tp-1
= ijU1 Tp
jp+1)w Tpt1
) )

where AS is the coefficient matrix of the derivative in HSS,
which contains all frequency information of Ax(t).

According to (10)—(15), the time-varying MMC model (8)
and (9) will be transformed into HSS, that is

Augge = 2AUcy + 2RAlcr + 2LASAiey, + 3Zga A,

AUgae = Augy, + AL + LASALL + Zg, AL

CASAuCem = Moy Aley, + iem Ay, + $man AL
+1if Amgy,

CASAucay = smey AiL, + 3, Amey, + may Aley,

2*tac

+ icm An’ldm
(16)
where

Aucm =N (mcmAuCcm + uCcmAmcm + mdmAqum
+ qumAmdm)
Au-drn =N (mcmAqum + qumAmcm + mdmAuCcm

+ uCcmAmdm)
(17a)

ngc/ac = dlag [ () ngc/ac (wp72) ) ngc/ac (wpfl) )

ngc/ac (wp) ) ngc/ac (wp+1) ) ngc/ac (wp+2) PR ] .
(17b)
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All variables are represented by time-invariant matrixes or
vectors containing MMC internal harmonics, by which the linear
time-invariant MMC model is obtained.

B. Sequence Analysis of MMC Small-Signal Response

It can be found that the variables in the model (16) are
nonuniform due to the different sequence components involved.
For instance, both Ai.,, and Ai’  belong to the circulating
current, but they cannot be directly incorporated. This problem
makes it difficult to simplify (16) to derive the MMC impedance.
Therefore, this section aims to clearly analyze the MMC se-
quence feature under perturbations and then utilize it to unify
the expressions of different sequences to further facilitate the
MMC impedance derivation.

In the steady state, the arbitrary three-phase MMC variables
can be written as

£A (1) = 5, e
B (t) = ZnEZ xnej(nw1t7n1200)

zo (t) _ ZneZ xnej(71w1t+n120°)

(18)

where the ZS component appears if the harmonics order n equals
an integer multiple of 3 (i.e., n = 3k, k belongs to an integer),
whereas the PS and NS components are corresponding to n =
3k + 1 and n = 3k — 1, respectively. This principle, however,
is no longer valid for MMC small-signal responses since the
perturbation injected into the MMC will interact with the steady-
state component, changing the sequence of the responses.
When the three-phase PS perturbation is injected into the
MMC ac side, the small-signal response will be generated as

Azp (t) =) ,cn xp+nej(l’+”)w1f
Azp () = X2, e g Tppnel[PHRwt=(n41)120°]

Azxc(t) =3 ,cr prrnej[(P+n)w1t+(n+l)120°].

(19)

It can be seen that (19) contains phase angles of both the
steady-state variables and the perturbations. This causes the
sequence of the response affected by (n + 1) instead of n. Note
that the sequence in this article is determined based on initial
phases. If the initial phases of the signals in phases A, B, and C
are lagging by 120°, they belong to PS components, otherwise
they are NS components. Under this definition, for example,
evenif p +n < 0in (19), the signals can still be regarded as a PS
components with a negative frequency when (n 4+ 1) = 3k + 1.

Likewise, the ac NS perturbation leads to

Aza(t) =X cn xp+nej(17+n)w1t
Azp (1) = ¥z TpnedHmert=(n-11207]

Azc (t) = en zp+nejKp*")“’l”(”*l)l?o(’]

(20)

where the sequence is determined by (n — 1).

Moreover, if the perturbation is injected from the dc side,
since the perturbation is identical for each phase of the MMC
(which is equivalent to inject ZS perturbation), the response will
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still remain the sequence of the steady state
Axy (t) = Znez CL‘ernej(p"‘")‘”lt

Azp (t) = Znez xp+n€j[(p+n)w1t—n120°]

Azc(t) =3 ,cn ij+nej[(}7+n)w1t+n120°].

2y

Obviously, when the perturbations with different sequences
are injected from the MMC ac or dc side, the sequence of the
small-signal responses is completely different. It depends not
only on the order of the harmonics but also on the position of
the injected perturbation.

In addition to the sequence, the harmonic frequency in the
MMC small-signal response is also different when perturbations
are injected from the ac and dc sides. As shown in Fig. 2, a
three-phase perturbation (PS or NS) with frequency w), injected
from MMC ac side causes a same frequency response in AiZ..
This current will generate harmonics with frequency w), &+ w;
into the CM capacitor voltage Augey, as O.SmdmAifC is the
product of two frequency components. And these harmonics
in Aucey, are introduced into the circulating current Ai, by
the dependent source 2Nmicy, Atucen. Likewise, the harmon-
ics in Ai.y, further affects the DM capacitor voltage Aucdm
through the current source MmgmAicm, leading to harmonics
at w, and w, &= 2w;. Eventually, infinite components in CM
variables, such as Aucem, AMem, and Aicy,, are coupled with
the odd multiple of w;, whereas that in DM variables, such as
Aucdm, Alae, and Amyy,, are coupled with the even multiple
of wy. Conversely, if the perturbation is injected from the MMC
dc side, under the influence of dependent sources My Ay,
and Mgy, Aicn, the current response Adg,, will lead infinite
harmonics to Aucem and Aucam, With frequency w), £ 2kw;
and wp, £ (2k 4 1)wy, respectively. It can be found that the
frequency components in CM and DM variables are different
from the case injecting voltage at MMC ac side.

Aforementioned discussions is summarized in Table I, which
shows the relationship between the sequence and the frequency
for arbitrary MMC variables. The table also reflects the har-
monic frequencies of the CM and DM variables with different
perturbations. Table I(a) lists the frequency under the steady
state, which conforms to the description of (18). After inject-
ing the perturbation, the perturbation frequency interacts with
the steady-state components and changes the sequence of the
responses, as shown in Table I(b)—(d).

In order to unify expressions of different sequences, the
following sequence extraction matrixes are introduced to extract
the certain sequence from HSS variables:

Ef = diag(...,0,1,0,0,1,0,0,...)
E{ = diag(...,0,0,1,0,0,1,0,...) (22a)
El =diag(...,1,0,0,1,0,0,1,...)
E- = diag(...,1,0,0,1,0,0,1,...)
E, = diag(...,0,1,0,0,1,0,0,...) (22b)
E; = diag(...,0,0,1,0,0,1,0,...)
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TABLE I
RELATIONSHIP BETWEEN THE SEQUENCE AND THE FREQUENCY FOR
ARBITRARY MMC VARIABLES UNDER DIFFERENT PERTURBATIONS

Sequence frequency
(a) Steady-state
NS ~Jw, (DM)  —4w (CM)  —w, (DM) 20, (CM) 5w, (DM)
78 ~6w; (CM)  —3w; (DM) 0 (CM) 30, (DM) 6o, (CM)
PS —5w; (DM) 2w (CM) i (DM) 41 (CM) 7w, (DM)

(b) Inject PS perturbation from ac side
ZS w,~Tw (CM) w,~4w; (DM) w,~w; (CM) w,+2w0; (DM) w,+50; (CM)
PS w,~6w; (DM) w,—3w, (CM) @, (DM)  w,+t3w; (CM) w,+6w, (DM)
NS w,=501 (CM) w,~2w1 (DM) w,tw; (CM) w,+4w; (DM) w,+7w; (CM)

(c) Inject NS perturbation from ac side
PS w,~Tw1 (CM) w,~4w; (DM) w,~w; (CM) w,+20, (DM) w,+50; (CM)
NS 6w, (DM) w,~3w, (CM)
ZS w,=501 (CM) w,~2w1 (DM) w,tw; (CM) w,+4w; (DM) w,+7w; (CM)

w, (DM)  w,+3w; (CM) @, +6w; (DM)

(d) Inject perturbation from dc side
NS w,;~Tw, (DM) w,~4w (CM) w,~o (DM) w,+2wm) (CM) o,+50, (DM)
7S w,~6w; (CM) w,~3w; (DM)
PS wpy=S5w; (DM) w,—2w; (CM) w,+tw; (DM) w,+4w; (CM) w,+70; (DM)

w0, (CM)  w,+3w; (DM) w,+60w; (CM)

E° = diag(...,0,0,1,0,0,1,0,...)
EY = diag(...,1,0,0,1,0,0,1,...)
EY = diag(...,0,1,0,0,1,0,0,...)

(22¢)

in which the superscript indicates the sequence of the injected
perturbation, whereas the subscript indicates the sequence to
be extracted. For example, the matrix ET can extract the NS
component after the PS perturbation is injected from the ac
side, and Eg is used to extract the PS component when the
perturbation is injected from the dc side.

Applying (22), the ac current and the circulating current can
be unified as

AP = EjAicy
Aii, = (E5 + E*) Ay = ES Al

(23a)
(23b)

where s € {+, —, 0} denote the PS, NS, and ZS, respectively.
With (23), the linear time-invariant MMC model (16) can be

simplified to
Augdc Kicml Kil 3ngCE8
= -
Aug;ac Kicm? Ki2 ZgacEi
Aug (Ki+Zg)
Aicm K’mcml Kmdrnl Arn(:m
X (24a)
Aiac chm2 Kmdn12 AIndm
Ai K,, Am
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Kicml = 2RI + 2LAS + %mcmAsilmcm
+ %mdmAsilmdm

N -1 N -1 E
il = (EmcmAS myy, + EmdmAS mcm) El

N -1 N -1
icm2 — 6mdmAS mey, + EmCInAS mym

A AR

2= (8I+ LAS + FEma AS 'myy,

+ %mcmAS‘lmcm) Es

2N —1s N —1:+
chml = ?mcmAS lem + EmdmAS e
+ 2Nucem

N —1:+ 2N —1s
Kmdml = fmcmAS e + ﬁmdmAS lem
+ QNUCdm

N —1: N —1:+
KmCmQ = 6mdmAS lem + @mcmAS 1. + Nqum

Kindm2 = 26MamAS™HE + Tmen AS iew + Nucem
(24¢)

where K; and K, are coefficient block matrixes corresponding
to the current vector Ai and modulation index vector Am,
respectively. Iin (24b) is the unit matrix. This model has a clear
physical meaning. It can be seen that the arm inductance L and
the parasitic resistance R only appears in K;, which together with
the grid impedance matrix Z, weakens the current perturbation
Ai. K,,, consists of all steady-state variables, such as ic,, iffc,
UCcm, and Wogm, which will be introduced into the MMC by
Am generated from controllers.

C. Grid Impedance Coupling on MMC

When MMC operates under the open-loop condition, Am
equals zero, which means that the open-loop model is not
affected by steady-state variables, such as icy, i, Ucem, and
UCdm, but only with the passive components (i.e., R, L, and C)
of the MMC

Au, = (K; + Zg) Ai. (25)

By setting Auggc to 0, the current response at the frequency
wp, that is Ad,c(wp), can be solved by (25) for any given
Atgac(wp) in Aug. Hence, the MMC open-loop ac impedance
model is obtained as

Augae (Wp)
Adye (wp)

Similarly, the open-loop dc impedance model is obtained by
setting Aug,. to 0, which gives

ZachMC (Wp) = - Zgac (Wp) . (26)

Augdc (wp)

Zae_nvmvic (wp) i (o)
Equations (26) and (27) accurately describe the open-loop
impedance of the MMC. Note that the Zg,c(wp) and Zgqc(wp)
are subtracted from (26) and (27), respectively, since the grid
impedance does not belong to the MMC, as shown in Fig. 2.
However, it does not mean that the grid impedance can be ig-
nored or the grid can be assumed ideal before modeling. Even if
the grid impedance is subtracted, it cannot completely eliminate

— Zgac (wp) . 27
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Fig. 3. Schematic diagram of MMC grid impedance coupling (inject PS
perturbation voltage at wy, into ac side).

the impact of the grid impedance on the MMC. This is because
the K; in (25) is a nondiagonal matrix, by which a perturbation
voltage in Au, causes MMC to generate a series of harmonic
currents into Ai. And these currents will flow across the grid
impedance, generating new perturbation voltages. Repeatedly
like this, the grid impedance values at different perturbation
frequencies are introduced into the MMC. Therefore, although
the grid impedance at frequency w), is subtracted, the information
of grid impedance at other frequencies is still presented in
the MMC impedance, causing the grid impedance coupling. It
shows that the impedance of the MMC itself is not independent,
but is affected by the connected grid.

Fig. 3 presents a schematic diagram to explain how the
frequency coupling introduces grid impedance into MMC.
In this diagram, an ac PS perturbation at w, leads to infi-
nite ac current responses, such as Aiac(wp), Adac(w, — wa),
Ao (wy 4 wa), etc., where Y2V, 2, Vb2 Y i and Y, * de-
note gains of different voltage perturbations to current responses.
Besides Ai,q(wp), the currents at other frequencies will also
flow across the grid impedance, causing voltage drops like
Zgac(wp — wa) A (wp — we) and Zgac(wp + wa) Adac(wp +
wy), etc. These voltages will react on the MMC to generate
the current at w, and then change ac impedance of MMC. It
means that the Ai,.(w,,) consists of two parts, one part directly
generated by the PS perturbation and the other part contributed
by the voltage drop of the grid impedance. This makes the MMC
impedance affected by the connected grid even if Zg,.(wp) is
subtracted, which is an important feature of MMC. It can be
found from the expression in Fig. 3 that the MMC impedance
will decrease as the coupling term increases. Likewise, as listed
in Table I(c) and (d), the ac NS perturbation will introduce the
grid impedance coupling by producing ac currents at w,, + wa,
wp — wy, etc.; the similar coupling also occurs on the MMC
dc side, which is caused by dc currents at frequency w, — wg,
wp + we, etc.

The higher order frequency corresponds to the larger
impedance, leading to a smaller current response. Note that the
lowest harmonic order in ac current is w), & w2, whereas in dc
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Fig. 4. Control strategies of MMC. (a) PLL. (b) DC voltage—ac current dual

loop controller. (c) Circulating current suppression controller.

current is wy, &+ we. Therefore, the grid impedance coupling on
dc side of the MMC is much weaker than the ac side and can be
neglected in practice.

IV. MMC CLOSED-LOOP IMPEDANCE MODEL AND THE
COUPLING CAUSED BY THE CONTROLLERS

Practically, MMC always operates under closed-loop condi-
tions instead of open loop. Fig. 4 shows the commonly used
control strategies for MMC, including PLL, ac current inner
loop, dc voltage outer loop (dual-loop controllers), and the
circulating current suppression. The purpose of this section is
to convert these controllers into HSS and connect them with
the MMC open-loop model to obtain an MMC closed-loop
impedance model.

A. HSS Model of PT and IPT

The PT is the fundamental part of both PLL and ac current
controller, which has to be modeled in HSS. Considering the
perturbation of the rotation angle, the linearized PT matrix can
be written as

qu+ (W1t + AQ)
[ coswit

—sinwit —sin (wit — 120°) —sin (wyt + 120°)

cos (wyt — 120°)

~
~

Wl o

cos (w1t + 120°) ]

9 [sinwlt sin (wyt — 120°) sin (w1t + 12()0)1
3

coswiyt cos (w1t — 120°) cos (wyt + 120°)
= Tig+ (wit) + Tag (wit +90°) Af (28)

where A# is the perturbation of the rotation angle generated by
PLL. Note that the ZS component of PT is removed as it does not
exist in the three-phase three-wire system. When PT is applied
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to a signal with perturbation (i.e., z + Ax), we have
Tag+ (wit + Af) (z + Ax)

~ qu+ (wlt) Az + qu+ (wlt + 900) A6 29)

where the former reflects the effect of the steady-state PT on
Ax, and the latter represents the influence of rotation angle
perturbation.

As HSS is essentially a model in the frequency domain,
(29) needs to be transformed into the frequency domain at
first. For the former of (29), that is Ty,+ (w1t)Ax, if Ax is a
PS perturbation signal (with the magnitude of Ax), it can be
expanded as

AX cos (wpt)

Tag+ (wit) | AX cos (wpt — 120°)

AX cos (wpt 4+ 120°)

AX cos [(wp —w1) 1]
= . (30)
AX cos [(wp —w1)t —90°]

Equation (30) shows that the PT can reduce the frequency
of the signal, and the g-axis component lags behind the d-axis
component by 90°.

Similarly, when Az is an NS signal, it is given as

AX cos (wpt)
Tig+ (wit) | AX cos (wpt +120°)
AX cos (wpt — 120°) |

AX cos [(wp + w1) t]

€19}

AX cos [(wp +w1) t +90°] |

where the frequency shift effect is exactly opposite to (30), and
the g-axis component leads the d-axis component by 90°.
Cowrite (30) and (31) into frequency domain, that is

AXd (wp) 1
AX, (Wp)‘|

AX (wp £wr). (32)

FJ

It can be seen that the PT has different frequency shift
directions according to the perturbation sequences. Therefore,
this article introduces a frequency shift matrix to describe this
phenomenon. The transformation for the d-axis component in
(32) can be written as

Tas = Ej_ + E°

= T4 B} + TypE* (33)

where Tgy, is defined as the frequency downshift matrix that
reduces the frequency by w; for any signal through the PT; and
T,p, is defined as the frequency upshift matrix, which increases
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the frequency by wi; Ej and E° are used to separate the
components of different sequences from the signal. Hence, T 4
can simultaneously reflect the frequency shifting effect of PT on
different sequences, which makes the model with more concise
form. Likewise, the transformation for the g-axis component is

Tq+ = 7deij- + jTupES_~ (34)

With regard to the latter item in (29), it is the product between
the steady-state signal of d-/g-axis Tyq4 (w1t + 90°)z and the
A0, satisfying the structure shown in (13). Therefore, this item
can be directly written into HSS as x{; | A0, x; + A, where x;
and x; . denote Toeplitz matrixes of d- and g-axis steady-state
signal, respectively.

Finally, the relationship between the PT and the signal, given
in (29), can be expressed as the HSS form

{ AXd = Td+AX + X/d+A0
(35)
Axg = Te  Ax + x4 A6.

The IPT can also be addressed in the same way, whose time-
domain expression is
Taq— (wit + A0) (zgq + Azay)
~ Tag— (wit) Azgq + Taq— (wit 4+ 90%) zqq A0 (36)

where the former, Ty, (wit)Azqq, can be written into the
frequency domain as

1
AX (wy) = B [AXy (wp —w1) + AXy (wp + w1)

+ JAX, (wp — wi) = JAX, (wp +wi)] (37)
and the HSS model of IPT is
{Td = %wa + %Tup

_ 1
qu — ZTdW -

(38)

1
ZTup .

The latter in (36), T4 (w1t + 90°) x4, Af, can be written into
HSS by (13) as x}; A0 and x;,_ AG.

Based on this, IPT time-domain expression (36) is trans-
formed to HSS as

Ax =Ty Axg+ Ty Ax, + (X' q- + %' ) AS. (39)

The HSS models in (35) and (39) show that the results of the
PT and IPT contain two parts. One part is the perturbation of
the input signal itself, which will be shifted by the T4, T4,
T, and T,_. And the other part is the effect of the phase
angle produced by the PLL. When PLL is ignored, A8 equals
0. The separation of the d- and g-axis signals in the models is
beneficial to connect the ac current inner loop and the dc voltage
outer loop (as shown in Fig. 4), so that the model can visually
reflect the structure of the dual-loop controllers and has clear
physical meaning.

B. HSS Model of PLL

Sun [11] gave the transfer function of the PLL under PS and
NS perturbations, that is

AO (w) = FjTpLL (w)

= - A +
1t UacleiijpLL (OJ) Uac (w w1)

(40)

12937

where tpry(w) denotes the open-loop gain of the PLL that
consists of PI controller and the integral link 1/s; w,c; eti% is the
steady-state voltage of the point of common coupling (PCC).
Equation (40) shows that PLL will also shift the frequency
according to the sequence of the perturbations as the PLL
includes a PT. Therefore, the sequence abstraction matrix and
the frequency shift matrix are also introduced in HSS modeling
procedure for PLL, we have

AO = [GPLLpwaEi + GPLLnTupEi} Auac

= GpLL AU, (41a)

in which

Alye = Augae — Zgac ES Al (41b)

Gprip/m = diag [..., Gprrp/n (Wp—2)  Gprip/m (Wp-1) »

GPLLp/n (wp) GPLLp/n (wWpt1) »GPLLp/n (Wpr2) - } .
(41c)

Gprip(w) and Gprin(w) are PS and NS closed-loop transfer
functions of the PLL, respectively, which correspond to the gains
of Auye(wy, £ wr) in (40). According to (41a) and (41b), the
PLL is equivalent to an ac voltage feedforward link as the PCC
voltage directly affects A0, and this voltage consists of the ac
grid impedance. It implies that in addition to the internal har-
monic interactions (as discussed in Section III), the PLL also in-
troduces grid impedance coupling to the MMC. And the greater
the PLL gain, the more severe the grid impedance coupling.

C. HSS Model of AC Current Inner Loop

Applying (35) and (39) to the ac current inner loop controller
shown in Fig. 4(b), the HSS expression of DM modulation index
can be obtained as

Arndm = Tdemdmd + quAmqu

+ (m:imd— + m:hnq—) AB (42a)

where
AMimg = Gy (Algrer — Alyg)

=G; (Aidref - Td+Aiac - i,d—&-Ae)

Amyy,, = —G;Aly = —G; (T s+ Alye + 14+ A0).

(42b)
G; is the transfer function matrix related to the ac current PI
controller, which has the similar diagonal structure to (41c),
and Aiger denotes the perturbation of d-axis current reference
generated by the dc voltage outer loop. The ac current controller
can help to suppress the MMC current harmonics, which causes
the grid impedance coupling. Therefore, the increase in current
controller gain can reduce the degree of the grid impedance
coupling.

D. HSS Model of DC Voltage Outer Loop

In dual-loop controllers, the dc voltage is controlled by ad-
justing the d-axis current. The HSS model of the dc voltage loop
should reflect the transfer relationship between the dc voltage
and the d-axis reference current. The dc terminal voltage of
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Fig. 5.

Block diagram of the overall HSS model of MMC controllers.

MMC is calculated by

Audc - Augdc - ngcAidc = Augdc - 3ngcE8Aicm-
(43)
From Fig. 4(b), this dc voltage perturbation can directly

generate the reference for the ac current inner loop, that is

Aidref = _Guchudc (44’)

where the negative sign comes from the negative feedback
structure and G4 is constituted by the transfer function of
dc voltage outer loop controller with the diagonal structure as
(41c). Obviously, the dc voltage controller introduces the dc grid
impedance into the MMC model. Therefore, the grid impedance
coupling on the MMC dc side will be enhanced by dc voltage
controller. This coupling, as discussed in Section III, is so small
that can be neglected on the dc side. However, the dc voltage
outer loop will also strengthen the grid impedance coupling on
the MMC ac side. This is because the Aig.or generated by the
dc voltage controller will enter the ac current inner loop and
cause additional harmonics into Amg,, through the frequency
shift effect of T ;_, as shown in (42). These harmonics in Amg,,
leads to ac harmonic currents on the MMC, thereby enhancing
the ac grid impedance coupling.

E. HSS Model of the Circulating Current Controller

The circulating current fluctuation in MMC is suppressed by
a proportional resonance (PR) controller in Fig. 4(c), and the
CM modulation index is then produced. The HSS model of this
control loop can be easily obtained according to the previous

modeling procedure as
AIncm = _GicmAicm- (45)

where G, consists of the transfer function of PR controller.

FE. Overall MMC Closed-Loop Impedance Model

Combining (41)—(45) leads to the overall HSS model of MMC
controllers, which is presented as the block diagram shown in
Fig. 5. Each matrix derived in Section IV can be found one-to-
one in this block diagram; and the color of the block corresponds
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to the control loops of the control strategies drawn in Fig. 4,
presenting a clear physical meaning of the proposed model. After
simplifying the expression, the controller model can be written
as

Amcm Gfbll 0 Aicm
Arndm a 0 Gfb22 Aiac
Am Gf]) Ai
0 0 Audc
+ (46a)
G G | | AUge
fo Au
where
Gmi1 = —Giem
G = *(Td_GdeJ,. + Tq_GiTq+)
Gio1 = —Tq G;Guac
(46b)

G = [-Ta Gii'ay — Ty Gii' gy
+ (m/dmd— + m/qu—)] GPLL

Au = Au, — Z,Aid

where Gy, is the feedback matrix, which reflects the regulation
of ac current and circulating current controller. The diagonal
structure of Gy, indicates that the circulating current and the
ac current control of MMC are independent of each other. Gg
denotes the feedforward matrix that contains PLL and dc voltage
outer loop control, reflecting the influence of terminal voltage on
the MMC. Substituting (46) into MMC open-loop model (24a), a
complete HSS-based MMC model under closed-loop condition
is finally derived as

Aug = (I- K, Gg) ' [K; + Zg + Ky, (G, — GZyg)] Al
47)

The ac and dc impedances of the closed-loop MMC can
be obtained by solving (47) and substituting results into (26)
and (27). A detailed example to help readers understand the
modeling procedure is presented in the Appendix. This model
not only reveals the grid impedance coupling of MMC, but also
synthesize a variety of complex control links with clear physical
meaning, including but not limited to PLL, dual-loop controllers,
and circulating current controller. Furthermore, it gives a unified
MMC modeling method, which is suitable for both dc and ac
impedances, providing a flexible and accurate way to analyze
the stability and dynamic characteristics of MMC.

V. VERIFICATION
A. Verification of the Sequence Analysis Results

With the parameters given in Table II, the analysis of MMC
frequency and sequence in Section III are proved by the simula-
tion based on MATLAB/Simulink. A 1-kV, 40-Hz perturbation
voltage was injected into different positions of the MMC, and
the first three harmonics (wp, wy, £ w1, wp £ 2wy, wp £ 3wy) of
responses are listed in Table III.
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TABLE II
SIMULATION PARAMETERS

Parameters Value
Rated power Pn=400 MW
Dc voltage 14=400 kV
Ac line-to-line RMS voltage Ugactms =220 kV
The number of SMs N=250
SM capacitance C=12 mF
Arm inductance L=90 mH
Arm equivalent resistance R=1Q

Ac grid impedance Rea=12 Q, Lgoe=194 mH
Reac=0.095 Q, Log=41 mH
Kpp1=0.0005, Kipr1=0.001
K}iac=0.0001, K;;oe=0.004
Kuae=0.005, K;yc=0.005
Kpicn=0.00005, Kiier=0.002,
®,=2007 rad/s, w~10 rad/s

Dc grid impedance
PI controller of PLL
PI controller of ac current loop

PI controller of de voltage loop

PR controller of circulating current

When the perturbation is injected from ac side, in addition
to the 40-Hz response in i,., the coupling current of other
frequency also appears. As shown in Table III(a), when a PS
perturbation is injected, the NS coupling current appears at —60
Hz with the magnitude of 2.5 A, whereas in Table III(b), the
NS perturbation causes the PS coupling current at 140 Hz with
the magnitude of 0.03 A. It can be seen that as the harmonic
order increases, the amplitude of each response decreases signifi-
cantly, and the results more than third harmonics are negligible.
For e.g., the harmonic of i, at 240 Hz (w, + 4w, which is
not listed) caused by PS perturbation voltage is only about
0.0002 A. These coupling currents will generate voltages on
the ac grid impedance and be reflected back to the MMC, which
further affects the MMC ac impedance. In terms of dc side, as
shown in Table III(c), the injected perturbation produces only
a 28.9-A, 40-Hz response in iq4., without coupling currents at
other frequencies (within first three harmonics). Thus, the grid
impedance coupling on the MMC dc side is much weaker than
that on the ac side. The simulation results are consistent with the
discussions presented in Section III.

B. Verification of the MMC Impedance Models

The accuracy of the MMC impedance model is verified in this
section. Both the ac and dc impedances of MMC are solved by
the model (47). For comparison, with the same parameters, an
MMC circuit is simulated, and its impedance is measured by
frequency sweep in MATLAB/Simulink.

Fig. 6 shows the Bode plots of the MMC ac and dc impedances
under different control strategies. The solid line denote the
impedance calculated by HSS, whereas the data obtained from
sweeping are marked in the figure by circles or diamonds. Obvi-
ously, the results of the MMC impedance model are satisfactorily
fitted with the sweeping data, showing the high accuracy of the
proposed model. Observing from Fig. 6(a), both MMC ac and
dc impedances contain many resonant peaks under open-loop
operation, indicating that these resonances are caused by the
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passive components and MMC frequency coupling. When a PR
circulating current controller is added, these resonance peaks
are effectively suppressed, as shown in Fig. 6(b). It can be
seen that the circulating current control weakens most of the
resonances in the ac impedance, leaving only a series resonant
peak at around 38 Hz generated by MMC passive components.
And for the dc impedance, the circulating current controller
introduces an additional 100 Hz resonance peak, because the
PR controller has the strongest control effect on the dc current
at 100 Hz, and the suppression of the current perturbation
increases the equivalent impedance. With addition of the ac
current PI controller, a significant difference between the PS and
NS impedances has emerged in the middle-frequency range, as
plotted in Fig. 6(c). The PS impedance has an obvious resonance
peak at 50 Hz due to the control effect of the ac current loop. This
resonance peak is even large enough to mask series resonance
caused by passive components at 38 Hz. However, this current
controller has weaker ability to regulate the NS current, so the NS
impedance is significantly lower than the PS impedance around
50 Hz. Furthermore, after adding PLL, the phase angle used for
PT and IPT will deviate from steady-state values due to the ac
voltage perturbation, thereby weakening the control ability of
the ac current loop, as shown in Fig. 6(d); thus, the resonant
peak of ac impedance at 50 Hz is reduced. Since the ac current
controller and PLL do not directly act on the dc current, they
have less impact on the MMC dc impedance. In contrast, the dc
voltage controller has a greater impact on dc impedance than
ac impedance. Compared with Fig. 6(d), the dc impedance in
Fig. 6(e) decreases as the frequency goes down in a range below
0.2 Hz (the corner frequency of the dc voltage controller). This
is because the behavior of MMC dc side is expected as a voltage
source at low-frequency range under the dc voltage control.
It can be seen that ac impedance is hardly affected by the dc
voltage loop due to a small bandwidth of the controller, which is,
however, sufficient to maintain the voltage control performance
in this case.

C. Factors Affecting the Grid Impedance Coupling

In order to demonstrate the influence of different factors on the
grid impedance coupling effect, Fig. 7 represents the coupling
degree by using the error between the MMC ac impedance with
and without considering the coupling.

Fig. 7(a) and (b) shows the variations of the grid impedance
coupling when the controller gains of dc voltage loop and PLL
are changed, respectively. Both the gains of the dc voltage
controller and the PLL exacerbate the coupling, and the cou-
pling caused by PLL is more severe than dc voltage controller.
It is consistent with the description in (41b) that the PLL is
equivalent to an ac voltage feedforward link, which directly
introduces the grid impedance into MMC. Fig. 7(c) shows that
a higher ac current gain results in a smaller coupling. This
is because the increase in the ac current controller gain can
help to reduce the MMC current harmonics, which has been
pointed out in Section IV. In Fig. 7(d), the influence of different
grid impedances on the coupling is demonstrated. The MMC is
connected to the grid with short-circuit ratio (SCR) varying from
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Fig. 6.  MMC ac and dc impedances with different control strategies. (a) Under open-loop condition (mcpy = 0.5, mqm = 0.43 cos(wit — 4.6°)). (b) Add
circulating current control. (¢c) Add ac current control. (d)Add PLL. (e) Add dc voltage control.



XU et al.: COMPLETE HSS-BASED IMPEDANCE MODEL OF MMC CONSIDERING GRID IMPEDANCE COUPLING

Magnitude of MMC ac impedance [ohm]

10° Magnitude of MMC dc impedance [ohm]

10* 88 T
10° PS impedance 10°
T

102 A I i P et

1 1

10 NS impedance 10

10° 10°
10'1 R R | il 10'1 L R | il

100 Angle of MMC ac impedance [deg 100 Angle of MMC dc impedance [deg]

T T — T T T — T —

50 50 ﬂ wa

0_\6\\&9@@ 0\ C\) _
-50 -50 Sood? v
_10(1)0_1 L L ...uiloo L .....I.OI I .....1.02 L .‘...1.03_10(1)0_I L L ...u.llon L L II‘”{O| L .....1.(;2 L ‘....1.03

Frequency f[Hz] Frequency f[Hz]
(d)

104 Magnitude of MMC ac impedance [ohm]

10° Magnitude of MMC dc impedance [ohm]

10°¢ PS impedance 1 10’
10°E 107
1L ] 1
10 NS impedance 10
10(]r _ 10”’ _
10-1 L | | . i 10-1 L | | - i
100 Angle of MMC ac impedance [deg 100 Angle of MMC dc impedance [deg]
50 50
0_\6\\69@86 0_ ]
-50 -50 o
-100 Lol L L L -100 Lol L ol L
10! 10° 10! 107 10° 10" 10° 10! 10° 10°
Frequency f[Hz] Frequency f[Hz]
(e)
Fig. 6. Continued.
TABLE III
SIMULATION (FFT RESULTS) WITH INJECTION OF DIFFERENT PERTURBATIONS
Freq. iom [A] . iac [A] cem [V] ucam [V]
Casel i a B C i [A] A B C A B C A B C
2110 | 0.2¢:230) | 0.2(-143°) | 0.297°) 0.04(-168°) | 0.04(72°) | 0.04(-48°)
-60 2.5(66°) | 2.5(-174°) | 2.5(-54°) 0.1(-163°) | 0.1(-43°) | 0.1(77°)
10 | 2.6¢-178%) | 2.6(-178%) | 2.6(-178°) | 7.7(-178%) 0.8(-26°) | 0.8(-26°) | 0.8(-26%)
(a) | 40 7.6(-56°) | 7.6(-176°) | 7.6(64°) 0.5(-179°) | 0.5(61°) | 0.5(-59°)
90 | 03(-45°) | 03(75° [ 0.3(-165°) 0.2(-134°) | 0.2(-14°) | 0.2(106°)
140 0.009(-98°) | 0.009(-98°) | 0.009(-98°)
190 | 0.01(34°) | 0.01(-86°) | 0.01(154°) 0.001(-52°) [0.001(-172°)| 0.001(69°)
-110 | 01120 | 0.1(1329) | 0.1(-108°) 0.01(109°) | 0.01(-131°) | 0.01(-11°)
-60 0.2(-109°) | 0.2(-109°) | 0.2(-109°)
-10 | 3901570 | 3937 | 3.9(-83°) 0.8(:21°) | 0.8¢-141°) | 0.8(99°)
(b) | 40 13.4(-40°) | 13.4(80°) | 13.4(-161°) 0.7(-133°) | 0.7(-13°) | 0.7(107°)
90 | 0.4(35°) | 0.4(-35° | 0.4(-35° | 1.2(-35°) 0.3(-135°) | 0.3(-135°) | 0.3(-135%
140 0.03(175°) | 0.03(55°) | 0.03(-66°) 0.01(-92°) | 0.01(148°) | 0.01(28°)
190 | 0.02(48°) | 0.02(168°) | 0.02(-72°) 0.003(-30°) | 0.003(90°) [0.003(-150°)
-110 0.08(-49°) | 0.08(-49°) | 0.08(-49°)
60 | 3¢1350) | 3(105°) 3(-15°) 0.5(-61°) | 0.5179°) | 0.5(59°)
-10 6.6(176°) | 6.6(-64°) | 6.6(56°) 2.7(-13°) | 2.7(107°) | 2.7(-133°)
(c) [ 40 [ 9.6(-:53°) | 9.6(-53°) | 9.6(-53°) | 28.9(-53°) 13¢-151°) [ 1.3(-151°) | 1.3¢-151°)
90 0.6(8°) | 0.6(-113°) | 0.6(128°) 0.4(-140°) | 0.4(100°) | 0.4(-20°
140 | 0.6(-52 | 0.6(116°) | 0.6(-125°) 0.05(-88°) | 0.05(32°) | 0.05(152°)
190 0.01(-105°) | 0.01(-105°) | 0.01(-105°)

Note: (a) Inject 1-kV, 40-Hz PS perturbation voltage intoac side. (b) Inject 1-kV, 40-Hz NS perturbation voltage into ac side. (c) Inject 1-kV, 40-Hz perturbation
voltage into dc side.
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Fig.7. Coupling degree under different conditions. (a) Coupling degree under
different dc voltage controller gains [ohm]. (b) Coupling degree under different
PLL gains [ohm]. (c) Coupling degree under different ac current controller gains
[ohm]. (d) Coupling degree under different ac grid impedance [ohm].

2.8 (Rgac = 12 Q, Lgae = 194 mH) to 14 (Rgae = 2.4 Q,
Lgac = 38.8 mH). And the results show that the weaker the grid
connected to the MMC, the more severe the coupling degree.

The variation of the coupling degree shown in the simulation
is closely consistent with the model analysis results. It indicates
that the proposed MMC impedance model, which considers the
grid impedance coupling, can improve the analysis accuracy,
especially in the case where dc voltage loop and PLL gain are
large, ac current loop gain is small, or MMC is connected to a
weak grid.

D. Stability Analysis Example

This section demonstrates the impact of the grid impedance
coupling on MMC stability analysis by experimental verifica-
tions based on power hardware-in-the-loop (PHIL). The struc-
ture of the platform is given in Fig. 8, where the ac grid
is emulated in a real-time simulator and is connected with a
downscaled MMC prototype through a power amplifier. The
experimental parameters are listed in Table IV.

Fig. 9 represents the experimental waveforms under different
controller gains. At instant ¢, the ac current controller gain

Fig. 8.
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PHIL |
L
Interface : Mmc

TIY Ty

2 " Controller
Power supply

OP5700 SPS PAS5000 MMC
Simulator Amplifier Prototype

Prototype structure for power hardware in the loop experiment.

TABLE IV
EXPERIMENTAL PARAMETERS

Parameters Value
Dc voltage Ugge=300 V
Ac phase-to-ground voltage Ugac=140 V
The number of SMs N=6
SM capacitance C=2.04 mF
Arm inductance L=4 mH
Arm equivalent resistance R=0.8 Q
Ac grid impedance Lgac=16 mH
Dc grid impedance (load) Rea=40 Q

PI controller of PLL

PI controller of ac current loop

Kopr1=0.1, Kipr1=0.5
Kpiac=0.007, Kiac=0.5
Kpuae=0.2, Kiwa=7
Kpiem=0, Kiien=0.2,
,=2007 rad/s, w~10 rad/s

PI controller of dc voltage loop

PR controller of circulating current

Epiac is reduced from 0.02 to 0.007, and the MMC waveforms
gradually oscillate. The fast Fourier transform (FFT) plot of
unstable ac current is further drawn in Fig. 10, which shows that
the oscillation frequency appears at 55.7 Hz. After ¢, the gain
is changed back to 0.02, and the MMC become restable. This
experimental result is consistent with the stability analysis based
on the proposed complete MMC impedance model. As shown in
Fig. 11, the orange and purple curves correspond to the MMC ac
impedance by setting the ac current controller gain to 0.007 and
0.02, respectively. The purple circles marked on the impedance
curve denote the frequency sweep data obtained from the PHIL
experiment, ensuring the accuracy of the model. By applying
Nyquist criteria between the MMC and the grid impedance, the
orange curve (kpiac = 0.007) intersects the grid impedance at
57.3 Hz with the phase margin less than zero, which is unstable.
And the purple curve predicts the MMC stable operation due
to its phase margin of 31.2°. For comparison, the ac impedance
(Kpiac = 0.007) ignoring the grid impedance coupling is also
drawn in Fig. 11 with blue lines. This model, however, leads
to an erroneous stability analysis result. The comparison not
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Fig. 9. Experimental results under different controller parameters.
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only verifies the accuracy of the proposed MMC model, but also
reflects the necessity of considering grid impedance coupling in
MMC stability analysis.

VI. CONCLUSION

The impedance model is the most common method for grid-
connected stability analysis. This article proposes a complete
MMC impedance model based on HSS, which has high accuracy
and reveals the grid impedance coupling of MMC. Moreover,
the proposed model not only consists of the ac current and the
circulating current control, but also incorporates dc voltage outer
loop and PLL. By introducing the frequency shift matrix and the
sequence extraction matrix, the MMC model is more concise
and thus easily reflects the clear physical meaning. This model
indicates that the coupling can be increased by higher dc voltage
loop and PLL gains, smaller current loop gains, and weaker
grids. In these cases, it is necessary to use the proposed model to
improve the analysis accuracy. Finally, correctness of the model
is substantiated by simulation and experimental results.

APPENDIX

This appendix gives an example to derive the MMC PS
impedance at the perturbation frequency f, = 40 Hz step by
step. All parameters in this example are based on Table II.

First, the steady-state operating point is the basis of the
small-signal model. It consists of CM and DM modulation
indexes (Mcm, Mam), CM and DM capacitor voltages (tcems
Ucdm)s Circulating current (i, ), ac current (¢,. ), and ac terminal
PCC voltage (u,.). These steady-state values can be obtained by
solving MMC nonlinear equations, or they can be measured by
simulation or experiment. Table V shows all these steady-state
values of phase A, where only the first two harmonics are
considered in this example due to the page limitation.



12944

TABLE V
STEADY-STATE VALUES OF PHASE A (w1 = 27f1 = 314 rad/s)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 12, DECEMBER 2020

By substituting the values of Table V into the structure of
Toeplitz matrix shown in (13), the steady-state variables ma-
trixes in (24b) and (24c) could be obtained as (al)—(a6), as

Values

shown at the bottom of the page.

Mey=0.48+0.01cos(2w,#+83.5°)
Mym=0.43cos(w1—4.6°)
Ucem=1653.8 V+21.2c08(2w,1-95.8°) V
Ucam=57.9cos(wt—86°) V
iem="330 A+6.7cos(2w t+84.5°) A
i,=1484.8cos(w1—0.5°) A
1,=178890cos(,1-0.5°) V

Second, the block matrixes in (24), such as K;, K,,, AS,
3ngCE3' and ZgaCEI, are required to form the impedance
model of MMC. Among them, K; and K,,, could be calculated
as (a7)—(al4), as shown at the bottom of the next page.

With a PS perturbation frequency f;, = 40 Hz, the matrix AS
could be obtained by substituting p = 0.8 (f,,/f1 = 0.8) into

B 0.48/0° 0 O.(]142—83.5° 0 0
0 0.4820° 0 S 0
Moy, = 0.014283.5° 0 0.48./0° 0 0.0142—83.5o (al)
0o Q05 0 0.4820° 0
0 0 0.01.83.57 0 0.4820° |
B 0 0.4354.6° 0 0 0 7]
0.4342—4.6" 0 0.4354.6° 0 0
myy, = 0 0.4342—4.6° 0 0.4354.6o 0 (32)
0 0 0.4342—4.6O 0 0.4354.6C
0 0 0 0.432-4.60 0 |
[ 1653.820° 0 2122958 0 0o ]
0 1653.8£0° 0 21.2£95.8° 0
Ucen = | 224908 0 1653.8£0° 0 21.2£95.8° (a3)
0 2122958 0 1653.8£0° 0
0 0 2122 95.8° 0 1653.820°
[0 ST.9.867 0 0 0 |
57.942—86’“‘ 0 %ASGJ 0 0
UCdm = 0 794867 0 S1.9486° 0 (a4)
0 0 57.942786° 0 w
i 0 0 0 57.9427860 0 |
[330£180° 0 672 845 0 0 ]
0 330£180° 0 674845 0
i = | S1£545 0 330£180° 0 674845 (a5)
0 674845 0 330£180° 0
0 0 8.7454.5 0 330£180° |
B 0 1484.240.5° 0 0 0
1484.8£-0.5° 0 1484.240.5" 0 0
iac 0 1484.82470.5O 0 1484.340.5" 0 (216)
0 0 1484.824—0.5° 0 1484‘340‘5"
I 0 0 0 1484‘824—0.5“ 0
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(15), that is Zgac BT = diag (12 — 473.1,0,12 + j48.8,12 + 5109.7,0) .

(al7)

AS = diag (—4376.8, —j62.8, j251.2, j565.2, j879.2) .
(alh)

Matrixes 3ngCE3' and ZgaCEI in (24a) are expressed as

In this example, the perturbation voltage are set as
Atgdc(wp) = 0 and Augae(wy) = 1000V, corresponding to

vectors like
3ngCE§ = diag (0,0.285 — j7.73,0,0,0.285 + j108.2)

(al6)  Auga. = [0,0,0,0,0]", Augae = [0,0,1000,0,0]". (al8)
11.9/ —80.3° 0 30.7£99.4° 0 0.004£103° T
0 138.9./89.2° 0 7.9/ —70.4° 0
Kiem1 = | 30.7£80.6° 0 34.3/86.7° 0 3.4/ —89.4° (a7)
0 7.9/ —109.6° 0 75/88.5° 0
| 0.004£77° 0 3.4/ —90.6° 0 144./89.2° |
0 0 0 0.3211.1° 0]
39.9/85.3° 0 25.7/94.6° 0 0
K = 0 0 0 12.4/ —83.9° 0 (a8)
0.3/168.9° 0 12.4/ —96.1° 0 0
L0 0 0 6.2/ —93.8° 0
0 39.9£94.7° 0 0.3£11.1° 0 1
39.9/85.3° 0 25.7/94.6° 0 0.1/ —168.9°
Kicmz = 0 25.7/85.4° 0 12.4/ —83.9° 0 (a9)
0.3£168.9° 0 12.4/ —96.1° 0 6.2/ —86.2°
L0 0.1/ —11.1° 0 6.2/ —93.8° 0 ]
3/ -80.3° 0 7.7/99° 0 07
0 0 0 2/ -70.4° 0
K, = | 7.7/80.6° 0 8.6£86.7° 0 0 (al0)
0 0 0 19/88.5° 0
10.001£77° 0 0.94 —90.6° 0 0]
[823.9/2.5° 0 58.2/94.7° 0 0.003£102°
0 835.74 —7.5° 0 8/ —76.8° 0
Kpem1 = | 47.6/84.4° 0 834.3/5° 0 0.6£ —108.5° | x 10 (all)
0 18.6/ —91.6° 0 826.2/ —0.4° 0
| 0.003£78° 0 11.2/ —96.4° 0 826.5/0.1°
0 135/ —71.4° 0 0.2/15.7° 0 1
95.9/89.1° 0 144.3./90.4° 0 0.3/ —171.6°
Kodm: = 0 90.9/ —92° 0 10/ —82.9° 0 x 103 (al2)
1.1/173.3° 0 15.7/ —87.6° 0 4.7/81°
L0 0.4/ —17.5° 0 17.8/ —84.6° 0 |
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Substituting (a7)—(al8) into (24a), the ac current response
Aiye(wp) can be solved, which equals (19.1 £—76°) A. And
according to (26), the MMC open-loop ac impedance at 40 Hz
is

1000

= o1/ 7~ (12+748.8) = 2.07£72°,

(al9)

Next, the HSS model of controllers are required to calculate

the MMC closed-loop impedance. The transfer functions of
these controllers are presented as

Zac_MMC (wp)

Crriom (@) = Fj [Kpprr+Kiprn/ (jw)]
p/n Jjwp + Uac1€59¢ [Kpprr,+KipLL/ (jw)]

(a20)
Gude (w) = Kpudc"'Kiudc/(jw) (a2l)
2 Kricm .
Gicm (w) - — Kpicm"" 2wc Tt (3-22)
(jw)” + 2wejw + w7
Gi (UJ) - — [Kpiac+Kiiac/(jw)] (323)

where uac1e™% could be obtained from Table V, that is
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Giom = — diag (7.9/ —49°,5/ — 7.3°,5.9/31°,
31/72.2°,10.7/ — 59.6°) x 107> (a26)
— diag (1£6.1°,1.2/32.5°, 1/ — 9°,1/ — 4.1°,

G;

1/ -26°) x 1074 (a27)

According to the block diagram shown in Fig. 5, to get the
HSS model of MMC controllers, i/, - ifz 4+»m)_, and m;,are
still needed. It can be found from (29) that
]T

[{'ar,i'gr]" = Tugy (Wit 4 90°) [inca iacB, incc]”  (a28)

by which ifH and iﬁﬁ_ are solved as 11.2 and —1484.8 A,
respectively. Similarly, from (36), we have

[mdmA, MdmB, mdmc]T = Tyq- (w1t + 900) [m’d,, m'q,}T.
(a29)
And m/;  and m/ _ are solved as 0.43cos(w:t + 88.1°) and
0.02cos(w1t — 1.9°), respectively. Then, i/d+, iﬁH, m/, and mir
could be obtained by transforming i/, 4 z”q 4> ml_, and m;, as
Toeplitz matrix, that is

Uac1€7% = 178 890 £F0.5°; and negative signs in (a22) and i’y = diag (11.2,11.2,11.2,11.2,11.2) (a30)
(a23) guarantee the logic of these control loops. The transfer g B B
functions can be transformed into HSS by the method presented Vgt = diag (—1484.8, —1484.8, ~1484.8,
in Section IV, expressed as —1484.8, —1484.8) (a31)
I 0 0 0 0 0]
/ . / . Finally, by substituting (a24)—(a33) into (47), the ac currentre-
462125.5° 0 4.6£-544 0 0 sponse A, (w,) under the closed-loop condition can be solved
Gprp, = 0 0 0 0 0 as (7.6 £—55.5°) A, which confirms the simulation results listed
in Table ITI(a). And the MMC closed-loop ac impedance at 40 Hz
0 0 0 0 0 is calculated as
L0 0 0 0.5745.7° 0| 7 _ 1000 54 iagg
acnnic (wp) = 757 —ors — (124 748.8)
x 1076 (a24) 3
= 86.4443.6°. (a34)
Guae = diag (5£0.2°,520.9°,54 — 0.2°, 54 — 0.1°,
5 = This is consistent with the closed-loop impedance curve
5/0.1°) x 10 (a25)  shown in Fig. 6(e).
[ 0 6.84 —71.4° 0 0.09415.7° 0 i
48/89.1° 0 72.2/90.4° 0 0.1£ —171.6°
Kiemz = 0 45.5/ —92° 0 5/ —82.9° 0 x 103 (al3)
0.6£173.3° 0 7.9/ —87.6° 0 2.4/81°
i 0 0.24 —=7.5° 0 8.9/ —84.6° 0 |
[411.9/2.5° 0 29.1£94.7° 0 0.0012102° 7
0 417.84 —7.5° 0 4/ —76.8° 0
Kondme = | 23.8484.4° 0 417.2/5° 0 0.3 —108.5° | x 103. (al4d)
0 9.34 —91.6° 0 413.1£ —0.4° 0
| 0.001£78° 0 5.64 —96.4° 0 413.220.1° |
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r 0.43£-88.1° -
0 Q43881 0 0 0
0.434288.1O 0 0.434588.1° 0 0
m’d_ _ 0 0.434288.1O 0 0.4342788.1O 0 (332)
0 0 0.43428841o 0 0.434588.1°
L 0 0 0 % 0 |
r 0.02£1.9° -
0 0.02£1.9° 0 0 0
0.02£-1.9° 0.02£1.9°
2 0 2 0 0
/ 0.02£-1.9° 0.02£1.9°
mg— = 0 p) 0 2 0 (a33)
0 0 0.024271.9° 0 0.0251.9O
i 0 0 0 0.0242—1.9O 0 ]
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