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Abstract: Currently, research on the small-signal stability of grid-forming converters under two
control modes, grid-following and grid-forming, mainly focuses on low-level converters. However,
studies on the differences between grid-following modular multilevel converters (MMC) and grid-
forming MMC are limited. A comprehensive analysis of the wideband oscillation risk differences
in MMC-HVDC systems under these two control modes from the perspective of impedance char-
acteristics is necessary. Therefore, based on the harmonic state-space (HSS) modeling theory, this
article establishes wideband sequence impedance models for grid-forming and grid-following MMC.
Subsequently, this article identifies key control parameters affecting the impedance characteristics
of MMC under two control modes. The wideband oscillation risks of MMC-HVDC systems under
both control modes are compared. The study indicates that when the grid strength weakens, grid-
following MMC faces instability risks, while grid-forming MMC can maintain stability. In instances
where high-frequency resonance peaks exist in the impedance of the grid, both control modes of
MMC may face instability risks. Furthermore, by adjusting the obtained key control parameters of
MMC, this article effectively suppresses the oscillation risk discussed above. Finally, the analysis
results are verified through an electromagnetic transient simulation.

Keywords: grid-forming converter; mmog; hss; stability analysis; key control parameters

1. Introduction

Under grid-forming control, inverters can achieve self-synchronization while pro-
viding inertia and damping to the system [1,2]. This control mode has great potential in
various applications such as flexible DC transmission [3,4], islanded power supply [5,6],
and integration of renewable energy sources [7]. However, compared to grid-following
control, grid-forming control also faces challenges such as high short-circuit currents [8,9].
Therefore, for a considerable period in the future, the coexistence of grid-following and
grid-forming inverters, or the switching between control modes, will be the norm in new
power systems. Revealing the wideband oscillation risks of inverters under both control
modes is crucial for the safe and stable operation of the power grid.

Impedance analysis is one of the main methods for wideband oscillation analysis in
flexible DC systems. The wideband impedance model, which is based on the small-signal
linearized mathematical equations of converters, provides an intuitive reflection of the
damping characteristics of converters at various frequencies. This model clarifies the oscilla-
tion mechanism and guides the design of oscillation suppression strategies. In the research
on wideband impedance modeling of grid-forming converters: Ref. [10] establishes an
impedance model for grid-connected converters, indicating that its virtual synchronization
method partially avoids the interaction between the converter and weak grids caused by
phase-locked loops (PLL), making it easier to maintain stability under weak grid conditions.
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Ref. [11] addresses the problem of sub-synchronous oscillations in weak grids of grid-
forming direct-drive permanent magnet synchronous wind turbine units. It establishes a
sequence impedance model of a grid-side converter based on harmonic linearization theory.
By introducing dual-loop control, the grid-forming direct-drive wind turbine displays
negative damping and capacitive traits in certain frequency ranges. This interaction with
weak grids results in sub-synchronous oscillations. However, this paper does not compare
the negative damping characteristics between grid-forming and grid-following control
strategies. Ref. [12] analyzes the impact of grid-following and grid-forming energy storage
converters on the stability of renewable energy stations. It establishes impedance models
for grid-following and grid-forming energy storage converters. The results reveal that
grid-forming energy storage converters are more conducive to enhancing the stability of
renewable energy stations. However, due to the rapid increase in impedance magnitude of
grid-forming converters in the mid-to-high frequency range, their damping effect on re-
newable energy units is weakened. This paper does not explicitly illustrate the mechanism
through which grid-forming control reduces the risk of oscillations. Ref. [13] establishes
impedance models of grid-forming converters for oscillation issues in wind and photo-
voltaic grid-connected systems under weak grids. It reveals the negative damping effect of
outer-loop droop control and the positive damping effect of inner-loop control. Ref. [14]
aims to clarify the mechanism and characteristics of improving oscillation stability with
grid-forming control. It derives the impedance characteristics of grid-forming converters
and their relationship with each control loop. Grid-forming converters display “positive
resistance” due to reactive power control and voltage control. This mitigates the nega-
tive damping effects caused by grid-following converters, leading to enhanced stability
of sub/super-synchronous oscillations in the system. Refs. [15,16] separately establish
sequence impedance models for grid-following and grid-forming inverters. They analyze
the significant effects of reactive power loop parameters and control delay on impedance
negative damping. Their findings indicate that grid-forming control has a suppressing
effect on sub/super-synchronous oscillations. These papers preliminarily identify the
key control sections that affect the impedance characteristics of grid-forming converters
but do not explicitly identify the specific key control parameters. Ref. [17] establishes
impedance models with single-loop voltage control and dual-loop voltage-current control
of grid-forming inverters to address high-frequency oscillation issues. It further analyzes
the “passive characteristics” of typical control strategies based on the constraints of the
phase angle of impedance. Ref. [18] establishes node admittance matrices considering
grid-following and grid-forming converters, as well as transmission networks. It reveals
the instability mechanism and the influence of multiple parameters on grid-following and
grid-forming heterogeneous synchronous dynamics. Refs. [19,20] compare the characteris-
tics of voltage control and current control virtual synchronous generators (VSG) as well
as conventional grid-connected inverters based on impedance analysis. These findings
suggest that voltage control type VSG is more adaptable to weak grids.

Currently, research on the wideband impedance characteristics of grid-forming con-
verters mostly focuses on low-voltage converters, such as those used in wind turbines and
photovoltaic systems. However, in flexible DC transmission projects that utilize modular
multilevel converters (MMC) for high-voltage and large-capacity applications, the connec-
tion to weak grids poses a risk of instability. To mitigate this risk, the implementation of
grid-forming control becomes crucial [21]. Nevertheless, the modular topology of MMC is
characterized by low harmonic content independent of LC filtering, circulating currents,
and long control delays. Studies have shown that the characteristic of long delay causes
the negative damping of MMC impedance in a high-frequency range, which may lead to
instability [22]. There are significant differences in wideband output impedance charac-
teristics compared to low-voltage converters. Consequently, it is imperative to conduct a
separate analysis of the influence of different control strategies on the wideband impedance
characteristics of MMC [23-25].
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In summary, current research on the stability of converters under the control of grid-
following and grid-forming modes mainly focuses on low-voltage converters. However,
comparative studies on the oscillation risks between grid-forming MMC and grid-following
MMC are limited. Furthermore, the key factors affecting the impedance characteristics of
grid-forming MMC remain unclear. The limitation of current research is summarized as
Table 1.

Table 1. Summary table of the literature.

Research References Limitation

Studies about grid-forming control
mostly focus on low-voltage converters.
Research on grid-forming MMC are
relatively limited.

Impedance modeling of

grid-forming MMC [10-12,19-25]

Influencing factors of Specific key control parameters
grid-forming converter [13-18] affecting impedance characteristics are
impedance characteristics not clear.

Therefore, based on the harmonic state-space (HSS) theory, this article establishes
sequence impedance models for grid-forming and grid-following MMC. The comparison
and analysis of the two control modes” impact on impedance characteristics are then
conducted. Furthermore, utilizing the established sequence impedance model, this article
identifies key control parameters affecting the wideband impedance characteristics of
grid-forming MMC. Additionally, this article analyzes the wideband oscillation risks of
MMC-HVDC systems when MMC adopts two different control modes. Subsequently, by
adjusting the obtained key control parameters of MMC, this article effectively suppresses
the oscillation risk discussed above. Finally, the accuracy of the established sequence
impedance model, as well as the reliability of the stability analysis results, are validated
through time-domain simulations.

2. Broadband Mathematical Modeling of MMC
2.1. Configuration of MMC

Figure 1 illustrates the diagram of the single-phase bridge arm structure of MMC. u,
represents the AC terminal voltage of MMC. u; represents the grid voltage. i represents
the AC-side current. uc, and uc are the upper and lower pole voltages. m, and m; are the
corresponding modulation signals. #X and ulcv{ are the equivalent voltages of the upper
and lower bridge arms. 74y represents the differential-mode current. iz, and u,, are the DC-
side current and voltage. Ruy and Ly, represent the equivalent resistance and equivalent
inductance of the bridge arms, respectively. Ry and L, represent the equivalent resistance
and equivalent inductance of the grid, respectively. The impedance of the transformer can
be integrated into the impedance of the power grid.

The average value model assumes consistent dynamic characteristics for all sub-
modules and takes the sum of all capacitor voltages on each bridge arm as the system state
variable. The average value model representing the dynamic behavior of a single-phase
MMC is expressed as:

. _ Rarm 0 Iy __m o 1 0
liff Larm arm  2Lam | |Miff Lrm
d : 0 _2Rarm My _m : 2
1 L L 0 L Uge
—_ M = m” %1:” arm arm M + arm u (1)
dt ey Cyr 2 ey 0 0 v
e Com Zam 0 0 e 0 0

where C;; represents the equivalent capacitance of the bridge arm, which can be calculated
as Csp/N. Cgp represents the capacitance of each submodule and N represents the number
of submodules in a single bridge arm.
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Figure 1. Schematic diagram of single-phase bridge arm in MMC.

The average model of MMC is a nonlinear time-periodic (NTP) model, which is
difficult to analyze directly. The linear time-invariant (LTI) model of MMC is established
using the harmonic state-space (HSS) modeling method, followed by the derivation of the
small-signal impedance model for MMC.

2.2. Harmonic State-Space Modeling Theory

The state equation of MMC shown in Equation (1) can be expressed in the following
form of NTP model: .
{ =T 2

y =gxu)
where x, u, and y represent the state vector, input vector, and output vector, respectively,
while f and g are nonlinear algebraic functions.
By employing the HSS modeling method, the time-domain model is transformed into
the harmonic domain in the authors’ previous work [26].

(SIx-l-N)X:AHX-i- BHl:l 3)
Y=cuX+Dyll

The model of the MMC can be expressed as:
Ax = ArxAx + A1,Az + BrAu 4)

where the state variable Ax = [Aigg Al Au,  AulY] T input variable Au = [Aug. Ay T
and intermediate variable Az = [Amu Aml} . The expressions for the coefficient matrices
in Equation (4) are provided in Appendix A.

In the HSS model, the coefficient matrices can be represented as Apx = I'(A1x),
Ap, =T'(A1,), By = I'(Bt). Therefore, these matrices are represented by complex Fourier
coefficients of different harmonic orders, which are expressed in terms of amplitude and
phase angle rather than time-varying signals. For instance, Apy1 and Apyx—_1, the two ele-
ments of Apy, are composed of the positive and negative sequence fundamental frequency
components of Aty, respectively. These Fourier coefficients can be obtained through simula-
tion or calculated using the method described in ref. [27]. Oscillation frequencies in current
engineering applications are all below 2500 Hz. Within this frequency range, the inductance
of reactors and the capacitance of capacitors can be considered constant. Therefore, the
frequency-dependent effects of power electronic devices can be neglected in this article.
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2.3. Broadband Impedance Model of Grid-Forming MMC

The open-loop impedance model of MMC serves as the basis for closed-loop impedance
models under control. Therefore, this section illustrates the derivation process from the state
equation to the open-loop impedance model by introducing the HSS modeling method.

In open-loop control conditions, the disturbance of the modulation signal is zero,
hence Az = 0. Then, Ax = A1cAx + BtAu, the simplified time-domain LTP equation can
be transformed from the time domain to the harmonic domain. By letting the output
variable be the state variable, i.e., Y = X, the harmonic input-output relationship can be
expressed as:
¥ = Hjycll (5)

The expression for the harmonic transfer matrix I—f‘l\f,[MC can be found in Appendix A.

The definition of Ypu11 is the MMCs sequence admittance when the third and higher
harmonics are neglected. Clearly, ¥Ypn11 is a sub-matrix of HTIGIMC. Considering the dynamics
of the h-th higher harmonic, where the length of the column vectors X and U are 4 x
(2h +1) and 2 x (2h + 1), respectively, the fundamental frequency sequence admittance of
the MMC is:

Hifvic (4h+6,2h+4)  Hify (4146, 2h)

Y pr—
P | H e (8h—2,2h+4)  Hic (4h—2,2h)

(6)
where Hlt\f[MC (i,7) denotes the element of matrix H"l\f/[MC in the i-th row and the j-th column.
When higher harmonics are considered in the HSS model, higher harmonic Fourier series
coefficients need to be added to all harmonic transfer matrices using a similar modeling
approach. Based on the fundamental frequency sequence admittance of the MMC, the
open-loop sequence impedance of the MMC can be obtained by matrix inversion.

To study the oscillation risk of the MMC-HVDC system under grid-forming control
and compare it with grid-following control, this article selects conventional dual-loop
control with constant PQ as the outer loop, provided by a phase-locked loop to supply
phase, as a typical grid-following control method. For the grid-forming control method,
it selects virtual synchronous control with virtual excitation control (internal potential
amplitude calculation) providing voltage control’s preference value and virtual rotor
motion equations (virtual angle generation) providing phase. The control block diagrams
for both control modes are shown in Figures 2 and 3, respectively.

—> lud
> Iy

ivj —\-\-\—>

o »| abc/dq
id’:ﬂf —\-\-\—P —> l‘diﬁdZ - +

20 —> abe/dq| idift2 O—tX—b-—v e— };—»-—»7 Map

Figure 2. Schematic diagram of typical grid-following control.
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Figure 3. Schematic diagram of typical grid-forming control.

Due to the consistency of the current control, circulating current suppression control
(CCSC), and modulation section under both control modes, this article will briefly introduce
the basic method of closed-loop impedance modeling and the modeling process of obtaining
phase under grid-forming control. In the following derivation, only textual explanations
will be provided for certain matrices in the equations. The specific expressions can be found
in the author’s previous work [26].

When the controller is added, Az # 0, it is necessary to incorporate the controller
dynamics into the system dynamic equations. For the convenience of implementing the
impedance model in computer programming, the HSS model of the MMC is divided into
four parts:

(sI + N)X = Ay, X + Ay, Z + Byl
ZA = CHmlf\:/Il + CHI)’IZMZ

M, = Dy X+ Egqqu

Mz = DHZX + EHzlfI

)

The first equation in (7) represents the dynamics of the electrical system. The inter-
mediate variables Z are the modulation signals for the upper and lower bridge arms. The
second equation in (7) represents the transformation of the modulation signals. M; and M,
represent the modulation signals outputted by the main control and CCSC, respectively.
Based on the relationship between the modulation signals of the upper and lower bridge
arms and the controller modulation signals, the expressions for the constant matrices Crym1
and Cyymp can be obtained [23]. And Z can be calculated from M; and M,. The third and
fourth equations in (7) represent the dynamics of the main controller and CCSC, respec-
tively. Therefore, the specific expressions of Dyy1, Ex1, D2, and Epy depend on the control
method used by the MMC. After obtaining the expressions of the transfer function matrices
in Equation (7), the transfer function matrix from UI to X can be written as:

Hipic = (sI+ N — Apy — Ar (Crimi Dt + CrmoDin)) ™ (8)
(Anz(Com1Em + ComeEmz) + Bu)

Once the expressions for H}, ;- are obtained, the derivation process for the open-loop
impedance is consistent with the process outlined in Equation (6), yielding the fundamental
frequency sequence admittance and impedance of the MMC.

Next, this paper derives the expressions for Dyy1, Efy1, Dy, and Epp under grid-forming
control, obtaining the closed-loop broadband impedance model of grid-forming MMC.

The key disparity distinguishing the control system of the MMC under grid-forming
control from that under grid-following control lies in the provision of phase information by



Energies 2024, 17, 2507 7 of 26

the virtual rotor motion equation. Therefore, the crucial step in establishing the wideband
impedance model of the grid-forming MMC is to express the HSS form of the virtual
angle generation.

To illustrate the process of obtaining the phase through virtual synchronous control,
the virtual rotor dynamics equation under grid-forming control can be written as:

o )

where T; represents the inertia time constant, D stands for the damping coefficient, and w
denotes the virtual angular velocity used in control. Ps represents the output active power
and P, represents the reference value of active power.

Linearizing Equation (9) and transforming it into the frequency domain, its HSS form
can be expressed as:

,

« 15
G'upLLd = [ Uiva  Uing } jg + { Fig Tiyg } agd
q vq R
w, ., U py | f g |4 e, )| Uivg |5
= |: Hvd Hvq :| Upase IAb T 71%-Id o)+ |: Hd Hq j| Upase ,\Vb + 7u§-lvd 0 (10)
c vC
P IAa P l:lf’a
= [ Uyyg u%lvq }ubie p |+ [ I Iilq :|ub?se l;r‘:’b
i U,
where,

G'uprr, = diag(-- -, (s —jwl)(Tj(s — jwr) — D),S(TjS —D), (s +jw1)(Tj(s—|—jw1) —D), )
The expression for 0 can be expressed as:

I i,

A 1 Py |- 1 Py [ ¥
0= (G'mpL) - [U;IVCI UICqu] U Iy| + (G'mpL) - {If{d Iﬁq} T | (11
base | f base ir
v ¢ ve
GEIIPLL GIE—)IIIlJvLL

According to the expression of §, we can derive the coordinate transformation equa-
tions for each variable, and subsequently deduce the HSS forms of virtual excitation
control, voltage control, and current control. The detailed derivation process is provided in
Appendix C.

Finally, we can obtain the expressions for Dyy; and Epy:

Din=[1 0 0] (Gﬁ;ﬁ (G}n (GiHcd + GiHPLLi) + G%VGEVPLU) + GrlfllI;LlLi) Si

S\ (12)
_ -1
EHl = [ I 0 O ] Gﬁcdl (Gin i—IPLLUV + Gﬁ( lIiI‘éd + G%‘%LLUV)) + GEPLLUV) SuV

Since the dynamics of  depend on the flf,dq and ﬁlq in Appendix C, an additional

coefficient matrix ffiq needs to be added to the HSS representation of the current loop
controller, denoted as Fyyp. By substituting the coordinate transformation equations of each
variable into the expression for the CCSC dynamics, the expressions for Dyp, Efyp, and Frpp
can be furtherly obtained:

Dy = [ I 0 O ]GE(?CIZ(GHCCS(Q - GHCCSCl)G%gigSidiff
Eip = [ I 0O ] (chzd_ ! (GHeese2 — GHccscl)Ggf’f{Luv + GEIZ’EI}uV) Suv (13)

Fip = [ I 0 O ] (GII:Ilgd_ 1(GHccscz - GHccscl)Gid%’fI{Li + Grlflll%fﬁl) Si
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The transfer function matrix from U to X can be represented as:

H\e = (SI+ N — Ay — A (Crimi D + CrmoDio + CrmoFin)) ™ (14)
(A, (Cm1En1 + Cm2En2) + Bh)

Based on the expression for PPl\f/IMC, the fundamental frequency sequence admittance
and sequence impedance of MMC under grid-forming control mode can be obtained using
Equation (6). The abbreviations table explaining the symbols appearing in the modeling
process of this article are as shown in Table Al.

2.4. Verification of the Broadband Impedance Model

In order to compare the impedance characteristics of the grid-forming MMC with
those of the grid-following MMC, an impedance model for the grid-following MMC is also
established using the HSS modeling method in this article. The detailed derivation process
can be found in Appendix B of this article.

To validate the accuracy of the theoretical models, three-phase transient electromag-
netic simulation models of the MMC are constructed in MATLAB/Simulink, with specific
parameters detailed in Tables A2—-A4.

Sweeping frequency methods are employed to obtain the AC-side impedance of
the MMC under grid-forming and grid-following control. The results obtained from
the theoretical impedance models are compared with the impedance obtained from the
frequency-sweeping simulations. The comparison results are shown in Figures 4 and 5.
The theoretical impedance models match well with the frequency sweeping results, which
verifies the theoretical models” accuracy.

Comparing the positive sequence small-signal wideband impedance characteristics
(Zpp) in Figure 6, it can be observed that the MMC operated with grid-following control
exhibits negative damping over a wide frequency range from 10 Hz to 2500 Hz. In contrast,
the MMC operated with grid-forming control only shows negative damping above 700 Hz
in the high-frequency range. This suggests that employing grid-forming control restricts
the distribution of negative damping from the entire frequency range to the high-frequency
range compared to grid-following control.

O Scanned Impedance

Theoretical Impedance

Phase/deg Magnitude/dB

g Magnitude/dB

Phase/de

Frequency / Hz Frequency / Hz

Figure 4. Verification of grid-following MMC AC-side impedance.
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O Scanned Impedance Theoretical Impedance

Phase/deg Magnitude/dB

Frequency/Hz Frequency/Hz

Figure 5. Verification of grid-forming MMC AC-side impedance.

|[— GFM —— GFL|

80

NSV o

Magnitude/dB

Phase/deg

10
Frequency/Hz

Figure 6. Comparison of positive sequence impedance characteristics of two control modes of MMC.

3. Analysis of Key Factors Influencing Wideband Impedance Characteristics of MMC

Previous research suggests that the impact of steady-state operating points on MMCs
wideband small-signal impedance can be ignored [27]. Except for the fundamental fre-
quency, the steady-state values in the small-signal sequence impedance approach zero in
other frequency bands, indicating a negligible effect on MMC’s impedance characteristics.
Hence, this section focuses on studying the influence of changes in control system parame-
ters on the impedance characteristics of MMC under grid-forming control and extracting
the key control parameters. Since the oscillation frequencies of wideband oscillation phe-
nomena in actual engineering projects are all below 2000 Hz, the range of impedance
characteristics studied in this article is within 2500 Hz [24].



Energies 2024, 17, 2507

10 of 26

3.1. Analysis of Factors Affecting Wideband Impedance of MMC under Grid-Forming Control

For MMC employing grid-forming control, the control system parameters consist of
parameters for virtual synchronous control, PI parameters for virtual excitation control,
voltage control and current control, PI parameters for circulating current suppression
control, and control system delay, totaling 12 parameters. For the parameters listed in
Table A2, based on the wideband impedance model of grid-forming MMC established in
Section 2.3, the impact of reducing each control parameter to 90% of its initial value and
increasing it to 1.1 times its initial value on the impedance characteristics of grid-forming
MMC is studied. Figure 7 illustrates the wideband impedance characteristics of MMC
under different control parameters. (init. represents the impedance characteristics with the
initial control parameters).

——Fkq =—=kp —=kg == D -= T,
kpu kiu kpi kii kpccsc
aa) k; - = delay init.
:—9‘ 60 L 1CCSC H
3 )
-E 40 e i e o T 2 7 o I
7S
& 20 -
=
0
200 : ‘
1
&r — /5:61\
I I
g 0r v o
v '*F'f
-
P |
1
2200 ‘ . ‘
10" 10" 107 10°
Frequency/Hz

Figure 7. Different control parameter effects on grid-forming MMC impedance characteristics.

Based on the trend of impedance magnitude variation in Figure 7, to avoid the in-
fluence of differences in impedance magnitude on the study of influencing factors, the
impedance characteristics of grid-forming MMC can be roughly divided into two frequency
ranges:

Frequency range I (below 700 Hz): The impedance magnitude of the MMC is generally
flat, with only one resonance peak; the phase angle ranges from 0° to 90°, indicating
inductive positive damping. Additionally, there is a narrow capacitive positive damping
frequency range near the resonance peak of the MMC.

Frequency range II (700-2500 Hz): Multiple resonance peaks exist in the impedance
magnitude of the MMC within this frequency range; the phase angle fluctuates significantly,
with both capacitive negative damping and inductive negative damping present.

Next, the key factors influencing the impedance characteristics of the grid-forming
MMC are analyzed in different frequency ranges.

The wideband impedance characteristics of the grid-forming MMC under different
control parameters in frequency range I are shown in Figure 8.

According to Figure 8, the main influencing factors on the impedance magnitude-
frequency and phase-frequency characteristics in frequency range I are mainly the PI
parameters of the voltage control. Above 100 Hz, the influence of control delay, current
control proportional coefficient k;, and virtual excitation control proportional coefficient
ko on the impedance gradually increases with frequency, becoming the main influencing
factor around 700 Hz. Therefore, the key influencing factors on the wideband impedance
characteristics of the positive-sequence small-signal MMC in frequency range I are voltage
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control, control delay, current control, and virtual excitation control. When there is reso-
nance risk in this frequency range, the MMC damping level can be optimized by adjusting

the parameters of the voltage control, current control, and virtual excitation.

- - kQ,
kpu

ki(:(:sc

a1
o

=== hph
K
- = delay

= =i kR = D=
Fpi ki
init.

.
a1

.
el T = g ey TP,

--.V."*h..'.w-u--‘ (
] al

~..

co
je=]

Y
)

/

Phase/deg  Magnitude/dB
S S

E
e+ S

i _-25’".-9‘-55"”:’7‘ .

HE

f

1 02

1
OFrequency/HZ

Figure 8. Different control parameter effects on grid-forming MMC impedance characteristics within

frequency range L.

The wideband impedance characteristics of the grid-forming MMC under different
control parameters in the frequency range II are shown in Figure 9. According to Figure 9,
the impedance characteristics of the MMC in frequency range II are mainly influenced by
the proportional coefficient kpy of the voltage control, the proportional coefficient kp,; of
the current control, and the control delay. Therefore, the key influencing factors on the
wideband impedance characteristics of the MMC in frequency range II are voltage control,
current control, and control delay. When there is resonance risk in this frequency range, the
MMC damping level can be optimized by adjusting the proportional coefficients of these

two control loops.

= kQ i pE: S =lnE SR D = = Tj
100 kpu kiy kpi Ky kp(:csc
= kiccsc k7 s deiay init.
S =
¥} T LY S e
-g 50 v o PR IR T eeE v Per
L o P |
E MJ...-:_:‘“;{\%V 7/
oD ” 1 .
T
= }
0 L ll L L L
200 : .
[s18]
o] N
S, ety T
T 0 ]
13}
c p
& A
_200 I ! L I
700 1000 1500 2000 2500
Frequency/Hz

Figure 9. Different control parameter effects on grid-forming MMC impedance characteristics within
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3.2. Comparison of Influencing Factors for MMC under Two Control Modes

By employing the same approach as in Section 3.1 to analyze the impedance charac-
teristics of MMC under grid-following control, the key influencing factors of impedance
characteristics for the grid-following MMC are identified as the power control and the PLL
below 30 Hz. Between 30 Hz and 100 Hz, both the power control, current control, and PLL
significantly affect the impedance characteristics. Above 100 Hz, the crucial influencing
factors are the current control proportional coefficient and the control delay.

The key influencing factors of grid-following and grid-forming MMC are summarized
in Table 2.

Table 2. Key influencing factors of grid-following and grid-forming MMC.

Frequency Range Grid-Following MMC Frequency Range Grid-Forming MMC

Below 30 Hz kpp, kppll
Below 700 Hz kou, kpi, kpg, delay
30-100 Hz kpp, kjp/ kppll/ kpi, kii
100-2500 Hz kpi, delay 700-2500 Hz kpu, kpi, delay

Then, the differences between grid-following and grid-forming MMC on the key
influencing factors can be summarized as follows:

1.  From the perspective of the key influencing factors on impedance characteristics
across different frequency bands: The influence of power control/voltage control is
significant in the low-frequency range. In the high-frequency range, the effects of
control delay and the proportional coefficient of current control are dominant. For
grid-following MMC, there exists a mid-frequency band where the impact of PLL is
significant. Conversely, for grid-forming MMC, the influence of virtual synchronous
control parameters remains insignificant in terms of wideband impedance. Moreover,
the virtual excitation control parameters of grid-forming MMC exhibit significant
effects across different frequency bands;

2. From the perspective of optimizing parameters to suppress oscillations: Under grid-
following control, the influencing factors in each frequency band are relatively inde-
pendent, with fewer factors affecting individual frequency bands, resulting in lower
flexibility in parameter optimization. Under grid-forming control, oscillation risks
only exist in relatively high-frequency bands, where there are more influencing factors.
Therefore, there is more flexibility in parameter optimization.

4. Analysis and Simulation of Wideband Oscillation Risk in Grid-Forming MMC
4.1. Oscillation Risk Caused by Grid Strength Variations

This section studies the oscillation risks of MMC-HVDC systems under changes in
grid strength when MMC employs different control modes. The AC grid strength can
be represented by the short circuit ratio (SCR). When the SCR changes from 5 to 2.5,
indicating a weakening of the grid strength, the Nyquist plots of the MMC-HVDC systems
under grid-following control and grid-forming control are shown in Figures 10 and 11,
respectively. As seen in Figure 10, when the AC grid strength weakens, the Nyquist plot
of the system changes from not enclosing the (-1, 0) point to encircling it, indicating
a transition from stability to instability of the system under grid-following control. At
this point, the frequency at which the Nyquist curve crosses the unit circle is 242 Hz.
According to the Nyquist criterion based on sequence impedance, after the grid switches
from SCR =5 to SCR = 2.5, the system will exhibit two oscillation frequency components in
the time domain at 192 Hz and 292 Hz. Figure 11 shows that when the AC grid strength
weakens, the Nyquist plot of the system under grid-forming control remains not encircling
(=1, 0), indicating that the system remains stable under a wide range of variations in AC
grid strength.
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Figure 10. Nyquist plot of the system under grid-following control with weakening grid strength.

2 .
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Figure 11. Nyquist plot of the system under grid-forming control with weakening grid strength.

To validate the stability analysis conclusions depicted in Figures 10 and 11, simulations
are conducted. The initial state of the grid is set with SCR = 5, and at 2 s, the grid strength
is switched to SCR = 2.5. The time-domain waveforms of the AC current for MMC under
both grid-following and grid-forming control are observed, as shown in Figures 12 and 13.

As for Figure 12, when MMC is under grid-following control, noticeable oscillatory
components appear in the AC current waveform after the grid strength weakens. The
spectrum of current reveals two distinct oscillatory components at 190 Hz and 290 Hz,
closely matching the theoretically analyzed oscillation frequencies of 192 Hz and 292 Hz.
This confirms the stability analysis conclusions depicted in Figure 10.
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4.2. Oscillation Risk Caused by the Resonance Peak of Grid Impedance in a High-Frequency Range

This section studies the oscillation risk of MMC-HVDC systems under two con-
trol modes when there is a resonance peak in the high-frequency range of the AC grid
impedance. The scenario of a resonance peak in the high-frequency range of the AC grid
impedance is simulated in the simulation by modeling a series RLC resonance branch
in parallel with the Thevenin equivalent impedance of the power source, with specific
parameters as shown in Table A3.

When the resonance peak of the parallel resonance branch on the AC grid side is at
1200 Hz, the Nyquist plot of the system under grid-following control is shown in Figure 14.
From the figure, it can be observed that the Nyquist plot of the system encircles the (—1, 0)
point, indicating instability and high-frequency oscillations. According to Figure 14, when
the MMC adopts the grid-following control mode, the Nyquist plot of the system crosses
the unit circle at a corresponding frequency of 1071 Hz. According to the Nyquist criterion
based on sequence impedance, the system will exhibit oscillation frequency components of
1021 Hz and 1121 Hz in the time domain.

2
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Figure 14. Nyquist plot of the system under grid-following control with high-frequency resonance
branch in the grid.

When the resonance peak of the parallel resonance branch on the AC grid side is at
900 Hz, the Nyquist plot of the system under grid-forming control is shown in Figure 15.
According to Figure 15, when the MMC adopts the grid-forming control, the Nyquist plot
of the system crosses the unit circle at a corresponding frequency of 797 Hz. According
to the Nyquist criterion based on sequence impedance, the system will exhibit oscillation
frequency components of 747 Hz and 847 Hz in the time domain.

To verify the conclusions of the stability analysis presented in Figures 14 and 15,
simulations are conducted. In these simulations, the initial state of the grid equivalent
impedance is modeled as an RL model, and at 2 s, a series RLC resonance branch is
connected in parallel with the RL branch. The time-domain waveforms of the AC side
currents of the system under both grid-following and grid-forming control are observed, as
shown in Figures 16 and 17.
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Figure 15. Nyquist plot of the system under grid-forming control with a high-frequency resonance
branch in the grid.

The grid changes in operating conditions
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Figure 16. AC-side current under grid-following control with the resonance peak of grid impedance
in the high-frequency range: (a) Time-domain waveform of three-phase current; (b) FFT analysis
results of phase-A current from 2.5 s to 4s.

From Figure 16, it can be observed that when the MMC adopts the grid-following
control mode, significant oscillatory components appear in the AC side current after the
grid impedance exhibits a resonance peak in the high-frequency range. The spectrum
of current reveals the main oscillation component to be 1109 Hz, which matches the
theoretical analysis result of 1121 Hz, confirming the stability analysis conclusion presented
in Figure 14.
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Figure 17. AC-side current under grid-forming control with the resonance peak of grid impedance in
high-frequency range:(a) Time-domain waveform of three-phase current; (b) FFT analysis results of
phase-A current from 2.01 s to 2.03 s.

According to Figure 17, when the MMC adopts the grid-forming control mode, the AC
side current of the system quickly diverges and exhibits significant oscillatory components
after the grid impedance exhibits a resonance peak in the high-frequency range. The spectrum
of current reveals the main oscillation component to be 850 Hz, matching the theoretical
analysis result of 847 Hz, validating the stability analysis conclusion presented in Figure 15.

4.3. Wideband Oscillation Suppression Based on Key Control Parameter Adjustment

To verify the key control parameters of the impedance characteristics of gird-forming
MMC in Section 3, this article suppresses the high-frequency oscillation risk by adjusting
the key control parameters of grid-forming MMC.

According to the preceding discussion, the oscillation frequency is 850 Hz, falling
within the frequency band II as outlined in Section 3.1. Consequently, the voltage control
and current control parameters are the key control parameters influencing the impedance
characteristics in this frequency band. Considering that the integration paths of PI con-
trollers have little impact on the high-frequency characteristics of MMC, the suitable
adjustable control parameters are the proportional coefficients of the voltage control and
the current control.

The oscillation risk of the system is suppressed, and the phase margin of the system
is increased by appropriately reducing kpu and kp;. The adjusted control parameters are
shown in Table 3.

Table 3. Control parameters before and after adjusting.

Proportional Coefficient of Proportional Coefficient of
the Voltage Control kpy the Current Control kp;

Initial parameters 2.000 0.800
Adjusted parameters 1.960 0.384
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After adjusting the control parameters, the Bode plot of the MMC and grid impedance
characteristics is shown in Figure 18. It indicates that after adjusting the key control
parameters, the phase margin at the oscillation risk frequency increases from —4° to 5°.

Grid

MMC

100 |

MMC after ad] ustmcnt|

Magnitude/dB

0
200

-200

Phase/deg
(=]

184°

Phase Margin=5°

Phase Margin=-4°

500

1000 1500

Frequency/Hz

Figure 18. Bode plot of impedance characteristics of the MMC and grid before and after adjusting the

control parameters.

The Nyquist plot of the system after adjusting the key control parameters is shown in
Figure 19. It can be observed that after adjustment, the Nyquist plot no longer encloses the
(—1, 0) point, satisfying the stability criterion of the system.

2

1.5+

Imaginary axis

Real axis

Figure 19. Nyquist plots of the system before and after adjusting the control parameters.

In the simulation model, the key control parameters are implemented at 2.5 s. It is
evident in Figure 20 that the oscillation phenomenon quickly disappears, and the current
waveform rapidly returns to normal. In conclusion, the time-domain simulation results
match well with the theoretical analysis.
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Adjusting the key control parameters
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Figure 20. AC-side current under grid-forming control with high-frequency resonance peaks after
adjusting the control parameters: (a) Time-domain waveform of three-phase currents. (b) FFT analysis
results of phase-A current within the time interval from 2.6 s to 4 s.

5. Conclusions

This article establishes wideband impedance models for MMC under grid-forming and
grid-following control. It compares and analyzes the differences in impedance characteris-
tics under different control modes. The study also investigates the influencing factors and
impedance characteristics of grid-forming MMC in various frequency ranges and analyzes
the wideband oscillation risk of MMC. Furthermore, by adjusting the obtained key control
parameters of MMC, this article effectively suppresses the oscillation risk discussed above.
Finally, simulations are conducted to verify the accuracy of the wideband impedance model
and the reliability of the stability analysis results. The main research conclusions of this
article are summarized as follows;

1.  Compared to grid-following control, grid-forming control can confine the negative
damping frequency band of MMC impedance characteristics from the wideband to
the high-frequency band;

2. Under grid-following control, the influencing factors in each frequency band are
relatively independent, with fewer factors affecting individual frequency bands,
resulting in lower flexibility in parameter optimization. Under grid-forming control,
oscillation risks only exist in relatively high-frequency bands, where there are more
influencing factors. Therefore, there is higher flexibility in parameter optimization;

3. When the grid strength weakens, grid-following MMC faces instability risks, while
grid-forming MMC can maintain stability. In instances where high-frequency reso-
nance peaks exist in the impedance of the grid, both control modes of MMC may face
instability risks;

4. Adjusting the key control parameters of MMC can effectively suppress wideband
oscillations.
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Appendix A

The symbol explanations appearing in the modeling process of this article are as
shown in Table Al.

Table Al. Abbreviations table explaining the symbols in the modeling process.

Symbols

Explanation

Uy

AC terminal voltage of MMC

Us

Grid voltage

i

AC-side current

Ucy Ucr

Upper and lower pole voltages

my my

Modulation signals of upper and lower bridge arms

M M
Uey uCl

Equivalent voltages of the upper and lower bridge arms

idiff

Differential-mode current

idc Uge

DC-side current and voltage

Rarm Lm‘m

Equivalent resistance and inductance of the bridge arms

RgLg

Equivalent resistance and inductance of the grid

Curm

Equivalent capacitance of the bridge arm

Inertia time constant

D

Damping coefficient

w

Virtual angular velocity

4

Virtual phase angle

Ax, Au, Ay

State vector, input vector, and output vector

Anx, AHz, BH

Coefficient matrices

ubase Ibase

Base values for voltage and current

Py

Matrix representing the dynamic of coordinate transformation

Gupu

Matrix representing the dynamic of PLL

A

0

Matrix representing the dynamic of virtual phase angle

r 2
uf/dq qu

Matrix representing the dynamic of output voltage and current

h

Highest harmonic order

VA

Modulation signals matrix for the upper and lower bridge arms

M, M,

Modulation signals matrix outputted by the main control and CCSC

f
HtMMC

Harmonic transfer matrix

anl 1

MMCs sequence admittance matrix
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The coefficient matrix expressions in Equation (4) are as follows:
r _ Ram 0 _ My —7Ml
Larm 2Lm’m 2L rm
0 — 2R My _M
ATX — M lj\%m Larm Larm
u — u
S A 8
- ng]n ZCHTHZ
_ug, _ug
ué%ILarm zé‘gm
—Lu — L
Ar, = | Tom Larm (A1)
diff 1
Carm 2Car‘m
0 Laify I
L 1 Carm 2Curm
plrm
0 2
BT = Larm
0 0
0 0

The uppercase variables in the above equation (such as M, and I;5) represent periodic
time-varying signals.
The expressions for ap, and a. are:

ap, = diag(---,a,1,a%,a,1,a%,a,1,a*,---)

a. = diag(--- ,a*,1,a,a%,1,a,a*,1,a,- ) (A2)
The expression for the harmonic transfer matrix I'Fl\f/IMC is given by:
Hiye = (sIx+ N— Apy) 'By (A3)

Appendix B

In this section, this article will sequentially derive the modeling process for grid-
following MMC.

The first process is obtaining the phase from the PLL. The voltage transformation
relationship between the stationary coordinate system and the rotating coordinate system
of the controller can be expressed in the harmonic domain as:

) Uia
N us R
ol = P lgfy) 4 | Yina | (A%)
vq Ubase l’:f _u%vd

v

where Uy, and Uilvq is the Toeplitz matrix. As U4 and l:lf,q are mainly the DC components

when the three phases are balanced, the non-zero elements of {I,4 and l:liq only contain the
DC component. Py is the HSS representation of the Park transformation at the fundamental
frequency. Combining with the dynamics of the PLL, we can obtain Giyp; ; , the harmonic
transfer function matrix from the three-phase voltages to the output of the PLL as:

i
A GHPLL Py |V
0=———— .0 I|- U, Ab

I+ ui:{vd GupLL ] ubase a:/]}z ( )

G?—IPLL
teiu(s—jwr) tfei(s) tHfpr(s+jws)
S—jw1 4 S 4 s+jwq
the PLL. Finally, the voltage transformation equation between the stationary coordinate
system and the rotating coordinate system of the controller is written as:

where: Gygpr = diag(- -, e ) represents the dynamics of
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N 1 i
uc P va va
d H i H 0 ?
lag = Uy Uy | + " | GaprL | Uy (A6)
vl s o A
Gw N
Hed GiipLL

Similarly, we can obtain the transformation equations for other state variables and
intermediate variables between the two coordinate systems.

Next, we derive the process of obtaining the current reference values from the power
control. The calculation method for the active and reactive normalized values in the
controller is:

p =gy +1givq (A7)
p =il — gl
Linearize the above equation and express it in HSS form as:
Q If{q _Ifid uf/q _uilvq u%ivd lf]
N e
GHpqv GHpqi

Defining the HSS representation of the outer loop controller PI section as GHpc/ the
inner loop controller PI section as Gyyc1, and the inner loop controller decoupling section
as G2, SO we can obtain the HSS representation of the main controller as:

—GHecl (_GHpc (GHpqiniq + GHpqv af/dq) - jﬁlq) - GHCCZTEq + af/dq = ﬁléq (A9)

Defining the matrices for extracting specific variables from the state variable vector
X or input variable vector U as S;, Sy, and Suy, we can express Dy and Epg in the
transfer function matrix (7) by representing the controller’s d-q variables through the
stationary coordinate system’s three-phase variables and further expressing them through
single-phase variables:

Dy = [ I 00 ]ch_dl (GHccl GHpc GHpqi + GHecl — GHch) GiHcd S
Eyy = [ I 00 } (Gﬁlc_dl (GHccl GHpCGHpqv(G%‘Qd + G%’LL)"’ 1 (A10)
(Ghee1 GrpcGHpgy + GHeel — GHe2) Ghprr + Giieg + Giiprr) + Gipry ) Suv

Similarly, for the CCSC section, its HSS representation can be written out. Then, by
replacing the angle of coordinate transformation with  instead of —20, we can derive the
expressions for the transfer function matrices Dy and Epgp:

{ Dip=[1 0 0 ]GH2(Grees2 — GHeescl) Giin Sidife (A1D)

Eqp = [ I 00 ] <ch2d— ! (GHeese2 — GHccscl)Giin’fIqu + GEIZ’EI}) Suv

After obtaining the expressions for Dy, Ex1, Dh2, and Epp, the expression for Htl\f,[MC
can be derived from Equation (8). Finally, by using Equation (6), the fundamental frequency
sequence admittance and sequence impedance of the MMC under grid-following control
mode can be obtained.
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Appendix C

In the control system of grid-forming MMC, the coordinate transformation equations
for each variable are as follows:

U, Py Uy, g, 0 v, o L
a‘cl U Gifin | Uve | + 7ucvq Grprr | Uvy | + 7Uqu GhiprL Iy (A12)
vq ase | Uy Hvd U, Hvd I,
Gicd GEPLLay GHpLLi
. I i I
IC PH AEl IC ,\Vﬂ IC Aﬂ
a]  Zhase | [ . _Hd I
) N —
Gl Gipliuy GiipLii
My - Gaez 0 0 e N
Mp | =10 Ggez 0 U ry i
| M 0 0 Ggepp |~ denom q
chdl
Gaep 0 0 r 7 U
0 del2 G 0 2ubase PJ_ Mf{d Geuv l:lva +
del2 U —M¢ HPLL vb
L 0 0 Ggep | -~ denom Ha ] | Uy (A1)
GEPLlLuV .
GdelZ 0 0 i T I
2U, M |
0 Gaez 0 TP H| _pi |GhpeL| b
| 0 0 GdelZ | dcnom Hq ] i I
GliprLs
. " ) I
i< Py “diffa _2J¢ “va _oJ¢ ta
l ijinde _ ; Taieen | + ZICHdlffq GIe—Illg‘I: Ll | + 21 Hdiffq GH riL | I (A15)
diffq2 base fdiffc Hdiffd 1, Hdiffd fc
Gﬁéfé Gt GifbiLi
[ ]\:4a2 Ggez 0 0 NS |
My | =1 0 Gaez 0 Pl | o |+
Mo 0 0 Gel2 @ |
_ i’ -
Gde12 0 0 l Uy,
—2MC 2
0 Gdel2 0 P }LI—Z ZMC GIQIIIJJXI:L l:Ivb +
L 0 0 GdelZ ] L uvc (A16)
_ GE%LLluV .
Gger 0 0 OME I
del2 H-2| _ope HPLL | b
0 0 Gael2 | Hq2 | I
GEI%LIi

The specific expressions for the matrices in the above equations can be found in the
previous articles written by the author [26].
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Next, we derive the process under the grid-forming control mode where the voltage
loop reference is provided by the virtual excitation control, and then the current reference is
obtained through the voltage loop. The dynamic HSS representation of the voltage loop is:

Tyres| _ [GPruc 0 Ua| | Uares
|j21ref B |: 0 GPIucl af/q af/qref (A17)
GHuc

where: Gpyy, is the HSS representation of the transfer function of the voltage loop PI controller.
According to Figure 3, the small signal dynamic representation of the virtual excitation
control section can be written as:

Aucclref = (_Ausrms + kQAQ) (ka + kiE/S) (A18)

In Equation (A18), Ugyms = \/ (us d)2 + (Uf,q)z.The HSS representation of AU, is

given by:
Iy
vq

+kQ[ ~Iy IHd lbu:czd

. Uy

uidfef_‘;”“”‘[ Ty wuc
i

+kQ[ uf—lvq —Ugg } liﬁ

q

_ , _ Ugy ). o Wy cl. Uy A19
- O (H (Usy) P+ (Usq)® kQIq) th ( (Usd)2+(usq>2+kgld> IhHLA’ﬁq] e

GHeuv

tho| Uiy —%@[}’%])

GHei

The HSS representation of the virtual excitation part of the PI controller is denoted by
Gprec. The HSS representation of the generated voltage reference is given by:

i, G 0 I i, i
[A dref :[ e g H g]. Ghteuv | ot | + Gt | (A20)
vqref Plec vq q
N———

GHeC

Based on Equations (A17) and (A20), the HSS representation of the main controller
can be written as:

o L i€

Mg = GHccl - GHCCZ + GHccl GHchHeC : h : GHei Agl +

q " Iq

G
R (A21)

I, 0 L i,

{ Oh I } — GHecc1 GHuc + GHec1 GHucGHec [ oh ] * GHeuy [ l:lgd ]
h e
——
G

uv
Gm

Substituting the expressions for the coordinate transformation of each variable into
the expression for the main controller dynamics, we can further obtain the expressions for
DHl and EHl-
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Appendix D

Table A2. Electrical parameters of the simulation model.

Grid MMC
Quantity Value Quantity Value
Rated frequency of the system f7 (Hz) 50 Rated capacity of MMC S5, (MVA) 1500
Rated voltage of the system u; (kV) 437 Transmission power of MMC P,,r (MW) 750
Equivalent resistance of the system R (Q) 0 Rated DC voltage of MMC u, (kV) 840
Equivalent inductance of the system Ly (mH) 81 Number of parallel submodule units in the bridge arm N 500
Capacitance of each submodule Csys (1F) 11,000
Resistance of single bridge arm Ry, (€2) 0.1
Inductance of single bridge arm Lz, (mH) 140

Table A3. Parameters of the high-frequency resonance branch of the simulation model.

Quantity Grid-Following Grid-Forming
Inductance of the branch Lg, (mH) 156.4 156.4
Capacitance of the branch Cg; (1F) 0.1125 0.2
Resistance of the branch R¢ (Q0) 1.5 1.5
Resonance frequency f;o (Hz) 1200 900

Table A4. Values of control parameters of the simulation model.

Grid-Following Grid-Forming
Quantity Value Quantity Value
Proportional coefficient for the power loop kpp 0.2 Proportional coefficient for the virtual excitation kpg 0.2
Integral coefficient for the power loop ki, 50 Integral coefficient for the virtual excitation kig 0.8
Proportional coefficient for the current loop kp; 0.8 Droop coefficient for reactive power-voltage kg 3
Integral coefficient for the current loop ki 10 Inertia time constant T; (s) 0.036
Proportional coefficient for CCSC kpcese 1 Damping coefficient D 84.7
Integral coefficient for CCSC kjccgc 20 Proportional coefficient for the voltage control kpy 2
Proportional coefficient for PLL kppp 43.17 Integral coefficient for the voltage control k;,, 50
Integral coefficient for PLL ki, 932.08 Proportional coefficient for the current control kp; 0.8
Control delay delay (us) 250 Integral coefficient for the current control kj; 101
Proportional coefficient for CCSC kpccsc 1
Integral coefficient for CCSC kjccgc 20
Control delay delay (us) 250
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