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Modular multilevel converters (MMCs), as one of the core components of hybrid AC/DC
power grids, become the preferred converter topology and show good developments.
Urgently, a general MMC modeling scheme with good model accuracy needs to be
developed to realize small-signal analyses and designs for the large-scale AC/DC power
grids easily. This paper proposes a unified modeling scheme (UMS) for MMC systems in a
synchronous rotating (dq) reference frame. Based on the dynamic phasor theory and with
the proposed modular decouple modeling (MDM), the nonlinear state-space model of the
overall MMC system can be obtained by configuring and connecting the input and output
of the state-space model of each subsystem. Besides, the unified controller, modeling
different control modes, normalizes the MMC systems modeling. Simultaneously, with the
proposal of UMS, linearization and splicing could be uesd to develop a small-signal model
of the overall MMC system directly. Therefore, the proposed model is suitable for
simulating the large-scale hybrid AC/DC power grids and analyzing the stability of
small-signal. Finally, the simulation results verify the accuracy and effectiveness of the
proposed modeling method.

Keywords: MMC, virtual resistor, module decouple connection method, small signal, MMC modeling, AC/DC power
grids

1 INTRODUCTION

A large number of distributed energy resources (DERs), from transmission systems to
distribution networks, have been integrated into power grids to realize low-carbon energy
systems. Flexible hybrid AC/DC power grids can effectively serve the grid connection and
consumption of large-scale renewable energy. In particular, high-voltage direct current (HVDC)
transmission technology has good application prospects in the field of renewable consumption
and long-distance transmission (Liu et al., 2014; Zhu et al., 2021; Zhao and Tao, 2021); In
addition, with the development of urbanization and the rapid growth of DC load, DC
distribution network has attracted extensive attentions from scholars and the industry
because of its flexible control (Sun et al., 2021; Xianyong et al., 2021). Modular multilevel
converters (MMCs) become the preferred topology of high power converters for flexible AC/DC
power grids, showing good development prospects (Trinh et al., 2016; Wang et al., 2021).
Therefore, a model reflecting the general operating rules of MMC systems can provide essential
guidance in studying the operation characteristics of hybrid AC/DC power grids, selecting the
operational parameters of circuits, designing the controllers, and analyzing the stability of AC/
DC power grids.
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The internal dynamic of MMC is very complex (Harnefors
et al., 2013) due to circulating currents and internal capacitor
voltages, which results in the harmonic components in the
arms (Ilves et al., 2012). Therefore, compared to traditional
two-level VSC systems, MMC is more challenging to model
and control.

As to the MMC modeling in large-scale hybrid AC/DC
power grids, the computational burden introduced by the
detailed electromagnetic transient (EMT) highlights the
need to develop simplified models that provide similar
behaviors and dynamic responses. Because the average arm
model (AAM) significantly reduces complexity while
maintaining a satisfactory representation of internal
dynamics (Antonopoulos et al., 2009), the average model
represented by AAM is suitable for simplified simulations
and analyses, and has been widely used in the design of
control systems (Harnefors et al., 2013; Saad et al., 2015).

Based on the AAM approach in three-phase stationary
(ABC) reference frame, Gnanarathna et al. (2011) proposed
a time-varying model of MMC and Peralta et al. (2012) put
forward a detailed and averaged MMC model to improve
simulation speed. Although these models can improve
simulation speed in large-scale system simulation. However,
they are not suitable for eigenvalue analyses due to the time-
variance.

Motivated by the need for studies in eigenvalue-based
small-signal stability of MMC-based power grids, the
modeling in the dq reference frame has been widely used
for modeling MMC systems. In addition, the design of
MMC’s control system is usually implemented in the dg
frame, making the development of the overall MMC model
and its interfacing much easier. Munch et al. (2009)
presented a state-space description in the dq frame for
the optimal design of the controller. Vatani et al. (2015)
put forward other simplified fundamental frequency models
of MMC. In order to facilitate the analysis of large-scale AC/
DC power systems. Trinh et al. (2016) and Li et al. (2018)
developed the simplified and reduced-order MMC models.
But these models are only fit for the fundamental frequency,
ignoring the high harmonic parts of the internal dynamics
of the converter, such as harmonic circulating currents.

The dynamic-phasor-based modeling, which is based on the
generalized average method (Sanders et al., 1990), can replace
traditional modeling with time-domain (differential)
equations, because the dynamic-phasor modeling is inherent
time-invariance and greatly reduces the simulation time
without losing accuracy. Deore et al. (2012) first applied the
dynamic phasor modeling method in the MMC-HVDC
system, where a state-space model with 98 states was
developed. However, the model is highly complex, including
many complex dynamic equations. Jamshidifar and Jovcic
(2016) proposed a dynamic state-space model of MMC for
analyzing small-signal dynamics and designing controllers,
but control system modeling is not covered in the model.
Jovcic and Jamshidifar (2015) built an average-model-based
dynamic phasor model of MMC, whose electrical system and
control system are coupled together, leading to the
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inconvenience of connecting the MMC model with both
external control and DC electrical parts.

As seen from the previous analyses, the models in the ABC
frame are applicable to the trial-and-error study of time-
domain simulation, but these models are not suitable for the
study of the eigenvalue-based small-signal stability in MMC-
based power grids. Although many efforts have been made on
MMC modeling in the dq frame, a general MMC modeling
scheme with high model accuracy urgently needs to develop
to realize small-signal analyses and designs for the large-scale
AC/DC power grids easily.

This paper proposes a unified modeling scheme (UMS) for
MMC systems in a synchronous (dq) reference frame for the
analyses of both MMC-based system operation and small-
signal stability. The modular decouple modeling (MDM) and
the unified controller modeling make MMC systems
modeling more flexible and expansible to adapt to different
hybrid AC/DC power grids. Besides, based on the proposed
model, the small-signal model of the overall MMC system
could be developed directly by linearizing and then splicing
our model, which can avoid the direct derivation of the
overall system matrix element. Therefore, our model is
suitable for simulating the large-scale hybrid AC/DC
power grids as well as studying small-signal stability. The
accuracy and effectiveness of the proposed modeling method
are verified by a simulation test system in MATLAB/
Simulink.

2 MODELING MODULAR MULTILEVEL
CONVERTER SYSTEMS WITH UNIFIED
MODELING SCHEME

A three-phase model of MMC is shown in Figure 1. The MMC
is assumed to be connected to an infinite power supply through
a transformer. Each phase unit of the MMC comprises two
bridge arms, positive (P) and negative (N). In Figure 1, when
submodules (SMs) are half-bridge circuits composed of
insulated gate bipolar translator (IGBT), the model of MMC
is a detailed EMT (D-EMT) model; when arms in Figure 1 are
equivalent to the circuits of a controlled voltage source, the
model of MMC is an average EMT (AVE-EMT) model. The
parameters represented by each variable in the Figure 1 are
shown in Table 1.

Since the proposed UMS for MMC systems is achieved in
dq frame, the model proposed in this paper can be derived
by transforming the dynamic average model built in ABC
frame based on Park transformation and dynamic phasor
theory. First, with MDM, the overall MMC system is
partitioned into five parts (specifically, they are MMC
internal electrical system, DC interface system, AC
system, signal sampling filter, and controller) and
modeled separately. Then, by configuring and connecting
the input and the output of the state-space model of each
system, we can obtain the nonlinear state-space model of
the overall MMC system.
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FIGURE 1 | Structure of an MMC.
TABLE 1 | Parameters of the MMC systems.
Parameter name Symbol Parameter name Symbol
Line voltage of AC system Us Equivalent arm currents Ipjr Inj
Voltage frequency of AC system f Circulating current of bridge arm it
Equivalent inductance of AC system Lg Modulation ratio of bridge arm Mej, My
Equivalent resistance of AC system R Equivalent capacitor of bridge arm Cam
Equivalent inductance of transformer Ly Equivalent Inductance of bridge arm Lam
Equivalent resistance of transformer Ry Equivalent resistance of bridge arm Rarm
Ratio of transformer Kr Number of bridge arm sub-modules N
Total voltage of submodule capacitor of bridge arm uépj’uéNj DC side current of MMC ige
Equivalent arm voltages Ucp) Ucnj DC side voltage of MMC Uge
Voltage of MMC connection point Ugyj Current-limiting inductance Ly

2.1 Modeling Modular Multilevel Converter

Internal Electrical System

2.1.1 Modeling in ABC Reference Frame

Since the MMC model established in this paper focuses on system
operation and stability analysis without any consideration of AC
or DC faults, the following assumptions are made for modeling
MMC systems:

1) All three-phase components are symmetric; 2) The operations of
the positive and negative arms of each phase are symmetric; 3) The
modeling of a phase-locking loop (PLL) is not taken into account,
because the voltage deviation of the point of common coupling
(PCC) bus is diminutive during normal operation due to a
relatively high ratio of short circuit of the AC system
connected to MMC.

Remark 1. In order to reduce the complexity of the formula,
the following formula derivation takes one phase as an

example (j = A, B, C) and omits the subscript j representing
three phases.

According to Figure 1, the circulating current can be
expressed as:

g = P; (1)
and
C.
Carm =7 2
N (2)

where C, is the capacitance value of the submodule.

The dynamic model of ug, and ugy are expressed as Eq. 3.

duép mpi, mp ; mp ;
= = — < Hdiff
dé Ca.rm 2Carm Carm (3)
dugy _myi,  my ; my ;
= = — < Hdiff
dt Curm 2Carm Carm

where i=i,~i,
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For positive and negative bridge arms, the following equations
can be obtained by KVL:

Ude . dip z

7 + Rarmlp + LarmE — MpUcp = Uey (4)

Uug . di
_7‘: + Ropmin + Lurmd_: + mNu(ZjN = Uy (5)

By Eq. 4 minus Eq. 5, the dynamic equation of the circulating
current can be expressed as Eq. 6.
Rarmidiff mPu(ij mNu(Z:N _ Ugc

digige
= + + 6
dt Lﬂrm 2Larm 2Lurm 2Lurm ( )

Add Egq. 4 to Eq. 5, the dynamic equation of the AC current
can be expressed as Eq. 7.

di _ 2ucv MNUcy — MpUcp Rarm _ zucv 2eMMC Rarm .
dt B Larm Larm Larm a Larm Larm Larm
(7)
Here, in Eq. 7, eppc is as follows.
) M)
myu — mMpU
enme = — N TPTCR (8)

2

When the three-phase voltage of AC system is symmetrical,
the components of voltage, current and modulation signal are
relatively simple (Jamshidifar and Jovcic, 2016), u, te,, Ugp, Uiy
i, igf mp and my can be expressed in terms of its sub-
components as follows.

[ u, = U, cos(6+6)

ue, = U, cos (9 + 6r:vl)

mp = % (1= Micos(0 = 0,,1) + Macos (20 — 6,,5)) ®

My = % (1 + Mjcos(0 - 6,,) + Mscos (26 - 6,,,))

i=1Icos(0+6;)

igir = Lairo + Laigrz €08 (20 + Ouigrz)

uép =Ucpo + Ucp; c0s (0 + Ocp1) + Ucp, cos (20 + Ocpy)
ugy = Ucno + Ucni €05 (0 + Ocn) + Ucna €05 (28 + )

(10)

where the subscripts 0, 1, and 2 in the amplitudes (U, U, M}, M,,
Liiteos I Laieer, Ucpo Ucpss Ucpzs Ucnos Ui and Ugyz) and the initial
Phase angles (Gsb chl’ eml’ 6mZ) 61'1) ediﬁfZ’ HCPI > GCPZ’ GCNI ,and HCNZ)
represent the zero sequence, the fundamental-frequency, and the
second-order harmonic components, respecitvely; 6 = wt (w is the
grid fundamental frequency) is a synchronized phasor angle with the
grid voltage.

2.1.2 Modeling in dg Reference Frame

To obtain the steady-state time invariants model of MMC, we need
to transform variables u,, u,,, uép, u(Z:N, i, igigs Mp and my in ABC
reference frame into dq reference frame by means of a park
transformation Pp,,; at w. Pp, and its inverse matrix P;;,k are
as follows.

Unified Modeling for MMC Systems

cos cos(@ - zn) cos(@ + %7‘[)

W

2 2
Ppark = 3 —sin@ —sin(@ - 57‘[) —sin(@ + 571) (11)
1 1
2 2 2
cos @ —sin 6 1
2 . 2
P;.lnk _ cos(@ - 571) —5m<9 - 571) 1 (12)

cos(9+ %7'[> —sin<0+ %71) 1
3 3

Thus, u,, U, uép, uéN, i, igigp, Mp and my in dq reference frame
are expressed as follows by Eq. 12.

(U = Ugq cos 0 — gy sin 6

Ucy = Uecyg €08 0 — Ugyq sin 0

1
mp =5 (1 — Mycos0 + M sin® — M g,cos20 — qusinZG)

1
| v = 3 (1 + Mycos0 — M sint — M g,c0s20 — qusinze)

(13)
i=igcos0—i,sint
igisf = Laifro + iaifraz €OS 2 0 — dgigrgr Sin2 0
uép = ”épo + uépd cosf - uépq sin@ + ”épdz cos26 - uépqz sin2 6
UZN = Ugyg + Uipgg €OS 0 — uépq sin 6 + ugyy, cos2 6 - ”(Z:qu sin26

(14)

where the variables with subscripts d and g represent the
fundamental frequency components of the corresponding
variables in dq reference frame; the variables with subscripts
d, and g, represent second-order harmonic components of the
corresponding variables in dq reference frame; the variables with
subscript 0 represent the DC components of the corresponding
variables in dq reference frame.

To obtain the sub-components’ dynamic equations of the
variables uép, uéN, i, and igg in dq reference frame, we
substitute Eq. 13 and Eq. 14 into Eq. 3, Eq. 6, Eq. 7 to derive

z z .
dugy ducy digg
dt > dt > dt

the expression (Expl) of , and %.

Remark 2. Due to space constraints, detailed substitution
processes are omitted. The substitution process contains the
product term like mpuép and mNu(z:N, which can be calculated
by Eq. 15. The third-order harmonic component generated by the
product term lets to more high-frequency components, but this
paper does not focus on these, and the third-order harmonic
component is out of consideration.

XY =a+ay cos0—a, sind+ ag cos20 + ag, sin26 (15)

where variables X and Y have the expressions in Eq. 16.

X =X+ Xy cos0 - X, sin0 + Xy, cos20 + X, sin20
Y=Yo+Y cos0-Y, sin0+Yycos20 +Y, sin20

(16)
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And in Eq. 15, the coefficients a, a, ag a4 aa, and ag, are as
follows.

( XaYs XpY X, Y, X,Y
o= X Yo+ 4 d, 22 7dz Pq7q, a2
2 2 2 2
XY XY, XY XpY
Ag=XoYg+XqYo+ @2 2d27d, Da- @ a2
2 2 2 2
XaY XY, X,Y XpY
J anX()Yd‘FXdYQ'F dlq 4d2lq “4q d2+ q21d
2 2 2 2
XqaY; XY
apn =X Y+ Xpn Yo + -1
2 2
XqaY, XY
| a2 = XY + Xp Yo + d q+qu
17)
Additionall h ion (Exp2) of %ce, dex diss 49
itionally, another expression (Exp2) o > dr 0 dr o an

9t in dg reference frame can be obtained by taking the derivative of
Eq. 14. Here, the derivation can be carried out according to Eq.
18, and the detailed processes of the derivation are omitted.

(45) -
at J, dt

ax dXa, B

<E>d,, = —nwXg,n=12... (18)
ax dX.,

<§>qn = dtq +nwXg,n=12...

Finally, Expl and Exp2 are employed to build equations in
which we let the corresponding terms equal to each other. And
then we can get 10th order dynamic equations Eq. 19 of the MMC
electrical system in dq reference frame as follows.

. b b = b .
digittar _ Ucpsy  Maticpy N Maticp,  Mapuigy, . 20i Rarmidieaz
— = - diftgr —
dt 2Lym  4Lam 4Ly 2Lym Larm
d, ) uz M b M u): M b} R .
Ldiffg2 _ Ycpq2 qUcpd dlcpg 2Ucpy 2wi arm !diffq2
— = - - = 2widifiay = ————
dt 2Lym  4Lam 4Lom 2Lam Lim
. s b b 5 .
dig  Maugp, Makcep . 2- Mdzuz Mpucp, Mauzp, Rumia i+ 2Ueyg
e - crd - T Tt
dt 2Lam 2Lym 2Lym 2Lym Lam Lam Lam
. b z b b .
% _ Mauces Maticp, _ Mapucps n Ma + 2‘/’2 _ Maucp,  Ramiq Wia+ 2Uerg
- CP
dt 2Ly 2Lym 2Lym 2Lym " Lam Larm Lairm
. s s s s s .
digro  Matgpy, Moty Maugp, Malicp, + Hero Rarmiditfo 1 u
= - - - - - 4
dt 4Lym 4Lym 4Lym 4Lym  2Lam  Lum 2Lym
z
dcrsr _ 5 Vit My Ma My
— = 20U, — s ldiffa2 T 5~ it + o~ —d — 4
7 2Cum 2Cym 8Cum  8Cum
z
@:720),} *;id’ffz‘fﬂidfﬁ)‘fﬁid‘fﬂi
dt P2 2Com " 2Cam " 8Cam  8Cam |
ity wuZ, + My i + M, iditior + My i +Md2 721‘ + M'{Zi
= WU, + o diftay T~ idiffg2 diffo + g ~——d 4
dt 1 4Cum 4Cym 2Cam 8Cam 8Cam
z
dtcng _ _p Moy My My My M2,
= —WUcpy — T difidz + T~ —ldifiz + 5~ —idifo + o~ —dd — 4
dt 4Cum 4Cam 2Cam 8Carm 8Cam
z
dugpy ~ Ma ; . Mg ; P My iy M, ;
= aiftay + 5~ difigz — 5~ ldiffo + o~ —id + o~ g
dt  4Cim 4Cym 2Cum 8Cum  8Cum

(19)
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FIGURE 2 | DC interface of MMC.

The model of MMC electrical system is sorted out into the
state equation and the output equation as follows.

- ele _ ele ele _ ele elel ele2
Xpmmc = f(xMMC’uMMC) = f(xMMC’ uMMC’uMMC)
ele _ 7l ele ele _ 7! ele elel ele2
Yime =T (XMMC’MMMC) =f (XMMC’MMMC’MMMC)
. . . . .7
= [ldiff0>ldiffdz)ldiffqbld)Zq] (20)
where state variables

xi\lch = [”épdz’ ”épqp uépw u(ZZPq’ ”épo’ 14iff0> diffd2> Ldiffq2> Ld> iq]T;
input variables ulle o = luslel uger T (here,
u(]Z\lxﬁ/jc = [Mdqu’MdZ’MqZ]T) u‘;\lsz\/jc = [ucvd) ucvq]T)§ output
variables y{fyc = [)’RI/IEJ{AC’J’?\%ICJ’?\%IC]T (here, yiic = iaiior
Y2 o = ligitar iaitig2] ' and Y3, = lig,ig]")

Remark 3. In this paper, the state variables, the system’s inputs,
and the system’s outputs in the state equations and output
equations are represented by x, u, and y, respectively. And
different subsystems are represented by the different subscripts
and superscripts. The subscripts AC and MMC represent the AC
system connected to the MMC and the MMC system except for
the AC system, respectively; the superscripts ele, int, fil, and ctrl
indicate the MMC internal electrical system, DC interface, signal
filter, and controller, respectively. Besides, the input u and the
output y are divided into several subvectors with the superscript
notation to facilitate the modular splicing of each subsystem,
respectively.

2.2 Modeling the State Space Model for DC

Interface

The DC interface of MMC is modeled to connect the MMC
electrical system with the DC network conveniently. The DC
interface of MMC is modeled as a controlled current source,
whose output is iy (ize = 3igifro). The MMC’s DC side input is the
DC voltage connected to the DC network nodes. For decoupling,
a virtual resistor R, is introduced. As long as R, is selected large
enough, the DC network and the MMC electrical system can be
decoupled without affecting the modeling accuracy of the system
(Pogaku et al., 2007). Besides, when a failure occurs to the DC
side, the DC interface of MMC is usually connected with the
current limiting reactance in series to prevent a large fault current
impact. Finally, the equivalent circuit of the DC interface is shown
in Figure 2.
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eMmMc

FIGURE 3 | Equivalent circuit of AC system.

According to the equivalent circuit in Figure 2, its dynamic
equation is expressed as Eq. 21.

dl?/;Mc _ ﬂ _ Unode _ _Rnii;MC 3Rnidiff0 _ Unode
dt 2L, 2Ly 2L 2L, 2L, (21)

_ . .dc _ -dc .
Uge = Rn(ldc - IMMC) = _RnIMMC + 3Rnldiff0

where ifj c is the current of Ly; t,q4. is the voltage of the DC
node connected to the MMC.

The model of the DC interface is sorted out into the dynamic
equation and the output equation, which are expressed as follows:

- int _ int int _ int intl int2
Xyive = f (Ko Unine) = f (Kniner Wniaes Uniane) (22)
int _ gl int intl _ [4dc
Varme = ' (Ko Unine) = [lMMC’udC]
: it _ e . s :
where stgte1 Vgrlzabl<3Ts Xy =1 My input  variables
t t ¢ o . ;
uivie = Wi Waiaie] = lidiffo> Unode] s onput  variables

int _ int1l int2
Yamc = iime Yaimel

2.3 Modeling the AC System

As to the modeling of AC system, a virtual resistor is also used to
decouple the AC system from the MMC electrical system. The AC
system in Figure 1 is reduced to the one shown in Figure 3. In
Figure 3, L., = L‘;;];“ +Lpand R, = R‘;}f“ + Ry, (here, Ry and
Ry are the equivalent resistances of the primary and secondary
windings of the transformer, respectively; Ly and Ly, are the
equivalent inductances of the primary and secondary windings of
the transformer, respectively; L., is equivalent inductance of AC
system and R, is equivalent resistance of AC system). According
to the equivalent circuit in Figure 3, the state equation and the
output equation of the AC system in dq reference frame are
expressed as Eq. 23.

digac . . . Usd

Leq dt = _(Req + Rn)ldAC + Leqwlch + Rnld + _KT

L diqAC _ R R)i L . Ri usq

P eqT = _( eq + n)lqAC - eqwldAC + nlq + K_T

Ueya = Rn* (idAC - ld)

| Uevg = Rn*(iqAC - lq)

(23)

where igsc and igyc are d-axis current and g-axis current of AC
system in dq reference frame, respectively; uy, is equal to the
phase voltage amplitude of the AC grid and u,, = 0 if the grid
voltage directional control is adopted.

fili
Tymc

N

udinee (1) — o, N0

FIGURE 4 | Principle diagram of filter.

The model of AC system is sorted out as Eq. 24.
{’.CAC = f (xac> Uy W) . (24)

Yac = f, (xAC) u}qc) = [ucvd> ucvq]

where state variables x,c = [idAc,ich]T and input variables
— 1 2 T 1 _ T 2 T
Uac = [uAC" MAC] (here, Uype = [ld)lq] » Upe = [usd> usq] )

2.4 Modeling of The Signal Filter

The input signals of the MMC controller are the
measurement signals of MMC’s parameters. There is noise
and interference in the actual measurement, and signals need
to be filtered and then sent to the controller. Therefore, the
modeling and analysis of the signal filter are required. In this
paper, the first-order low-pass filter as shown in Figure 4 is
used, and the dynamic equations of the filters are expressed as
Eq. 25.

il
dx{/IMC _ fil

fil
= WX + w.u
dt cXmmc T Ocllyryvc (25)

il _fil
Ymmc = Xmmce
where cut-off
diag [wcl) We2s W35 Weg> Wes5 Weos wc7]-
The model of filters is sorted out as Eq. 26.

frequency we =

Jfil fil fil o\ _ fil fin fin fil3
Xpmmc = f(xMMC’uMMC) = f(xMMO uMMC’uMMC’uMMC)

fil e fil O\ _ [ fil ofil fil fil g fil o fi]T
Yimc = (xMMC) = [ de > Hittd2> Yaiffq2o T 0 1 ’ucd’ucq]
(26)
where state variables
il T . .
x{mc = [Xuy» Xdiftd2» Xdiffqz> Xds Xq» Xed» Xeq] 5 input  variables
fil . fill  fil fil3 T fin
Unime = [Mavme Ynme Yaime (here, Upmc = Udes

fiz . . . 1T

Uyinie = lidittdzs aifiq 1a>q] > and
fil Lfil il Lfil g fil il .
Wae» Lifrans Taifigo> B ,zg su;> and uzy are the output signals

after filtering the input signals.

2.5 Modeling of the Controller

The controller plays a decisive role in the dynamic behavior
of MMC. The double closed-loop vector control strategy
based on dgq reference frame, which is a standardized
control mode of MMC, can realize the decoupling of active
and reactive power. Therefore, in this paper, the controller is
modeled in the dq reference frame. Since MMC usually
contains multiple control modes which need to be
switched with the changes of the operation state of AC/DC

il3 T
u]]\’/;MC = [Uevds ucvq] )
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FIGURE 5 | Diagram of controller.

TABLE 2 | Configuration of control modes.

Control mode d axis control mode q axis control mode with CCS no CCS
Sgnp Sgndrp Sgnudc Sgnq Sgndrq Sgnac Sgncc sgncc

Constant DC and constant AC voltage 0 0 1 0 0 1

Constant DC voltage and constant reactive power 0 0 1 1 0 0

Constant DC voltage and reactive droop 0 0 1 0 1 0 0 1
Constant active power and constant AC voltage 1 0 0 0 0 1

Constant active power and constant reactive 1 0 0 1 0 0

Constant active and reactive power droop 1 0 0 0 1 0

Active droop and constant AC voltage 0 1 0 0 0 1

Active droop and constant reactive power 0 1 0 1 0 0

Active droop and reactive droop 0 1 0 0 1 0

power grids, this paper uses the unified modeling method for
MMC’s controller to simplify the modeling and realize the
normalization of the controller model. Thus, remodeling the
MMC systems is avoided when the MMC’s control modes
need to be changed, increasing the flexibility of modeling the
AC/DC power grids. Different control modes can be selected
in the unified model by configuring control mode variables,
avoiding the inconvenience of modeling the MMC separately
for different control modes. Figure 5 is the diagram of the
controller using unified modeling, and Table 2 shows the
configuration of the control mode variables for different
MMC control modes.

In Figure 5, Ugcrep Udrep Prep and Qrpare the references of
DC voltage, AC voltage, active power, and reactive power,
respectively. Xgin, Xdouts Xqin> Xqout> Xdese» aNd Xgcqc are the states
of the integrators. kf," (kg"), k;i (kf,i), and kff (kff) represent
the proportional coefficient of the outer loop, the inner loop
and the circulating current suppression (CCS) loop in d-axis
(q-axis), respectively; k%° (kI%), k% (kT), and k% (ki)
represent the integral coefficient of the outer loop, the
inner loop and the CCS loop in d-axis (q-axis),
respectively. Sgn,, Sgnaw, sSgMu,, SgNg Sgharg SgMac and
Sgn,.. are the boolean variables used to select the control
modes of MMC.
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According to the diagram of the unified controller, its
state equation and output equation are expressed as Eq. 27.

dixg; s L fil do@Xdout fil
dtm =i =i =i = KXo +k d:u i
g, (Udere — 14l )
= kfl”xd,mt + k;o +Sgnd,[,ﬂd(Udcyef u/’l) - iﬁ”
+Sgnp( vef — L. 5( Sl 5:1 ufq”ifl))
dxgin . dx .
_ -fxl _ 1490 qo0 qout _ .f,]
- % = K Xgour + kp i i
il
SgnUAC(Ud’ef - ugl )
= k?"xquu[ + kgo +Sgndrqﬁq(Udrcf - M;I) - l{ﬂ
+Sgnq(Q,ef - I.S(u{:if’l u{q‘llfl))
dxd >
T"“t = Sgnud((Udcmf - ucf; + M‘qul )
t
+S Uderef — !t +uf?
IarpBa| Udcrer = \tieg + 1ty
il . fil il s fil
) +Sgnp(P,ef - 1.5(Mf z£ +u{q zg ))
dxgout ]
diqto: SgnuAC(Udref - f’ +uf’l)
+SG4rgP(Udrer — i + uf?
g drq q dref cd cq
+Sgna(Qres - 1.5(u£lif” uf”zﬁ'l))
AX geese fil
d; = Sgnm(O - ldfilffdz)
dx . fil
;;CSC = Sgna.(O - ’df;ffqz)
di 4% ain fil |, fil
My = kK xgin + kPT + wLa,mz +ucd
qi qtd fil
M, =~ k' xgin + k ot wLﬂ,mld +ul,
AXjeese
MdZ = Sgncc(k Xdcese T kdc ;CCS )
t
dxd
qu = Sgncc<k?quccsc + k?ﬁ)
(27)

The model of the unified controller is sorted out as Eq. 28.

ectrl ctrl ctrl trl ctrll ctrl2
{ Xpme = f(xMML’ ”MMC) f(XMML’ Upnimer “MMC)

ctrl ctrll ctrl2

T
ctrl _ ctrl ! ctrl
Yitme = f' (xMM( > Uyime ) f (xMM< > Upnivc> Unmc ) [Md’ My, M'ﬁ’MqZ]

(28)

ctrl trl
WheIl‘e xMerCZ —T[xdm) Xdout> Xgin> Xqout> Xd csc> Xq csc] and u?\/[rMc =
trll t
[uSivie uf\,{%c]fl - P (here,
ctrll i i i il . fil i i
”A;I%C = [ug Laifrda» Yiffq2> ta 0 g >”cd’”cq] J
CLTI

Upivic = [Udcre_f>Udref> ref;Qref] )
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3 MODELING THE OVERALL MODULAR
MULTILEVEL CONVERTER SYSTEM

According to Eq. 20, Eq. 22, Eq. 24, Eq. 26, Eq. 28, we can
establish the relatlonshlps of the input and output among

_ 1 ele2 _ . L, intl _

subsystems as follows: MMMC = Yimo Usivc = YAc Ynivic =
elel . int2 u intl ufl = ele2 ele2 ]T
yMMC’ MMC = Unodes Upipc = yMMC’ MMC — >
]T ctrll fil

fil3 . ele3 2
Uyc = YA uye = Vifue Yac = (tsa> tsq] ™5 Upipvc = Yames
int2 ~dc

uﬁ]l\/zjc = [Udcref» Udref> ref> Qref] Ymmc = lMMC' Therefore,
the dynamic model of the overall system is derived by connecting
each subsystem according to the connection relationship of input
and output. The dynamic model of the overall MMC system with

the MDM is shown in Figure 6.

The MDM makes modeling MMC systems more expansible
to adapt to different hybrid AC/DC power grids. For example,
if one of the subsystems of the MMC systems needs to be
changed, we only need to remodel the subsystem rather than
the entire MMC system. Besides, due to decoupling and
modularizing the MMC systems, the small-signal model of
the overall MMC system could be developed directly through
linearizing and splicing proposed model, which enables our
model to analyze the small-signal stability of large-scale hybrid
AC/DC power grids.

Ymmc> Y mmc

4 SIMULATION RESULTS

For purposes of validation, a simulation system is shown in
Figure 7. The system consists of an AC system, an MMC, and
a resistive load. To verify the accuracy and superiority of the
established model, we compared the proposed model with
D-EMT and AVE-EMT models by the simulation test system.
Table 3 and Table 4 list the system parameters and control
parameters, respectively.

Here, we set the control modes of MMC as constant DC
voltage and constant reactive power, and the dynamic response
under load mutation and control instruction step are compared
under closed-loop control. The working condition is set as
follows: at 2s, a load with a resistance of 100 Q is suddenly
put into; at 3 s, the resistance increases from 100 Q to 200 ; at
4s, the DC voltage steps from 1 pu to 1.05 pu; at 55, the DC
voltage steps from 1.05 pu to 1 pu.

The per-unit (pu) wapveforms of g, ige ig, igy Uevar and Uy
are shown in Figures 8-13. By testing the above working
conditions, it can be seen from these figures that the
accomplished state-space model of overall MMC system is
highly consistent with the detailed electromagnetic transient
model and the average electromagnetic transient model. The
accuracy and validity of the proposed modeling method are
verified.

In addition, Table 5 shows the comparison results of the actual
simulation time of the three models. It is at least 59.8 times more
efficient than the D-EMT and 4.6 times more efficient than the
AVE-EMT for the same simulation conditions. Therefore, the
proposed model greatly accelerates the simulation speed while
obtaining high precision.
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The Overall MMC System
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FIGURE 7 | Simulation test system of the overall MMC system.
TABLE 3 | Parameters of the MMC systems.
Symbol Us (kv) KT f (HZ) Leq (mH) Req-Q carm (mH) Larm (mH) Rarm (Q) N Lxl (mH)
Value 35 3.5 50 5.2 0.0216 0.52 10 0.03 20 5
T T T T 04l T T T T 7
\/‘ — D—EMT
— AVE—-EMT
— Proposed
—~ /'=\
= _
0.2 ke — e i——————
o No)
1 3
; — D—-EMT o
| — AVE-EMT | |
0.8 — Proposed
1 1 1 0 1 1 1 1 ]
2 3 4 5 6 2 3 4 S 6
time (s) time (s)
FIGURE 8 | Per-unit waveform of Uy. FIGURE 9 | Per-unit waveform of iy.
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TABLE 4 | The control parameters.

Symbol Value Symbol Value
k;’", K3 1.95 Ko, k3 119
kg’, kg 10 K K 1000
kgC, kgc 3.9 k;jc, k¥ 23.8
— D—EMT
0.4 — AVE-EMT | ]
— Proposed
~
2
— 0.2r
=
- p—
0 g i A |
2 . 4 5 6
time (s)
FIGURE 10 | Per-unit waveform of /.
— D—EMT
0.05r — AVE-EMT
- Proposed
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FIGURE 11 | Per-unit waveform of ig.
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FIGURE 12 | Per-unit waveform of ugyq.
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FIGURE 13 | Per-unit waveform of Ug,q.

TABLE 5 | Comparison results of the actual simulation time.

Model Simulation interval/s Actual time/s
D-EMT [0 6] 1025.44
AVE-EMT [0 6] 78.86
Proposed [0 6] 17.14

5 CONCLUSION

A unified modeling scheme (UMS) for MMC systems in a
synchronous (dq) reference frame is proposed in this paper. A
simulation test system verifies our model in MATLAB/
Simulink.

(1) The modular decouple modeling (MDM) and the unified
controller modeling make modeling MMC systems more
flexible and expansible to adapt to different hybrid AC/
DC power grids.

(2) The proposed model shows an accurate replication to the
dynamic performance of the EMTs (D-EMT and AVE-
EMT) model.

(3) The proposed model greatly reduces the simulation time.
For the same simulation conditions, it is at least 59.8 times
more efficient than the D-EMT and 4.6 times more
efficient than the AVE-EMT. Therefore, our model is
suitable for simulating the large-scale hybrid AC/DC
power grids.

(4) The small-signal model of the overall MMC system could be
developed directly by linearizing and then splicing proposed
model. Therefore, the proposed model is suitable for studying
the stability of small-signal.
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