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Abstract—This article proposes an accurate dc-side impedance
modeling method of modular multilevel converter (MMC) and a
control strategy for improving the stability of the dc system in
MMC-based dc grid. First, the impedance modeling method based
on harmonic linearization is adopted to establish the dc-side small-
signal impedance model of MMC, which considers the internal
multiharmonic coupling characteristics and the complete control
system. Second, an equivalent model is established to analyze the
frequency impedance characteristics of the dc ports in MM C-based
dc grid, and the stability of dc ports is further analyzed based on the
impedance-based stability criterion. Then, considering both the dy-
namic characteristics and stability of the dc system, a specific design
method of controller parameter optimization and additional virtual
damping controller is proposed. Based on MATLAB/Simulink, a
detailed time-domain simulation model of MMC-based dc grid is
established. The simulation results prove the accuracy of the pro-
posed impedance modeling method and the validity of the proposed
control strategy.

Index Terms—Frequency impedance characteristic, harmonic
linearization, impedance model, modular multilevel converter
(MMC)-based dc grid, virtual damping.

I. INTRODUCTION

N RECENT years, modular-multilevel-converter-based
high-voltage direct current transmission technology (MMC-
HVdc) has become an ideal solution for the power transmission
of island new energy electric field due to its advantages, such
as high modularity, low switching loss, small output voltage
distortion, and active and reactive power decoupling control
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[1], [2]. However, with the establishment of more and more
MMC-HVdc projects, its potential stability problem becomes
more and more prominent. For MMC-based dc grid with large
capacity, its stability problem is more prominent. MMC-based
dc grid is a complex system due to its multiple ports. Harmonic
of any ac port may flow into the MMC-based dc grid through
MMC, causing resonance of the whole dc grid.

Past research on the voltage source converter (VSC) shows
that both impedance-based and eigenvalue-based stability anal-
ysis methods can be used to analysis the stability of the system
for a VSC-based HVdc system [3], [4], and the ac-side and
dc-side impedance coupling relationship is analyzed in detail in
[5]. From previous research works, the dc-side impedance model
of VSC, including control loops, is derived, and the stability of
VSC-HVdc is studied based on the impedance model [6]-[9].

At present, there have been some research works on the sta-
bility of VSC-based HVdc system and ac system in MMC-based
dc grid in the engineering, whereas rare research works on the
stability of dc system are done. In this article, the way to study the
stability of the dc system is to analyze stability of dc ports based
the impedance-based stability criterion [10]-[12], which first
requires obtaining the frequency impedance characteristics of
each dc port. However, because of its complex internal structure
and special circulation controller, dc-side impedance modeling
of MMC is much more complicated than the two-level VSC
[13]-[16]. The topology of the MMC-based dc grid is diverse,
and the connection mode of the dc system is complex, so the
transformation of operating mode will change the frequency
impedance characteristics of the dc ports. In addition, the fre-
quency impedance characteristics of dc ports are much more
complicated due to the use of overhead lines. So, it is very
difficult to study the stability of the dc system in MMC-based
dc grid.

From previous research work, it is universally acknowledged
that mastering the dc-side frequency impedance characteristics
of MMC is the key to study the stability of the dc system in
MMC-based dc grid. Generally, the frequency impedance char-
acteristics can be obtained by the simulation measurement and
the impedance modeling. The simulation measurement needs
to build a detailed simulation model and test the impedance
of multiple frequencies, which is time-consuming and needs to
be retested when the system parameters change, whereas the
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principle of impedance modeling is to establish the impedance
model of the MMC through analytical calculation, which is
convenient and fast, and can study the influence of various
system parameters on the frequency impedance characteristics.
Therefore, it is more suitable to obtain the frequency impedance
characteristics of the MMC on dc side. In [17]-[19], the average
model of MMC is deduced for analyzing terminal behaviors.
However, its derivation directly ignores the coupling of multiple
harmonics within arms and the dynamic process of the submod-
ule capacitor, so it cannot accurately reflect the actual charac-
teristics of the MMC. In [20] and [21], the dc-side small-signal
impedance model of MMC is proposed, in which the influence of
circulating current control is considered. However, the influence
of inner and outer loop controllers on dc-side impedance has
not been analyzed, so the obtained model is not general. In [22],
the dc-side impedance model of MMC is established and the
resonance mechanism of the dc ports in MMC-based dc grid is
analyzed. In addition, the stabilization strategy was proposed by
using capacitor energy storage effect to suppress the harmonics
on the dc side and to avoid the resonance of the dc system.
However, the established MMC dc-side impedance model is an
inductor, which directly ignores the characteristics of the sub-
module capacitor and the influence of control system, resulting
in a low accuracy of the model. The sequence impedance model
on the ac side of MMC based on the harmonic linearization is
established in [23]. In the model, the coupling among multiple
harmonics within MMC and the dynamic process of submodule
capacitor were considered. With high accuracy, it can be directly
extended to the impedance modeling on the dc side of MMC.
However, the small-signal model of the outer-loop controller
is not considered in the modeling. The impedance model on
the ac side of MMC based on the harmonic state space (HSS)
modeled with voltage control loop is established in [25] and
[26]. And the zero-sequence voltage in ac side caused by the
inner coupling of MMC is further considered in the single-phase
model of MMC with current control in [27]. But they all only
consider single closed-loop control in the model, whereas the
double closed-loop control strategy and different control modes
commonly used in engineering are not covered [25]-[27]. In
[28], the dc-side impedance model of MMC based on the HSS
modeling is established without considering the influence of
the control system. In fact, the actual MMC is a closed-loop
controlled system, and thus the established model is incomplete.

In addition, additional virtual damping controller is often used
to improve the stability of the dc system in the MMC-HVdc
project. However, due to the low accuracy of the established
impedance model, it has certain limitations in the design process
of the parameters of the virtual damping controller. For Mar-
itime VSC-HVdc system, the method of additional virtual series
damping on the dc side of converter station under dc voltage
control mode is proposed to suppress the resonance of dc system
in [29], and the influence of different virtual damping controller
parameters on the stability of the system by the Nyquist criterion
is analyzed. In [30], additional virtual damping controller on the
dc side of converter station under power control mode is pro-
posed to improve the stability of the dc ports in the MMC-HVdc
system, and it gives the detailed parameter design process of

10027

the virtual damping controller. However, the average model for
the MMC is adopted in the analysis of frequency impedance
characteristics, with low accuracy. In addition, the filters in the
virtual damping controller are band filter, which will make the
dynamic performance of the system worse. An ac impedance
model for grid-connected MMCs by means of complex vec-
tors and harmonic transfer function matrices is developed, and
the impacts of the zero-sequence circulating current (ZSCC)
control on the ac-side dynamics of the MMC are revealed in
[31]. A systematic parameter-tuning guideline for the ZSCC
control loop is also developed. Based on the abovementioned
analysis, it is necessary to establish a more accurate MMC
dc-side small-signal impedance model to analyze the stability of
the dc portin MMC-based dc grid and propose the corresponding
stabilization method.

In this article, the control strategy to improve the stability of
the dc system in multiterminal MMC-based dc grid is studied.
First, based on harmonic linearization, a small-signal impedance
model of MMC on dc side is established, which considers the
coupling of internal multiple harmonics and the complete control
system. As a result, the established impedance model is highly
accurate. Second, taking a typical four-terminal MMC-based dc
grid as an example, the stability of each dc port is studied based
on the impedance stability criterion. Then, aiming at the problem
of insufficient stability margin in the abovementioned analy-
sis results, the stabilization strategy of optimizing controller
parameters and adding virtual damping controller is adopted.
Considering both the dynamic characteristics and stability of
the system, the precise design method of optimizing controller
parameters and adding virtual damping controller is proposed.
Finally, the simulation results verify the effectiveness of the
proposed control strategy and provide a reference for improving
the stability of the dc system in MMC-based dc grid.

II. SMALL-SIGNAL MODEL OF MMC POWER STAGE
A. Averaged Model

Fig. 1 shows the circuit diagram of an MMC. Each arm
consists of N submodules, and each electrical variable uses two
subscripts, which designate the phase (a, b, and c) and the arm
(u for the upper arm, and / for the lower arm), respectively.
In addition, L is the inductance of the arm inductor, and its
equivalent parasitic resistance is rr. C,, is the capacitance of
the submodule capacitor. Assuming that the insertion index of
upper arm of phase a is Mgy, and all submodule voltages are
balanced, time-domain averaged model of upper arm of phase a
can be expressed as (1) and (2) [32], [33]

digy

L dt + TLiau = VUp — Vg — MauVau (1)
d au .
C Zt = Maulau (2)

where v, is voltage of phase a, 74, is the current of phase
a upper arm, v,,, is the sum of the capacitor voltages of all
submodules in the phase a upper arm, and C' = C,,,/N is the
equivalent capacitance of all submodule capacitors. In addition,
each electrical variable in the MMC contains multiple frequency
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Fig. 2. Diagram of MMC with dc-side disturbance voltage.

components, and coupling relationship exists among electrical
variables of different frequencies.

B. Linearization of Power Stage Model

Referring to [23], the way to model MMC dc-side impedance
by harmonic linearization is to add a sinusoidal voltage per-
turbation on the dc side of the MMC first, which is shown in
Fig. 2. And then, the dc-side impedance can be determined by
calculating the corresponding dc-side current response at the
perturbation frequency. Obviously, the dc bus voltage is

Vpn = Ve + 0p = Ve + Vp cos(27 fot + ) 3)

where vy, is dc bus voltage when perturbation voltage is added,
¥, is perturbation voltage, V), is magnitude of perturbation
voltage, and ¢,, is phase angle of perturbation voltage.
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Because the measurement of dc-side impedance is based on
the linear and time-invariant circuits obtained after the lineariza-
tion, it is independent from the initial phase angle of the voltage
perturbation [33]. In order to facilitate the calculation, the initial
phase angle can be set to zero.

Since there is a symmetrically similar relationship among
three phases, the subscripts a, b, and c of variables which desig-
nate the phase are dropped to simplify the notation. The voltage
perturbation ©,, added to the dc side will lead to a small-signal
harmonic response at the perturbation frequency in the arm
current 7,,, the sum of submodule capacitor voltages v,,, and the
insertion index m,,, respectively. These small-signal harmonics
are coupled with steady-state harmonics, which lead to a pair
of new small-signal harmonics with frequency of f, + kfi,
k=1, 2, ..., n. At the same time, small-signal harmonics
will also be coupled with each other to produce high-order
small-signal harmonics with frequency of mf £+ kfi, k = 1,
2, ...,n,m=1,2, ..., n. But their amplitudes are too small
and can be ignored in the linearization [23]. Therefore, these
small-signal harmonics generated by the voltage perturbation
added to the MMC dc side can be represented as vectors.

In addition, since the voltage perturbation added on the dc
side has the same effect on the six arms, the phase and sequence
relationships among the harmonics of six arms can be expressed
as follows [34]-[37].

Notably, the differential-mode components will flow to the ac
side, the positive and negative common-mode components will
flow among the three phase arms, and the zero common-mode
components will flow to the dc side

‘/p_ne]ap—n Ip,neJBP*"
Apilejdpfl fpilejﬁp 1
@u = Vpe,]ap , iu = Ipejﬁp ,

{/17+1ejap+1 Ip+lej5p+1

N G R .

_VerneJ p+ ] _IerneJﬁern ]
Mp,lej%*l
= | Myei @)

Mp_,_lej%“

Mp+nej%+n

fo+3kfi Z€ero sequence

f: fp+(3k+1)f1

fp+ Bk =1)f

f:{fp+(2k+1)f1
fp+2kf1

positive sequence
negative sequence

differential mode

common mode )
Based on the abovementioned analysis, the power stage small-

signal model of the MMC can be obtained after the linearization
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of average model [38]-[41]
Ziiy = 0p)2 — g — My @ 0y — 0y @ 1y, (6)
Y 0y = Myiy + I, (7)
where %u, UysMy, and 0, are vectors of the small-signal harmon-
ics, and I,,, V,,, and M, are matrixes of steady-state variables.

I1,,V,,and M, have similar matrix forms, and using the V,, as
example, the corresponding steady-state matrix is

Vlejo‘l Vo Vle*jal ‘/26*]'042 Vgefjoés
V= Voel®2 Vied®t Vo Vie I Vhe 72
Vael®s Vyel®2 Vjel™ Vo Vie d™

(®)
In addition, the impedance of the arm inductor and the equiv-
alent module capacitor are as follows:

Zl :]27TLdlag[fp_nf17 7fp_f17fpu
fp+f17"' 7fp+nf1]
+ diag[rL7"' sTLTL Ty 7TL:|
YLZJQWCdIag[fP_nfla 7fp_f1’fp’
fp+f17"'7fp+nf1]' (9)

It is pointed out that the small-signal model considering three
or more times of small-signal harmonics is accurate enough,
so the modeling of small-signal impedance in this article only
considers the harmonics within three times [23]. In addition, the
small-signal harmonic vector of upper arm insertion index 77,
is related to the control system mode and parameters. In order
to get the small-signal impedance model, it is necessary to set
up the small-signal model of the control system.

III. CONTROL MODELING AND DC-SIDE IMPEDANCE OF MMC

The control modes of MMC mainly include dc voltage con-
trol, ac voltage control, and power control. In this section, the
small-signal models of these three typical control modes will
be established, respectively. In addition, the modeling process
is similar to other control modes.

A. DC Voltage Control Mode

A typical MMC double-loop control block diagram of the dc
voltage control mode is shown in Fig. 3. In general, it is equal to
the superposition of four control loops [33], so the small-signal
model of dc voltage control mode can be modeled by

M = Qi + Qi + Pyiy/2 + Ppnty, (10)

where Q;, Q., P,, and P are the coefficient matrixes of
the phase current control loop, the circulating current control
loop, the dc voltage control loop, and the phase lock loop,
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Fig. 3.

Block diagram of dc voltage control mode.

respectively. In this article, only the harmonics within three times
are considered, so Q;, Q.., P,,, and Py are all square matrices
of seven order, and the matrix coefficients are related to their
control loop and control parameters.

1) Phase Current Control: The phase current loop controls
the three-phase ac terminal current, and only the positive- or
negative-sequence components in the arm current of the differ-
ential mode can be output to the ac terminals. In other words,
the phase current controller only works on current harmonics
whose frequencies are f = f;, + (6k £ 1) f1, k € Z. Based on
the abovementioned analysis, the coefficient matrix of the phase
current control loop can be expressed as

Q;=diag[0 0 a 0 b 0 0] (11)

where the frequency corresponding to coefficient a is f, — fi1,
which is the gain coefficient of the negative-sequence component
of the differential mode, whereas the frequency corresponding
to coefficient b is fj, 4+ f1, which is the gain coefficient of the
positive-sequence component of the differential mode.

Since the phase current loop adopts a proportional integral
(PID) controller based on dgq decoupling control, it is pointed out
in [23] that dq transformation will shift the frequency down-
ward by f; of positive-sequence harmonics and upward by f;
for negative-sequence harmonics, where f; is the fundamental
frequency. Thus, the parameters in the coefficient matrix Q; can
be obtained by

a= H;(j2n(f, — f1) + 327 f1) + i Kia
b= H;(j2n(fp + f1) — j27f1) — jKia-

2) Circulating Current Control: The second circulating-
current control loop only reacts to the common-mode compo-
nents in the arm current among the three-phase arms, and thus
the second circulating-current controller only works on current
harmonics whose frequencies are f = f, + (6k +2)f1, k € Z.
Based on the abovementioned analysis, the coefficient matrix of
the second circulating-current loop can be obtained by

Q.=diag[0 ¢ 0 0 0 d 0].

12)

13)

In the coefficient matrix Q. the frequency corresponding
to coefficient ¢ is f, — 2f;, which is the gain coefficient of
positive-sequence component of the common mode, whereas
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the frequency corresponding to coefficient d is f, + 2 f1, which
is the gain coefficient of negative-sequence component of the
common mode.

The dg-decoupling-control-based PI controller is also used
in the second circulating-current control loop, but different
from the phase current control loop, the negative-sequence
dg transformation will shift the frequency upward by 2f; for
positive-sequence harmonics and downward by 2f; for negative-
sequence harmonics. Based on the abovementioned analysis, the
parameters in the coefficient matrix Q. can be obtained

c= H.(j2n(f, — 2f1) + janf1) + jKea
d=H.(j2n(fp +2f1) — jan f1) — i Kcq-

3) DC Voltage Control: The dc-side voltage perturbation is
compensated by the dc voltage compensator and the phase
current compensator and then added to the insertion index m
after dq inverse transformation. In addition, the compensated
dc-side voltage perturbation will generate two new small-signal
harmonics after dg inverse transformation, and the amplitude
and frequency will be different from before.

Assuming the compensated voltage perturbation is

(14)

. Mg cos(0, +
mdq{ acos(ty S”)} (15)
The harmonics after dg inverse transformation are shown as
1
A T A~ _
m = qu Mg = §Md

cos[(0p, — 8) + @] + cos[(6, + 0) + ¢]
x| cos [(0 = ) + o + 5] + cos [0 +6) + o — 5]
cos [(0p — 0) + ¢ — 2] +cos [(6, + 0) + ¢ + 2]
(16)

where 0 = 27fit and 6, = 27 f,t.

According to the results after the dg inverse transformation, it
can be found that the amplitudes of two small-signal harmonics
are half of the original, and the frequencies are f, — f1 and f, +
f1, respectively. Among them, the small-signal harmonic with
frequency of f, — f1 is negative-sequence component among
three phases, whereas the small-signal harmonic with frequency
of f, + f1 is positive-sequence component among three phases.
Therefore, the coefficient matrix P,, of the dc voltage control
loop can be expressed as

P,(:,4)=[0 0 e 0 f 0 0. 17)

The matrix P, has zero elements in all columns except col-
umn 4. The frequency corresponding to coefficient e is f, — f1,
whereas the frequency corresponding to coefficient fis f, + fi,
but the frequency in compensator is f,,. Therefore, the coefficient
in the matrix P, can be obtained by

€= Hv(jZWfp)Hi(jQWfp)/2
f=Hy(j2m fp)H; (527 fp) /2. (18)

4) Phase-Locked Loop: Fig. 4(a) shows the control block
diagram of the PLL, and its small-signal model can be simplified
as the control block diagram shown in Fig. 4(b) [23], [24].
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Fig. 4. (a) Block diagram of a basic PLL. (b) Its linearized model.

Analyzing the relationships of small-signal responses among
three phases, when a voltage perturbation with frequency f, is
added to the dc side of MMC, the ac terminal will generate a
positive-sequence voltage harmonic with frequency f,, + f1 and
a negative-sequence voltage harmonic with frequency f, — fi.
These harmonics will perturb the output phase angle of the PLL
and further affect the control system of MMC.

When the ac side contains a positive-sequence voltage har-
monic (f = f, + f1), the output phase angle perturbation of
the PLL can be obtained by

0
0
. V. 0 <_fp_f1
Q:fjjse”’ Go(G2rfp) | < fo (19)
0 (—fp+f1
0
0

where V; and ¢ are amplitude and phase of the ac voltage
harmonic, respectively, and Gy(s) is the closed-loop transfer
function of PLL. It can be found that the frequency is shifted
downward by f; when the ac side contains a positive-sequence
voltage perturbation.

Based on the abovementioned analysis, the dg transformation
matrix with phase angle perturbation can be obtained by

4

Taq(0 4 6) ~ Ty (0) + édt

qu(g)

= T4y (0) + 0T, (9 n g) . (20)
And the dg inverse transformation matrix is
R . T
T (0 +6) ~ T (6) + 6T7, (0 + 5) NG

Therefore, this phase angle perturbation will affect all pro-
cesses, including dg transformation and dg inverse transforma-
tion, respectively.

PLL dynamic effect should be considered both in dc voltage
control loop and current control loop when MMC operates in
the dc voltage control mode. Each phase current and dc voltage
contain a steady state and a series of small-signal harmonics.
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Similarly, each dg-frame compensator output also contains a
steady state (dc) and a series of small-signal harmonics. The
dg-frame current control models presented in Section III-Al
captured the small-signal response due to the multiplication
of the first term on the right-hand side of (20) and (21) with
the small-signal harmonics in phase currents and the dg-frame
compensator outputs, respectively. The dg-frame dc voltage
control model presented in Section III-A3 captured the small-
signal response due to the multiplication of the first term on
the right-hand side of (21) with small-signal harmonics in the
dg-frame compensator outputs.

Multiplication of steady-state component of the phase cur-
rents with the second term of (20) leads to new small-signal
harmonics. And these new small-signal harmonics will be prop-
agated to insertion index through current controller and first
term of (21). Multiplication of the second term of (21) with the
steady-state component of the dg-frame compensator outputs
leads to new small-signal harmonics. It should be noted that this
process represents the PLL dynamic effect of both dc voltage
control loop and current control loop, because the steady-state
component of the dg-frame compensator outputs includes in-
formation of both dc voltage control loop and current control
loop.

New small-signal harmonics from multiplication of steady-
state component of the phase currents with the second term of
(20) is analyzed as below.

Assuming the fundamental current of ac terminal is

I cos(0 + ¢)

la
is=|ip | = | Ticos(0 — & + ¢.) (22)
e Iicos(0+ & + ¢.)

After dg transformation, the small-signal response to phase
angle perturbation is

. ™ . ~ | Ticos(p. — 3)
0- Ty |O0+—=) -2s=10 . 23
dq ( + 2) B l[l cos(p, — ) (33)

After compensated by the phase current loop compensator
and dgq inverse transformation, this small-signal response further
becomes

T30 +0) - M ~ SVahiGolj2n ) [Hilj2n ) — K

lq

cos(fp — fw + ¢ — @) — cos(bp + 0 + ¢ + 2)
cos (0, — 0+ — p.+Z) —cos (0, + 0+p+p. — &)

cos (0 — 0+ — o2 = F) = cos (0 + 0 + .+ )
4

It can be found that the phase current control loop generates
additional small-signal responses due to phase angle perturba-
tion. Then, the steady-state insertion index will also respond to
the phase angle perturbation in the dgq inverse transformation.
In addition, the response of the circulating current control loop
to the phase angle perturbation can be neglected because the
circulating current in the arm has been suppressed under the
steady-state condition.
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Similarly, new small-signal harmonics from multiplication of
the second term of (21) with the steady-state component of the
dg-frame compensator outputs are analyzed as below.

Assume that the fundamental component of the insertion
index before the dqg inverse transformation is

Mg| M cos(¢)
M, Mcos(p— %) |
After the dg transformation, the small-signal responses to
phase angle perturbation is

(25)

N T M, 1 ;

cos(0,+0+p+¢) — cos(0, — 0+¢ — @)
cos (0p+0-+p+¢ — 2) — cos (6, — 0+¢ — p+2F)
cos (0, +0-+p+¢+3) —cos (0, — 0+p — ¢ — 2F)
(26)

Therefore, when there is a positive-sequence voltage har-
monic with frequency of f, + f1 on the ac terminal, the small-
signal responses of the control system caused by the phase angle
perturbation is

SGoi2m /)My~ Ta[Hi(2f,) — Kl

1
Vs cos(ﬁp +0+¢p)+ §G9(j2ﬂ'fp)

L [Hi (527 fp) = jKGa] = MJVs cos(0, — 0 +¢) (27)

where
M, . M
M, = 53 W, M - eI
I . Y S
I, = ) el¥=, 1=5 e J¥= (28)

Similarly, when the ac terminal contains a negative-sequence
voltage harmonic (f = f, — f1). the small-signal responses of
the control system caused by the phase angle perturbation can
be obtained by

S Coli2n /)M — T{[Hu(i2nf,) + K

1
Vs cos(b, — 0+ ¢) + §G9(j277fp)

x [I1[H;(j27 fp) + jKia] — M1V cos(0p + 0 + ).
(29)

In addition, the relationship among small-signal voltage har-
monics and small-signal current harmonics on the ac side can

be expressed as
b = Zaia =2 Z iy (30)

where the small-signal impedance (including line impedance
and load impedance) on the ac side is

Z,=diagl0 0 =(f,— /1) 0 =(fy+f) 0 0. @)
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Synthesizing the abovementioned derivation process, the
small-signal model of PLL can be obtained by

iy, = Ppibe = 2PpnZai, (32)
where
O2x2 O2x2
A0 B
P, = 0 00 (33)
cC 0D
O2x2 O2x2
And the corresponding coefficients in the matrix are
1. . , .
A= §G9(]27Tfp)[M1 - I [Hi(j277fp) + jKidl]
1 ) . . . x
B = SGo(j2nfy)TiHi (27 f,) — jKial — M)
1 ) _ .
C = 5Go(g2m fyp) 1 [Hi(527 fp) + jKid] — M]
1 . . .
D= §G9(]27Tfp)[M1 — I1[H;(j2n fp) — iKia)].  (34)

5) DC-Side Impedance Model of DC Voltage Control Mode:
Based on the abovementioned analysis, the control system small-
signal model of the dc voltage control mode can be simplified
as

1 = (Qi + Qe+ 2PpuZy)in + Puiy/2. (35)

Defining that Z. = Y1, Y, = Z;, and U is unit matrix.
And then, substituting (35) into (6) and (7), the following can
be obtained:

2QU+Y (M Z. M, +2Z,)+ Y, (V,+M,Z.1,)

X Qi + Qc + 2PpllZa)]%u

~Y U+ (Vy+M,Z.I,)P,]b, =0. (36)

Then, the relationship among the small-signal current re-
sponse of the upper arm and the voltage perturbation on the
dc side is

—_ %u
P 9,/2
=U4+Y (M, ZM,+2Z,)+Y (V,+M,Z.I,)

) (Qz + Qc + 2Ppllza)]_1Yl[U + (Vu + MchIu)Pv]
(37)

Because there is a symmetrically similar relationship among
the three-phase six arms of MMC, the only need is to conduct
impedance modeling for one arm, and then multiply a corre-
sponding coefficient to obtain the impedance model on the dc
side

by 2

Z — .
ac(fp) e 3V, (n+1Ln+1)

(38)
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Fig. 5.

Block diagram of the ac voltage control mode.

B. AC Voltage Control Mode

The MMC double-loop control block diagram of ac voltage
control mode is shown in Fig. 5.

The frequency and phase angle of its ac voltage are fixed value,
so the dynamics of the PLL can be ignored. And the small-signal
model of the ac voltage control mode is equal to the superposition
of the three control loops, which can be modeled by

My = Qity + Qi + P oy (39)

where Q;, Q., and P, are the coefficient matrixes of the phase
current control loop, the circulating current control loop, and
the ac voltage control loop, respectively. In addition, the small-
signal model of the phase current control loop and the circulating
current control loop is the same as the dc voltage control mode,
so it is unnecessary to elaborate.

1) Coupling of DC Impedance With AC-Side Network: The
coefficient matrix of the ac voltage control can be obtained by

P,=diag[0 0 h 0 g 0 0] (40)

where the frequency corresponding to % in the coefficient matrix
P, is f, — f1, whichis the gain coefficient of negative-sequence
component of the differential mode, whereas the frequency
corresponding to g is f, + fi, which is the gain coefficient
of positive-sequence component of the differential mode. Ac-
cording to the previous analysis, dg transformation will shift
the frequency downward by f; of positive-sequence harmonics
and upward by f; for negative-sequence harmonics. In addition,
the ac-side voltage perturbations are compensated by the ac
voltage compensator and the phase current compensator, so the
coefficient in the matrix P, can be obtained by

g =Hy(j2m fp)Hi(j27 f,)/2
h = H,(j2m fp)Hi(j27 fp) /2-

Therefore, in the modeling of the control system, the coupling
relationship between the ac-side impedance and the dc-side
impedance is reflected in the matrix. The different ac-side
impedance will affect the small-signal model of the control
system.

(41)
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Fig. 6.

Block diagram of the power control mode.

2) DC-Side Impedance Model of AC Voltage Control Mode:
The control system small-signal model of the ac voltage control
mode can be simplified as

mu = (Q’L + Qc + 2PaZa);u~

And then, the relationship between the small-signal current
response of upper arm and voltage perturbation on the dc side is

Y, =[U+Y{(M,Z.M, +2Z,)+Yi(V, + M, Z.I,)
X (QZ + Qc + 2PaZa)]71}/l~

Substituting (43) into (38), the dc-side impedance model of
ac voltage control mode can be obtained.

(42)

(43)

C. Power Control Mode

The MMC double-loop control block diagram of power con-
trol mode is shown in Fig. 6. It is equal to the superposition of the
four control loops, so the small-signal model of power control
mode can be modeled by

m, = inu + Qc’zu + (Mﬁ + Nﬁ) + Ppll'ﬁa (44)

where Q;, Q., Py, and (M, N) are the coefficient matrixes of
the phase current control loop, the circulating current control
loop, PLL, and the power control loop, respectively. In addition,
the small-signal model of the phase current control loop and the
circulating current control loop is the same as the dc voltage
control mode, so it is unnecessary to elaborate.

1) Power Control: According to the instantaneous power
theory, it can be obtained that

pl_4 5 Ug Ug 14 _ L5ugiqg + 1.5u4iq
q T lug —uq | | iq L.5ugiq — 1.5uq4iq
Since the g-axis component of the fundamental steady-state

ac terminal voltage is zero, the small-signal harmonics of active
and reactive powers can be simplified as

(45)

b= 1.5(Ugiq + Iyiia + Li,)
= 1.5[Ud + Zolg — jZan]%d
G = 1.5(I40, — Ugiy — I,iq)

= 1.5[~Uy + Zoly — jZa1,)i4 (46)
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where Z, is the ac-side impedance. Uy is the d-axis current of
three-phase ac voltage after dq transformation. /; is the d-axis
current. I, is the g-axis current.

In order to establish the small-signal model of the power con-
trol loop, the small-signal model of each small-signal harmonic
of active and reactive powers can be established respectively.

First of all, the small-signal model of the first small-signal har-
monic of active power, which is 1.5Udid, is established. When
the ac terminal current contains a positive-sequence small-signal
harmonic (f = f, + f1), the d-axis and the g-axis components
of the small-signal harmonic are

id ia

i / icos (0, + 01 + ¢1)
lq | =Tuq |16 | = Tag | icos(0p+ 01 +120° + 1)
io ie icos (0, + 01 — 120° + ¢1)

icos (0, + ¢1)
= icos(ﬁp— 5 —l—cpl)
0

(47)

where 0 = 27fit and 0, = 27 fpt.

For the first component of small-signal harmonic (1.5Ud%d)
of active power in (46), when compensated by the active power
compensator and the phase current compensator, it can be ex-
pressed as

kiig = 1.5 UgHp (27 f,) H; (727 f,) ia- (48)

After dq inverse transformation, it transfers to (49). As can
be seen from (49), two small-signal harmonics after dg inverse
transformation are generated. The frequencies are f, — f; and
fp + f1,respectively, and the gain of both small-signal harmon-
icsis k1/2 in

AN
Thk |0 | ==
0

cos (0, — 601 + 1) + cos (0, + 01 + ¢1)
x | cos (0, — 01 4+ 120° + 1) + cos (6, + 61 — 120° + 1)
cos (0, — 61 —120° + 1) + cos (0, + 61 + 120° + 1)
(49)

For the first component of small-signal harmonic (—1.5U, d%q)
of reactive power in (46), when compensated by the reactive
power compensator and the phase current compensator, it can
be expressed as

koiq = —1.5U4Hq (521 f,) Hy (727 f,) ig. (50)

Similar to the (49), after dg inverse transformation, it transfers
to (51)

0 .
! 2
Ty |7y | = =

—cos (8 — 61 + ¢1) + cos (6, + 61 + ¢1)
X |—cos (6, — 01 + 120° + 1) + cos (6, + 61 — 120° + ¢1) |
—cos (0, — 61 — 120° 4 1) + cos (0, + 01 + 120° + 1)
(51
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Another case is that when the ac terminal current contains
a negative-sequence small-signal harmonic (f = f, — f1), the
d-axis and the g-axis components of the small-signal harmonic
are

i la icos (0, — 61 + ¢1)
?q =Ty, i | = Tuq | icos (0, — 61 —120° + 1)
io ie icos (0, — 61 +120° + 1)

icos (0, + ¢1)
= |icos (6, + %+ 1)
0

(52)

After the compensation and the dg inverse transformation,
the first component of small-signal harmonic of active power
and reactive power generates two small-signal harmonics of

frequency f, — f1 and f, + f1
id

Tg(;kl 0 -
0

k1t
2

cos (0, — 61 + ¢1) + cos (6, + 61 + ¢1)
cos (8, — 61 + 120° 4 1) + cos (6, + 01 — 120° + ¢1)
cos (8, — 61 — 120° 4 1) + cos (6, + 01 + 120° + 1)

(33)
o],
A 2
Tioks i | = =
0

cos (0, — 61 + ¢1) — cos (6, + 61 + ¢1)
cos (0, — 61 + 120° 4 1) — cos (0, + 01 — 120° + ¢1)
cos (0, — 01 — 120° + 1) — cos (0, + 01 + 120° + 1)
(54)

Based on the abovementioned analysis, the small-signal
model of the first component of small-signal harmonic of active
power is

M. . .
mh = o fa = Miy = 3UaPiiiy
(00 0000O00]T 0 1
0000000 0
00mOmOO0| [icos2n(fp— f1)+ ¢1]/2
=3U,/000 00 00 0
00mO0mO0o0]| |icos2r(fp+ fi)+¢i]/2
0000000 0
0000000]L 0 1
(55
where
m = Hp(j2r f,) H; (527 f,)/2. (56)
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Similarly, the small-signal model of the first component of
small-signal harmonic of reactive power is

M

= o = Miy, = —3UyPiaiy, = —3Uy
00 0 00O00]][ 0 i
00 0 0O0O0O0 0
00 n 0—n00| | icos2n(fp — f1)+ ¢1]/2
x |00 00000 0
00-n0 n 00| | icos2m(fp+ f1)+ ¢1]/2
00 0 0O0O0O0 0
(00000 00] | 0 ]
(57)
where
n= HQ(jzﬁfp)Hi(j%Tfp)/z (58)

The small-signal models of the second component of small-
signal harmonic of active power (1.57,14i4) and reactive power
(1.5Z,14iq) are

m3 = e = Miy = 3Zo1iPorin = 32414
[0000000] [ 0 i
0000000 0
00mOmO00| |icos2m(fp — f1) + ¢1]/2

x 0000000 0
00mOmO00| |icos2m(fp+ f1) + ¢1]/2
0000000 0
0000000] | 0 |

(59)
= %%a = Mi, = 3Z414Paiy = 3Z414

[00 000 00]][ 0 1
00 00000 0
00 n 0—n00| |icos2n(fp, — f1)+ ¢1]/2

x {00 00000 0 .
00-n0 n 00| |icos2m(fp + f1) + ¢1]/2
00 0 0O0O0O0 0
|00 0 0000]]| 0

(60)

The small-signal models of the third component of small-
signal harmonic of active power (—;j1.57,1,i4) and reactive
power (fj1.5Zan§q) are

ms = %%a = Miy, = 3Z,1,P31iy = 3Z,1,

00 0 0 0 00][ 0
00 0 0 0 00O 0
00 jm 0 —jm 0 0]|icos2n(fp— f1)+ ¢1]/2

X 00 0 0 0 00 0
00 jm 0 —jm 0 0]|icos2n(fp+ f1)+ ¢1]/2
00 0 0 0 00O 0
0000 0 00]]| 0

(61)
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i = %%a = M, = 3Z,1,Psaiy,
[0 0 0 0 0 0 0]
0 0 0 0 0 0 0
00 jn 0 —j(-n) 00
=3Z,1, {0 0O 0 0 0 0 0
00 j(—n) 0 —jn 00
0 0 0 0 0 0 0
00 0 0 0 00
_ 0 i
0
icos[2m(fp — f1) + ©1]/2
X 0 (62)
icos[2m(fp + f1) + ¢1]/2
0
L 0 .

According to the abovementioned derivation method, the
relationship among the other components in the active and re-
active power harmonics and the insertion index can be deduced.
Finally, the small-signal model of the power control loop can be
modeled by

Ty = Ty 4 Thy + 1hi + 1 + M) + )
=3(UaP11 + UgPr2 + ZolqPoy + Zo14Pa
+ ZalyPs1 + Zol Ps2)i
= 3(UgPy + ZoIaPy + ZoI,P3)iy, (63)

where 14, I, and Uy are steady-state values of d-axis and g-axis
components of ac terminal current and voltage, and the matrices
P, P, and P3 are

[0 0 0 0 0 0 0]
00 0 0 0 00
00 m—n 0 m+4+n 0 0
P,=100 0 0 0 00 (64)
00 m+n 0 m—n 0 O
00 0 0 0 00
100 0 0 0 0 0]
[0 0 0 0 0 0 0]
00 0 0 0 00
00 m4+4n 0 m—n 0 0
Py=100 0 0 0 00 (65)
00 m—n 0 m+n 0 0
00 0 0 0 00
100 0 0 0 0 0]
[0 0 0 0 0 0 0]
00 0 0 0 00
00 jim+n) 0 —j(m—n) 0 0
P;=100 0 0 0 00 (66)
00 jim—n) 0 —j(m+n) 0 0
00 0 0 0 00
100 0 0 0 0 0]

10035

The corresponding coefficients in the matrix are
m = Hp(j2r f,)Hi(j27 fp) /2
n = Hq(j2nfy)Hi(j2m fp)/2.

2) Phase-Locked Loop: Except the fundamental ac terminal
current and fundamental insertion index, the power control loop
will also responses to the phase angle perturbation. Based on
previous analysis, the fundamental phase current will produce
two components after dg transformation, and the small-signal
harmonic caused by the phase angle perturbation is

i (0+5) 1209

tcos(p, —m)

(67)

(68)

So, the small-signal harmonic of power caused by the phase
angle perturbation is

Dl %d B A icos(gozfﬁ)
{(j} = 15Uy R ] = 1.5U,40 [—i cos(io- —277)} . (69)

—1g

When there is a positive-sequence voltage harmonic in ac ter-
minal (f = f, + f1), this small-signal harmonic will generate
two new small-signal responses after the compensation and the
dq inverse transformation, which can be expressed as

Wy iGo(j2m ) Hp 2 ) o2 )
cos(0p+0+p — ) — cos(, — O0+p+¢.)
| cos(Op+0+¢ — 0. — F) — cos (0, — O+p+p.+3) |
cos(fp+0+p — . +2F) — cos (6, — O+p+¢. — 2F)
(70)
Similarly, when there is a negative-sequence voltage harmonic

inthe acterminal (f = f, — f1), the final small-signal responses
are

UL _ |
TstZGe(J%fp)Hp(ﬂWfp)Hi(327rfp)
cos(bp, — 0+p—+¢.) —cos(0p,+0+p — ¢.)
cos(0, — O+p+p.+25) — cos (B, +0+p — . — 2F)
cos (0, — O0+p+p. — 2F) — cos (0, +0+¢ — 0. +2F)
(71)

So the small-signal model of PLL of the power control mode

can be modeled by
1My = Ppnta = 2PpnZ gty (72)

where

Py = (73)

OO OO OO
O O OO oo

0
0
F
0
H
0

coocoocooo
coQQomoo
coocoocooo
coocoocooo

0 0 0

E = A+ 0.750,0, Hp (527 f,) Hi(j27 £,) Go (527 f,)
F = B —0.75U.0 Hp(j27 f,)H; (527 f,)Go(j2r f,)
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TABLE I TABLE II
ELECTRICAL PARAMETERS OF MMC CONTROL PARAMETERS OF MMC
Control Mode DCC Voltaige ACC Voltalge (}:’owerl Control Loop K, K; K,
onfro onfro ontro Phase Current Control 26910 3.59%x10°  6.28x10°
Rated DC Voltage (kV) 500 500 500 . .
Rated DC Power (MW) 750 750 1500 Circulating Current Control ~ 4x10™* 4x1073 1.26x107*
Rated AC Voltage (kV) 290 290 290 DC Voltage Control 2.54%1072 1.06 N/A
Submodule Capacitance (mF) 8 8 15
Number of Submodules/Arm 244 244 244 AC Voltage Control 4.46x10° 7.13 N/A
Rated DC Current (kA) 1.5 1.5 3 Power Control 0.5 200 N/A
Arm Indus:tance (mH) 100 100 50 PLL 8.48%104 0.015 N/A
Arm Resistance (Q) 0.3 0.3 0.3
g
G=C- O.75UdI’I Hp(j27l'fp)HZ' (j27rfp)G9 (j27rfp) fg 40
=
. . . £
H = D+ 0.75U4I Hp (27 f, ) H; (527 f)Go (27 f). 5 0L
(74) =

3) DC-Side Impedance Model of Power Control Mode:
Based on the abovementioned analysis, the control system small-
signal model of the power control mode can be simplified as

My = [Qi + Qe +3(IgP1Z, + Uy Ps

+ I,P3Z,) + 2P0 Z )i (75)

And then, the relationship between the small-signal current
response of the upper arm and the voltage perturbation on the
dc side is

Y, =[U+ Y (M,Z.M, +2Z,)
+ Yl(Vu + MchIu) . (Qz + Qc
+ 3(I4P1Z, +UyPy + 1,P3Z,)

+2PnZ,) Y. (76)

Substituting (76) into (38), the dc-side impedance model of
power control mode can be obtained.

D. Impedance Model Verification

In order to verify the accuracy of the dc-side small-signal
impedance model of MMC deduced in this article, a time-
domain simulation model of MMC with three control modes was
built based on MATLAB/Simulink. The main electrical param-
eters of MMC are shown in Table 1. In addition, the modulation
strategy of MMC adopts the nearest level approximation mod-
ulation, and the voltage balance control of submodule capacitor
voltage adopts the sorting algorithm of submodule capacitor
voltage. The corresponding control parameters are shown in
Table II.

The simulation measurement of MMC dc-side impedance is
based on the sweeping frequency method. A series of small
signal voltage perturbations of different frequencies were added
on the MMC dc side, and the small signal current response on the
dc side of the corresponding frequency generated by the voltage
disturbance was measured. Finally, the small-signal impedance
on the MMC dc side at different frequencies was calculated.
The analytical calculation of MMC dc-side impedance is based
on the small-signal impedance modeling proposed above. After
substituting the electrical parameters and control parameters of

o

[N
=
=]

Phase(deg)

Magnitude(dBQ)

Phase(deg)

10° 10" 10° 10
Frequency(Hz)

(b)

Magnitude(dBQ)

Phase(deg)

2 103

10
Frequency(Hz)
©

Fig. 7. Impedance responses with (a) dc voltage control mode, (b) ac voltage
control mode, and (c) power control mode.

MMC into the established impedance model, we can obtain the
dc-side impedance characteristic curve of MMC.

Fig. 7 shows the comparison of simulation and analytical of
MMC dc-side impedance under the three control modes. Analyt-
ical results of impedance modeling are based on the third-order
harmonic linearization approach. It can be seen from the figure
that the analytical values under the three control modes match
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Fig. 8. Block diagram of the coupling process of the dc impedance with the
ac-side network.

well with the simulation values, which proves the accuracy of the
modeling method proposed in this article. Notably, as can be seen
from the comparison of the three figures, the dc-side impedance
of MMC under different control modes presents very different
characteristics in the low-frequency band (below 30 Hz) due
to the presence of external loop controller, so the small-signal
model of outer control loop cannot be ignored. In addition,
the dc-side impedance of MMC under power control mode
presents negative-damping characteristic in the low-frequency
band, which may affect the stability of its dc side.

E. Effect of the Grid Strength and Submodule Capacitor on
Characteristics of DC Impedance

It is pointed out in [5] that ac-side network impedance will
have effect on the middle- and low-frequency bands of dc
impedance in two-level VSC. It makes a big difference to the
accuracy of stability analysis with and without considering the
coupling relationship of ac network and dc impedance of MMC.

Therefore, the following will introduce how the ac-side net-
work impedance affects the dc-side impedance in the modeling
process.

1) The process of coupling of the dc impedance of MMC
with the ac-side network is shown in Fig. 8. When small
disturbance voltage v, of frequency f), is added to the dc
side of MMC, small-signal current response %4. will be
produced on the ac side, as shown in Fig. 8.

2) Then, the small-signal arm current responses %,Lp,l and
iq _p+1 of frequency f, = f; will be generated on the ac
side because of the coupling effect of MMC.

3) The small-signal currents ¢,,_,,—1 and ¢ za _p+1 Will generate
the small disturbance voltages 9,_,—1 and 9,_p+1 on the
ac-side impedance, which can be expressed as

ap-1 = 2Z0e(p-1)ba_p-1 (77)

ba_pi1 = 2Zac(pr1)la_p+1- (78)
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Fig. 9. Impact of ac-side network impedance on the dc-side impedance.

So, the small-signal disturbance voltage 0, ,—1 and 0q_p+1
caused by the ac-side network impedance will affect the electri-
cal system small-signal model, which is shown in (6).

4) Therefore, the small-signal disturbance voltages ¥, _,—1
and ¥, ,41 will generate small disturbance modulation
wave responses 1m,_p—1 and 1, _,41 of frequency f, — f1
and f,, + f1, respectively, through the PI controller of ac
voltage control loop, inner current control loop, and dg
inverse transformation, which can be expressed as

My_p—1 = Hy (527 fp) H; (7270 fp) Da_p-1/2
= H, (j27 fp) Hi (127 fp) Zac(p—1)la_p-1
(79)
ho_p1 = Hy (727 fp) Hi (j270 fp) Da_p+1/2
= H, (j27 fp) Hi (127 fp) Zac(p+1)ta_p+1

(80)

where Z . is the ac-side impedance.

5) The ac network impedance will affect the dc impedance
through the electrical system small-signal model and the
control system small-signal model of MMC.

It is mentioned that the grid strength of the ac side will have
effect on the dc impedance of MMC. Fig. 9 shows different
dc-side impedance curves under the condition of different ac-
side inductances, including 0.001 H (strong grid, SCR = 206),
0.02 H (SCR = 10.3), 0.04 H (SCR = 5.15), and 0.08 H (weak
grid, SCR = 2.58). It is implied that different ac-side network
impedances mainly affect the middle- (10-100 Hz) and low-
frequency (1-10 Hz) bands of the dc-side impedance.

The submodule capacitor will also affect the characteristics of
dc impedance. Taking the MMC under ac voltage control mode
as an example, when the impedance at the ac side of MMC is
0.04 H, the changing trend of dc-side impedance of MMC is
shown in Fig. 9 with the change of submodule capacitor from 4
to 240 mF.

The features shown in Fig. 10 can be concluded as follows.

1) The dc-side impedance of MMC tends to LC series
impedance with the increase in submodule capacitor.

2) With the increase in the submodule capacitor, the reso-
nance peak of the impedance curve will shift to the left,
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Fig. 10. DC-side impedance with different submodule capacitors.

and the resonant peak frequency of the impedance is about

equal to
1 N
h=mVie

The size of submodule capacitor will also have effect on
coupling of ac-side network and dc-side impedance. Along with
the increase in submodule capacitance C, ac-side small-signal
current response %a_p_l and %a_p-&-l generated by the coupling
between dc-side voltage disturbance ¥, and the fundamental
frequency modulation wave will decrease. Then, the voltage
drop on the ac-side impedance 9, ,—1 and 9, p+1 of 04 in (6)
will decrease so that the influence of ac network impedance on
the MMC electrical system small-signal model will be reduced.
At the same time, the effect of the ac-side small-signal current re-
sponse ¥q_p—1 and ¥4_p+1 on MMC control system small-signal
model will also be reduced.

Taking the MMC under ac voltage control mode as an ex-
ample, the blue solid line and the blue dotted line represent
the difference between dc impedance with and without 0.02 H
ac-side network impedance when the submodule capacitor is
8 mF, the red solid and dotted lines represent that of difference
when the submodule capacitor is 24 mF. And the pink solid line
and the pink dotted line represent that of difference when the
submodule capacitor is 48 mF.

According to Fig. 11, where Z,. represents ac side 0.02 H
inductance, it indicates that the influence of ac-side inductance
on dc impedance decreases with the increase in submodule
capacitance. So the conclusion can be drawn that the effect of
the coupling of the ac network with the dc impedance will
decrease with the increase in submodule capacitor.

81)

F. Influence of Different Orders of Harmonic Linearization on
the Accuracy of Impedance Modeling

Fig. 12 shows comparison of simulation and analytical results
of MMC dc-side impedance under different orders of harmonic
linearization modeling.

The definition of the zeroth order of harmonic linearization
modeling is that only the dc component of the submodule
capacitor voltage and the component of frequency f, in the
control system small-signal model are considered. Similarly,
the first order of harmonic linearization modeling means that
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the dc and fundamental components of the submodule capacitor
voltage and the component including frequency f, and f, + fi
in the control system small-signal model are considered.

Observing these curves, it can be inferred that the dc
impedance curve considering the third-order modeling is basi-
cally consistent with the simulated result, and the dc impedance
curves under the second- and the third-order of harmonic
linearization modeling are slightly different. In addition, the
dc impedance curve considering fundamental component has
a large difference with the simulation result in the middle-
frequency band (10-100 Hz). So, the dc impedance curve with-
out considering any harmonic is not accurate.

The reason for the error under the zeroth-order modeling is
that it ignores the fundamental component, the second compo-
nent, and the third component of submodules capacitor voltage
where fundamental component and the second component of
submodule capacitor voltage are greater than 1% compared with
the dc component of submodule capacitor voltage shown in
Fig. 13. Ignoring the fundamental component and the second
component of submodule capacitor voltage will lead to a large
erTor.

At the same time, taking the phase current control loop and
the second circulating-current control loop matrix that can be
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expressed as QQ; + Q., as shown in Fig. 14, for the model without
considering any harmonic, the matrix of small-signal model will
only contain the component of frequency f,. Elements repre-
senting frequency f, £ fi, fp, =2f1, and f, £3f in small-
signal model will be ignored, and the matrix representing the
control system small-signal model will become 1 x 1-order
matrix, which means that a, b, ¢, and d in the matrix shown
in Fig. 14 will be ignored.

Therefore, the dc impedance without considering any har-
monic is not accurate.

Similarly, for the small-signal model only considering funda-
mental component, the matrix only contains the fundamental
component of submodules capacitor voltage. The matrix of
small-signal model will only contain the components of fre-
quency fp and f, & f1, so the elements in matrix of small-signal
model representing frequency f, £2f1 and f, =3 f; will be
ignored. The matrix representing the control system small-signal
model will become second-order square matrix, which means
that ¢ and d in the matrix shown in Fig. 15 will be ignored.

Above all, if the nth components are less than 1% of the dc
component of submodule capacitor voltages, and the elements
on the nth order of control system small-signal matrix are zero,
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ignoring nth order components of model has no effect on the
accuracy of the impedance modeling accuracy.

G. Comparison of MMC DC-Side Impedance With
Different Parameters of Controllers

Fig. 16 shows the comparison of MMC dc-side impedances
obtained by different parameters of current inner loop under dc
voltage control mode. The PI parameters of the current inner loop
are initially set as /K, = 0.6 and K; = 8. The corresponding
bandwidth and phase margin are 300 Hz and 68.5°, respectively.
The changes of impedance are compared with the variation of
K, and K, respectively. It can be seen from Fig. 16(a) that as K,
increases from 0.4 to 1.0, the bandwidth increases from 175 to
531 Hz, and the phase margin decreases from 74.4° to 57.1°. DC-
side impedance magnitude increases whereas impedance phase
fluctuates in the low- and middle-frequency bands. Moreover, it
can be seen from Fig. 16(b) that as K; increases from 2 to 20, the
bandwidth increases from 296 to 301 Hz, and the phase margin
decreases from 69.0° to 67.5°. DC-side impedance magnitude
increases whereas impedance phase decreases in the low- and
middle-frequency bands.

Fig. 17 shows the comparison of MMC dc-side impedances
with different control parameters of the dc voltage controller.
The PI parameter of the dc voltage controller is initially set as
K, =12 and K; = 500, and the corresponding bandwidth and
phase margin are 33 Hz and 66.7°, respectively. The changes
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of impedance are compared with the variation of K, and Kj,
respectively. It can be seen from Fig. 17(a) that as K, increases
from 8 to 20, the bandwidth increases from 26 to 56 Hz, and the
phase margin first increases from 55.4° to 71.8° and then de-
creases to 66.1°. And impedance magnitude decreases whereas
impedance phase fluctuates in the low- and middle-frequency
band. Moreover, it can be seen from Fig. 17(b) that as K;
increases from 200 to 1200, the bandwidth increases from 29
to 42 Hz, and the phase margin decreases from 76.2° to 51.6°.
DC-side impedance magnitude decreases whereas impedance
phase increases in the low-frequency band.

In addition, the PI parameters of power controller, circulating
current controller, and PLL have little effect on the MMC dc-side
impedance, so no more figures in detail are shown here.

H. Comparison of MMC DC-Side Impedances Obtained by
Different Modeling Methods

Fig. 18 shows the comparison of MMC dc-side impedances
obtained by different modeling methods. The black line repre-
sents the impedance model obtained by the mean value mod-
eling, the pink line represents the open-loop impedance model
obtained by the harmonic linearization modeling, and the blue
line represents the impedance model based on the impedance
modeling method proposed in this article. It can be seen from the
figure that the frequency impedance characteristics of these three
models have a big difference below 100 Hz, which indicates
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that the impedance model considering the influence of internal
harmonic coupling characteristics and control system is very
important for the accurate analysis of the low-frequency dc
impedance characteristics of MMC.

IV. STABILITY ANALYSIS OF DC PORTS IN
MMC-BASED DC GRID

MMC-based dc grid is a complex system, and the stability
of its dc system is the premise to ensure the stable operation
of the whole system. Based on dc-side impedance modeling
of MMC, the frequency impedance characteristics of the dc
ports in the multiterminal MMC-based dc grid can be analyzed.
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New Energy

MMC-C

Fig. 19.  Four-terminal MMC-based dc grid.

TABLE III
ELECTRICAL PARAMETERS OF CONVERTER IN MMC-BASED GRID

Parameter MMCI1 MMC2  MMC3 MMC4
Operating condition Rectifier Xgﬁ?ﬁj Rectifier (}:);’X:él
Rated DC Voltage (kV) 500 500 500 500
Rated DC Power (MW) 750 750 1500 1500
Rated AC Voltage (kV) 290 290 290 290
Submodule Capacitance (mF) 8 8 15 15
Number of Submodules/Arm 244 244 244 244
Rated DC Voltage (kV) 1.5 1.5 3 3
Arm Inductance (mH) 100 100 50 50
Arm Resistance (Q) 0.3 0.3 0.3 0.3
Line Wave Reactor (mH) 300 300 300 300
Neutral Wire Reactor(mH) 300 300 300 300
TABLE IV
DC LINE PARAMETERS OF MMC-BASED GRID
Parameter A-C A-B B-D C-D
Length(km) 49.6 206 189.6 207.6
Resistance (Q/km) 0.0398 0.0398 0.0398 0.0398
Capacitance (uF/km) 0.4185 0.4185 0.4185 0.4185
Reactance (mH/km)  0.1122  0.1122 0.1122  0.1122
TABLE V
CONTROL PARAMETERS OF MMC-BASED GRID
Control loop K, K; Ky
Phase Current 2.69X10*  3.59X103 6.28X10°
Circulating Current ~ 4X 107 4X10° 1.26 X107
MMC-A outer loop  4.46X 1072 7.13 N/A
MMC-B outer loop  2.54X 1072 1.06 N/A
MMC-C outer loop  4.46X107 7.13 N/A
MMC-D outer loop 0.5 200 N/A
PLL 8.48X 10+ 0.015 N/A

Furthermore, stability of dc system can be studied based on the
impedance-based stability criterion.

Fig. 19 shows a four-terminal MMC-based dc grid, which
includes four converter stations, and the dc side is connected to
a loop network. The detailed system parameters are shown in
Tables III-V. In this project, converter stations A and C operate
in ac voltage control, whose ac side is connected to island new
energy electric field. Converter station B operates in dc voltage
control mode, whereas converter station D operates in power
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control. Converter station B and D ac side is connected to ac
large power grid.

Based on MMC dc-side impedance modeling proposed in this
article, the dc-side impedance model of these four converter
stations can be obtained respectively. At the same time, the
impedance of dc line can be obtained according to the circuit
parameters presented in Table IV. Based on the aforementioned,
the small-signal equivalent circuit of dc grid can be obtained,
as shown in Fig. 20. According to the established small-signal
equivalent circuit of dc grid, the stability of each dc port can be
analyzed.

As shown in Fig. 21, each dc port in the MMC-based dc
grid can be equivalent to the interconnection system of voltage
source and current source according to Thevenin’s theorem. And
the small-signal impedance of dc grid can be obtained by circuit
equivalence according to small-signal equivalent circuit of dc
grid shown in Fig. 20. For each dc port, the side that supports
the dc voltage is equivalent to one impedance in series of voltage
source, whereas the other side is equivalent to one impedance in
parallel of current source.

The power supply in Fig. 20 is set to zero. Taking port D as an
example, the rest part of dc grid besides MMC D is equivalent
to impedance Z,p. The specific process is shown in Fig. 22.
Step 1: InFig. 22(a), connect the impedance grounding termi-
nals contained in the red dashed box.

Combine the parallel impedance Zi1, Z4, and Zs;
in Fig. 22(a) into one impedance Z 41, as shown in
Fig. 22(b). Similarly, Zp1 and Z¢; can be obtained in
the same way.

Transform the impedances in Y connection (Z 41, Z1,
and Z5), as shown in the red dashed box in Fig. 22(b),
into delta connection (Za11, Za12, Za13), as shown in
Fig. 22(c), through the Y-/ transformation.

Step 2:

Step 3:
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Fig. 22.

Diagram of impedance network equivalent transformation.

Step 4: Combine Za 12 and Z¢1, as shown in the red dashed
box in Fig. 22(c), into one impedance Z} ,, as shown
in Fig. 22(d).

Transform the impedances in delta connection
(ZA195 211, ZA13), as shown in the red dashed box
n Fig. 22(d), into Y connection (Zy11, Zy12, Zv13)
through A-Y transformation, as shown in Fig. 22(e).
Combine Zyi3 and Z; into one impedance
Z315(Z315 = Zy13 + Z4), as shown in Fig. 22(f).
Transform the impedances in delta connection
(Z313> Zv11, Zy12), as shown in the red dotted box
in Fig. 22(f), into Y connection (Zy 21, Zy22, Zy23)
through A-Y transformation, as shown in Fig. 22(g).
After a series of simple circuit transformations, Z,p
can be obtained, see Fig. 22(h).

According to the impedance-based stability criterions men-
tioned in [42]-[48], the stability of the interconnected system
could be judged by checking whether the close-loop transfer
function has right half plane (RHP) poles. Applying the Nyquist
criterion or inverse Nyquist criterion depends on the number of
RHP poles and RHP zeros of impedance ratio. If two subsystems
has been proved to be stable, respectively, which means that there
are no RHP poles in Z; and Zy™', the system stability could
be judged by checking whether the Nyquist plot of impedance
ratio T, (s) = Z,4(s)/Zo(s) encircles (-1, jO) point, where Z,, is
the output impedance of voltage source subsystem and Zj is
the output impedance of current source subsystem. It can also
be stated as “The interconnected system is stable only when
the amplitude of impedance Z, is always less than impedance
Zy, or the phase margin at the intersection of amplitude curves
of Z, and Z, is greater than zero.”

Step 5:

Step 6:

Step 7:

Step 8:
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If we apply the impedance ratio of Zy(s)/Z,(s) to judge the
port stability, inverse Nyquist criterion should be adopted, which
is equivalent to applying the Nyquist criterion to the impedance
ratio of Z,(s)/Zy(s).

Based on the abovementioned analysis, here the impedance
ratio of voltage source subsystem to current source subsystem is
adopted to analyze the stability of ports A, B, C, and D. As for
the four-port dc grid, as shown in Fig. 16, in order to analyze the
stability of each dc port in the MMC-based dc grid, the dc grid
need to be equivalent to an interconnection system consisting
of a voltage source subsystem and a current source subsystem,
as shown in Fig. 21, at ports A, B, C, and D respectively. In
addition, before applying the Nyquist criterion at every dc port,
the stability of subsystems has been verified, so the stability of
these four ports could be evaluated by checking whether the
number of the crossings in Bode plots of impedances is zero and
calculating the phase margins [49].

A. Frequency Impedance Characteristics of DC Port A

For the dc port A, the dc grid supports the voltage for the
dc side of converter station A, whereas the converter station A
injects current into the dc grid as a current source. According to
Thevenin’s equivalence principle, dc port A can be equivalent
to the circuit shown in Fig. 23. In the figure, Z 4 represents the
dc-side impedance of converter station A, and Z, 4 represents
the small-signal equivalent impedance of dc grid at dc port A.

As shown in Fig. 24, the blue line is the Bode diagram of
Z a0(s), whereas the red line represents the Bode diagram of
Z gA (5) .

When frequency tends to infinity, difference of the magnitude
of impedance values 201g(|Z44|) — 201g(|Z40|) is a constant
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value, which means the magnitude of the impedance ratio
|Zg4|/1Z a0| is a constant. Besides, the phase difference of Z, 4
and Z 4o tends to 0. So the Nyquist plot of impedance ratio
Zga/Zao will go to concentrate around the (k, 0) point, where
k is a finite constant value. Therefore, the characteristics of
impedance in high-frequency (1000—co0 Hz) band have no effect
on the judgement of system stability. Instead, the system stability
can be judged by applying Nyquist criterion in low-frequency
(1-1000 kHz) band of frequency impedance curves. Similar
conditions exist in station B, C, and D, which will not be
explained repeatedly later. As for the impedance curves of dc
port A in Fig. 24, it can be seen that the intersection frequency
of amplitude curves of Z4o(s) and Zg4(s) is 10.2 Hz, and the
phase margin is 27°, and thus dc port A is stable.

B. Frequency Impedance Characteristics of DC Port B

For dc port B, converter station B operates in dc voltage con-
trol mode, and its dc side supports the voltage of dc grid, whereas
the dc grid inject power into converter station B. According to the
principle of Thevenin’s equivalence, dc port B can be equivalent
to the circuit, as shown in Fig. 25. In the figure, Z, 5 represents
the dc-side impedance of converter station B, and Z g represents
the small-signal equivalent impedance of the dc grid at dc
port B.

The Bode diagram of Zp((s) and Z,(s) is shown in Fig. 26.
It can found that the amplitude curves of Zp((s) and Z,p(s)
exist four intersections. According to the impedance-based sta-
bility criterion, the frequency of the intersection with minimum
phase margin is 3.9 Hz, and the corresponding phase margin is
28°, so dc port B is stable.
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C. Frequency Impedance Characteristics of DC Port C

For dc port C, the dc grid provides voltage support for the
dc side of converter station C, whereas the converter station C
injects dc current into the dc grid. According to the principle
of Thevenin’s equivalence, dc port C can be equivalent to the
circuit, as shown in Fig. 27. In the figure, Zc( represents
the dc-side impedance of converter station C, and Z,¢ repre-
sents the small-signal equivalent impedance of dc grid at dc
port C.

The Bode diagram of Z¢(s) and Z,¢(s) is shown in Fig. 28.
It can be seen from the diagram that the amplitude curves
of Zco(s) and Zyc(s) exist three intersections. According to
the impedance-based stability criterion, the frequency of the
intersection with minimum phase margin is 9.5 Hz, and the
corresponding phase margin is 13.5°, so dc port C is stable.

D. Frequency Impedance Characteristics of DC Port D

For dc port D, the dc grid provides voltage support for the
dc side of converter station D, whereas the dc side of converter
station D absorbs power from the dc grid. According to the
principle of Thevenin’s equivalence, dc port D can be equivalent
to the circuit, as shown in Fig. 29. In the figure, Zp( represents
the dc-side impedance of converter station D, and Z,p repre-
sents the small-signal equivalent impedance of dc grid at dc
port D.

The Bode diagram of Zpo(s) and Z,p(s) is shown in Fig. 30.
It can be seen from the diagram that the intersection frequency
of amplitude curves of Zpo(s) and Z,p(s) is 9.3 Hz and the
phase margin is 4°. It is obvious that the phase margin of dc
port D is too small. Therefore, it is extremely easy for the
system to oscillate and even collapse when the system operation
conditions changed greatly. This is mainly because converter
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station D adopts constant power control mode, and its dc-side
impedance Zpo(s) shows negative impedance characteristics in
the low-frequency band. Therefore, it is necessary to change the
frequency impedance characteristic of Zp(s) at the intersection
to increase the phase margin of dc port D.

E. Verification of Stability Analysis

In order to verify the validity of stability analysis, a time-
domain simulation of four-terminal MMC-based dc grid is
built based on MATLAB/Simulink. The system parameters
of the simulation model are consistent with those shown in
Tables III-V. When the MMC-based dc grid is in a stable
operation, make the transmission power of converter station
under power control mode change and observe the change of
operation characteristics of the whole dc system, as shown in
Fig. 31.

Fig. 31 shows the current waveform on the dc side of the four
converter stations when no stabilization measures are taken. As
shown in Fig. 31(d), at 5 s, the transmission power of converter
station D under power control mode jumps from 2/3 to 1 p.u. The
dc-side current of converter station under power control mode
shows a trend of divergent oscillation, and the magnitude of
dc-side current increases very fast. The frequency of oscillation
current is about 9 Hz, corresponding to the frequency at the
intersection of Zpo(s) and Z,p(s) amplitude curves, which
indicates the correctness of the stability analysis results. In
addition, the dc-side current of other converter stations also os-
cillates to different degrees. By observing the current oscillation
waveform of the four converter stations, it can be found that the
oscillation current of dc port D flows into other dc ports through
the dc line and causes current oscillation of other dc ports, in
which dc port C is the most affected.
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V. CONTROL STRATEGY FOR IMPROVING THE
STABILITY OF THE DC SYSTEM

The dc-side impedance of converter station under power
control mode shows negative-impedance characteristics in the
low-frequency band, which makes its dc port prone to oscillation
and other unstable problems. Therefore, in order to improve
the stability of the dc system in the MMC-based dc grid, the
dc-side frequency impedance characteristics of converter station
under power control mode should be changed. In this article, the
control strategy of optimizing controller parameters and adding
virtual damping controller are adopted to improve the stability
of dc system.

A. Optimization of Controller Parameters at Converter
Station Under Power Control Mode

In view of the problem of insufficient phase margin of dc
port D mentioned above, optimizing its controller parameters
is the most effective improvement measure. Since the dc-side
frequency impedance characteristics of MMC in low-frequency
band are largely affected by the outer-loop controller parameters,
it is supposed to keep the parameters of the inner-loop controller
of converter station D unchanged and optimize the outer-loop
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controller parameters only. Meanwhile, in the optimization pro-
cess, the ratio of proportional coefficient and integral coefficient
of the outer loop should be kept at K;/K,, = 400 to offset the
main poles of the MMC closed-loop system. According to the
engineering design experience, in order to ensure the MMC
has a fast-dynamic response, the bandwidth of the outer-loop
controller is generally designed to be no less than 1/10 of the
inner-loop bandwidth, and the power outer-loop proportional
coefficient K, should be no less than 0.1 through calculation.
At the same time, from the perspective of improving the phase
margin of dc port D, the power outer-loop proportional coeffi-
cient K, should not be greater than 0.5. Therefore, K, ranges
from 0.1 to 0.5.

As shown in Fig. 32, the phase margin of dc port D varies with
K,,. As can be seen from the figure, the phase margin of dc port D
gradually decreases as K, changes from 0.1 to 0.5. However, the
K, is larger, the bandwidth of the outer-loop controller is higher,
and the dynamic response speed of converter station D will
be faster. Obviously, the tradeoff between the optimization of
phase margin and dynamic response speed must be considered.
In addition, the phase margin can reach 30° only when K,
is close to 0.1. However, if K, is 0.1, the dynamic response
speed of converter station D is slow, which is not conducive to
the system timely response to dynamics. Therefore, considering
improvement of both the dynamic characteristics and the phase
margin of the system, K, should be a compromise. In this article,
K, is selected as 0.2. As can be seen from Fig. 32, when K, is
0.2, the phase margin of dc port D is 16°, and the phase margin is
still insufficient. Therefore, it is necessary to furtherly improve
the phase margin by adopting additional virtual damping control
Sstrategy.

B. Additional Virtual Parallel Damping Controller at
Converter Station Under Power Control Mode

In the MMC-based dc grid mentioned in this article, the ac
side of converter station D is connected to the strong ac grid,
so it can be approximately considered that the ac-side voltage
of converter station D remains unchanged, and the active power
perturbation of dc port D can be simplified as

Ap = UgcAdge + TacAuge = 1.5U3AG,. (82)
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Fig.33.  Control block of converter station D with parallel damping controller.

Assuming that the active power perturbation of dc port D
is still Ap after parallel virtual resistance r,, the active power
perturbation flows into the converter station D dc port and
changes to

Audc

= 1.5U A5 — Uqe

v v

(83)

For high-voltage and high-capacity MMC, the control system
generally adopts the per unit value parameter. So after trans-
forming (83) into per-unit values, it can be obtain by

(84)

where AP*, Al;, AUyq., and R, are per-unit values.

Based on the abovementioned analysis, if additional virtual
parallel resistance controller is adopted, only one loop should be
added to the original control structure of converter station D, as
shown in the red box of Fig. 33. BPF is the bandpass filter, and
its central frequency is the frequency of the intersection of Zpg
and Z,p magnitude curves. In this article, it is set as 10 Hz, and
the bandwidth is set as 8 Hz.

The value of virtual parallel resistance plays a decisive role
in improving the phase margin of dc port D, so it is necessary to
design the optimal value interval through detailed calculation. In
the industry field, itis universally agreed that the phase margin of
interconnected system is supposed to be designed as 30° to 60°.
Thus, in this article, the phase margin is designed as 45°, and
the parameter design of the parallel virtual damping controller
will follow the abovementioned design criteria.

First, the outer-loop controller parameter of converter station
D remain unchanged (K, = 0.2, K; = 80), and then the influ-
ence of the value of additional parallel virtual resistance on the
phase margin of port D is studied. As shown in Fig. 34, the
phase margin of dc port D varies with the value of the parallel
virtual resistance. When the resistance value in parallel is getting
smaller, the phase margin at the intersection of Zpg and Z;p
amplitude curves will be larger. However, when the resistance
value of the parallel resistor is getting smaller, the amplitude
of Zpp will be smaller, which will reduce the frequency of
the intersection of Zpg and Z,;p amplitude curves. This will
make the designed bandpass filter have a high phase shift, and
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Fig.34. Frequency impedance characteristics of dc port D varies with R,, and
PI parameters.

the dynamic characteristics of the system will become worse.
In fact, from both the perspective of the system dynamic and
the damping characteristics of dc ports, the value of parallel
resistance should not be too small. Therefore, in the guarantee
intersection of Z pg and Z, p, amplitude curve under the premise
of the phase margin is greater than 45°, and parallel virtual
resistance value should be smaller to get bigger phase margin. It
can be seen from Fig. 24, the phase margin of 45° corresponds to
the parallel resistance whose value is 81.5 2. Therefore, parallel
virtual resistance should be less than 81.5 2. In this article, the
final parallel virtual resistance is 80 €2, and the corresponding
phase margin of dc port D is 46.5°.

According to Fig. 34, the influence process of the abovemen-
tioned two measures on the phase margin of station D is as
follows.

1) By optimizing PI parameters, the phase—frequency curve
of station D is shifted from blue dotted line to blue dashed
line. By optimizing PI parameters, the phase margin is
increased by 12°.

2) The phase margin is further increased by 30.5° by apply-
ing a virtual resistance of 80 {2 to increase damping at
station D.

In addition, the impact of the abovementioned two mea-
surements on the stability of other dc ports also needs to be
considered. Calculation results shows that the phase margin
of dc port A has been increased from 27° to 29°. The phase
margin of dc port B has been increased from 28° to 92°, and
the phase margin of dc port C has been increased from 13.5° to
29.7°. Obviously, the stability margin of the whole dc system
is improved. Therefore, the abovementioned two measures can
not only improve the phase margin of port D, but also effectively
improve the stability of the whole system.

C. Verification of Control Strategy

The stabilization control strategy proposed in this article is
applied to the converter station D to verify its validity. When
the MMC-based dc grid is in stable operation, the transmission
power of converter station D is changed, and the operating
characteristics of the whole dc system are observed. The dc-side
current waveforms of the four converter stations with stabiliza-
tion control strategy are shown in Fig. 35.
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Fig. 35. DC-side current of four converter stations.

As can be seen from Fig. 35(d), at 5 s, the transmission power
of the converter station D jumps from 2/3 to 1 p.u., the dc-side
current reaches steady state after 2.5 s, and the overshoot of
current is also small. This indicates that the stability of port D is
greatly improved after adopting the two stabilization strategies
mentioned above. In addition, comparing Figs. 31 and 35, it can
be found that the oscillation current of other dc ports is also
suppressed after the stabilization strategies are taken, which in-
dicates that the stability of the whole system has been improved,
verifying the validity of the stabilization strategy proposed in this
article.

D. Comparison With Existing Control Strategies

In this section, the stabilization control strategy proposed in
this article will be compared with two existing methods [50].
First, these two methods will be introduced briefly as follows.

Method 1 (dc voltage control mode with filter): In order to
eliminate negative damping, which is caused by dc voltage
control loop, a filter is added to the voltage outer loop in the
dc voltage control. In this article, station B adopts dc voltage
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DC-side current of D converter station under different improvement

control mode. After adding the filter, the dc voltage outer-loop

transfer function of station B is

HF ()= 220t ] (85)
S+ wy S

where k), is proportionality coefficient in the PI controller, wy

is the natural frequency of the low-pass filter, and k; is integral

coefficient in the PI controller.

Method 2 (power control mode with active damping): The
active damping control can improve the harmonic stability of the
system by adding compensating damping voltage to the insertion
index of the bridge arm.

Fig. 36 shows the comparison of this article’s improvement
strategy with method 1 and method 2. As can be seen from
Fig. 36, at 5 s, the transmission power of the converter station
D jumps from 2/3 to 1 p.u. The red line has a smaller overshoot
and reaches steady state much faster compared with the blue line
and green line. Therefore, the method proposed in this article has
better effect on the improvement of system stability.

VI. CONCLUSION

This article developed a dc-side impedance model of MMC.
This impedance model considers the coupling characteristics
of multiple harmonics within MMC and the complete small-
signal model of control system under different control modes,
making the small-signal impedance model established more
accurate than previous researches. Meanwhile, it is found that
the dc-side impedance of MMC presents different characteristics
under different control modes. The main difference exists in
low-frequency band due to the low bandwidth of the outer-loop
controller.

Based on the presented impedance model, the stability of
dc system in the MMC-based dc grid is analyzed accord-
ing to impedance-based stability criterion. Since the dc-side
impedance of converter station under power control mode shows
negative impedance characteristics in low-frequency band, its
dc port is prone to introduce oscillation and other unstable
problems. Therefore, the control strategies such as optimizing
controller parameters and adding virtual damping controller
can be adopted to improve the stability of the dc system in
MMC-based dc grid. Due to the high accuracy of impedance
model presented in this article, the design of control strategy can
meet the requirements of dynamic performance and stability. In
this article, a bandpass filter is used to design the virtual damping

10047

controller, which can effectively improve the stability of the
dc system and reduce the negative influence on the dynamic
performance of the system.
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