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Virtual Arm Impedance Emulation and Stability
Improvement in Modular Multilevel Converters

Ye Zhu
Josep Pou

Abstract—The arm impedance in a modular multilevel converter
(MMC) influences both the internal dynamics and the converter
impedance, significantly impacting the overall system stability. This
article proposes a damping method with virtual arm impedance to
suppress the small-signal oscillations caused by impedance interac-
tions and improve the MMC stability. The virtual arm impedance,
including both a resistance and a reactance component, is emulated
based on the common-mode (CM) second-harmonic circulating
current, which is injected to optimize the capacitor voltages of
MMCs. Different from existing virtual impedance methods, the
steady-state operation of the MMC is not influenced by the CM
virtual arm impedance. It is shown that the virtual reactance of
the same impedance has a better damping effect, compared with
the virtual resistance. Selection guidelines of virtual reactance are
also provided considering both the stability margin and dynamic
performance. Moreover, the stability improvement is quantified by
a stability boundary map and validated by real-time grid interac-
tion studies and experimental results. This paper is accompanied
by a video file demonstrating the experimental validation of the
proposed virtual arm impedance emulation methods.

Index Terms—Active damping, modular multilevel converter
(MMQC), small-signal stability, virtual impedance.

1. INTRODUCTION

ODULAR multilevel converters (MMCs) are widely

M used in power systems thanks to their salient features of
high modularity, high efficiency, and high power quality [1], [2].
Stability of a grid-connected MMC, which can be evaluated by
impedance-based analysis methods, is critical for the safe opera-
tion of power systems [3], [4]. As the grid stiffness is decreasing
with the increasing integration of power converters [5], [6], a
damping method is needed to shape the MMC impedance and en-
hance the small-signal stability of an MMC-connected system.
Passive damping methods are typically implemented by se-
lecting a proper arm inductance, which can regulate the internal
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circulating current and suppress small-signal oscillations. A
parallel capacitor can be integrated in the arm through a tap of
the MMC arm inductor to suppress the second-order harmonics
in the circulating current [7], [8]. An arm inductance selection
guideline is proposed in [9] to eliminate the circulating current
harmonics at the switching frequency, when the second-order
harmonics is reduced by circulating current suppression control
(CCSC). The high-frequency negative damping effects and the
corresponding oscillations generated by the control time delay
in MMCs can be mitigated by a passive resistor—capacitor
damper [10]. Both first-order and second-order dampers can
eliminate the negative damping effect. The damping frequency
range of passive damping methods is constant and determined
by the specific filter parameters, thus the damping effects will
be undermined when the grid conditions change.

The stability of a grid-connected MMC can also be improved
by active damping methods. The impedance shaping effects and
the corresponding stability boundaries of controller gains have
been investigated in the literature. The optimal design of con-
troller gains within their boundaries can maximize the system
stability margin [11]. In [3], the impact of the ac voltage propor-
tional gain on the MMC stability is analyzed, and the optimal
value range is proposed considering both converter impedance
interactions and control dynamics. The feedforward gains in
output current and circulating current controllers are optimized
to suppress the high-frequency resonance [12]. In [13], adaptive
notch filters are adopted to mitigate the high-frequency reso-
nance. The filter parameters are tuned with the online estimated
resonance frequency.

Modification of control structure is an effective approach
to shape the MMC impedance and enhance the system stabil-
ity [14], [15], [16], [17], [18]. Combining an integral part with a
proportional-resonant regulator in the output voltage controller
in a standalone MMC can lower the low-frequency impedance
magnitude to avoid impedance interactions between the MMC
and the power grid [14]. A broadband impedance shaping
method for the MMC-based static synchronous compensator
is proposed in [15] to generate a virtual parallel impedance
at the ac-side terminal. By introducing a damping controller
to generate a compensation voltage by oscillatory dc current,
a virtual impedance is emulated to suppress the instability of
the dc grid [16], [17]. Considering the coupling among the dc
system, positive and negative sequences in the ac system of an
MMC, virtual resistance control can be simultaneously added in
both dc and ac sides [18]. The virtual resistance is emulated by
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introducing a feedforward proportional component of the output
current to the modulation signal, where the proportional gain
equals to the virtual resistance magnitude. The output current
based virtual impedance emulation can be implemented in both
two-level converters and MMCs. However, the inclusion of
virtual output impedance has adverse impacts of deviating the
converter power from the preset operation point [18]. Additional
control loops are required to compensate the voltage drop across
the virtual resistance and mitigate the static error in the output
power [19].

As the internal dynamics of an MMC have significant impact
on the impedance response, the active damping compensation
components can be calculated based on the internal parameters
in the MMC [20], [21], [22], which is not an option in two-level
converters. The differential-mode (DM) internal dynamics are
directly related to the output performance of the MMCs. In [20],
the DM damping component is determined by the capacitor volt-
ages feedforward control to regulate the DM output voltage and
maintain stability. A disturbance equation, indicating interaction
between the external output current and internal DM submodule
capacitor voltage ripples, is derived in [21]. An oscillation miti-
gation method in the dq frame based on the disturbance observer
is also proposed. In addition to the capacitor voltage, circulating
current is an important variable related to the internal dynamics.
In [22], a virtual arm resistance control is implemented by
the circulating current feedback with a proportional regulator.
A modulation component generated by the circulating current
controller is added to the DM fundamental modulation voltage,
which suppresses the low-frequency resonance peak in the MMC
impedance to improve system stability, when CCSC is adopted.

Circulating current injection methods based on instantaneous
methods are proposed in [23] to reduce the submodule capacitor
voltage ripples. The circulating current reference is calculated
by the instantaneous output current and modulation signals,
which avoids the use of large look-up tables and facilitates the
implementation of circulating current control. However, it is
observed in [24] that the controller couplings in the circulating
current injection methods compromise the system stability, and
a damping method is required.

To guarantee the system stability while maintaining the ad-
vantages of the circulating current injection methods, this ar-
ticle proposes a virtual arm impedance emulation method by
introducing common-mode (CM) compensation terms in the
insertion index. The virtual arm impedance is generated with the
help of the injected circulating current harmonics instead of the
dc component, thus the power balance between dc and ac sides
remains intact. With the combination of the virtual resistance
and reactance, the introduced arm impedance can be controlled
with flexible magnitude and phase. The stability improvement
capability of the virtual impedance is quantified by a stability
boundary map, which can help to facilitate stability-oriented
controller design in MMC:s.

The rest of this article is organized as follows. In Section 1II,
the sequence impedance model of MMC with instantaneous
circulating current injection methods is reviewed, and their
stability limits are discussed. The proposed active damping
methods, including the realization of both virtual and virtual
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Fig. 1. Configuration of the studied MMC: (a) Electrical circuit and (b) control

structure.

reactance, are analyzed in Section IIl. The impedance model
of the damping methods is also developed and validated. The
damping effects of the proposed damping methods are compared
in Section IV with real-time simulation. The damping param-
eter selection procedure and the improved stability boundaries
are also provided. Section V presents experimental results to
validate and compare the damping effect of the proposed virtual
arm impedance. Finally, Section VI concludes this article.

II. SEQUENCE IMPEDANCE MODEL OF THE MMC
A. Unified Sequence Impedance Model of the MMC

A sequence impedance model is used to describe the ac-side
impedance response of an MMC in Fig. 1 and investigate its
small-signal stability. The detailed development of the MMC
sequence impedance model is derived in [25], which is the basis
of the impedance model derivation in this section. According to
the phase and sequence relationships among the six arms, the
impedance model of a three-phase converter can be simplified as
a single-arm model. Thus, only the state variables in the phase a
upper arm, that is the arm current 7,,, the sum of arm capacitor
voltages v,, and the insertion index m,,, are used to describe
the converter impedance and the subscript “au” is omitted in the
following derivation.

Considering the harmonic couplings in MMCs, vectors of
2n + 1 elements are used to represent the complex Fourier co-
efficients of the harmonics in state variables, where the harmonic
orders are [—nfi,...,—f1,0, f1,...,nf1]T. The frequency-
domain small-signal model of the power stage in the MMC is
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Fig. 2. Control diagram of circulating current injection methods based on
instantaneous information: (a) Method 1 and (b) Method 2 [23].

converted from the time-domain switching average model, as
i=-Y, (¥,+vom+mav)
Y v=igm+m®i (1)

where ~ variables are the Fourier coefficient vectors describ-
ing the small-signal harmonic components. ¥, is small-signal
voltage perturbation of f, injected at the ac-side terminals.
The harmonic frequencies in the small-signal vectors are
[fp - nfla e '7fp - flafpafp + flv e '7fp +nf1]T.Harm0n—
ics up to the third-order (n = 3) are considered in the following
analysis to reflect all critical impedance characteristics of an
MMC system [24], [25], and the matrices in the model are 7 x 7
matrices. Y; and Y. are the diagonal admittance matrices of the
arm inductance and the equivalent arm capacitance, respectively.
The vector convolution in (1) can be converted into dot multi-
plication by introducing Toeplitz matrices of the steady-state
harmonics for state variables, denoted as M, I, and V.

The control stage model of the MMC reveals the dependence
of the insertion indices on the other state variables as well as
the injected voltage perturbation in Fig. 1(b), which can be
expressed as

m = Qi+ EV + Pv, )

The coefficient matrix Q is related to both output and circulating
current controllers, while matrices E and P describe the capaci-
tor voltage controller and phase-locked loop (PLL), respectively.
In this article, a proportional-integral (PI) controller is adopted
to regulate the output current in the dq frame. The circulating
current control schemes are shown in Fig. 2 [23]. The circulating
current reference is determined by instantaneous information,
and a proportional-integral-resonant (PIR) controller in the abc
frame is used to regulate both the dc component and second-
order ac component.

By substituting (2) into (1), a (2n+ 1) x (2n + 1) admit-
tance matrix can be derived as

Y = [U +Y,(M+ VE)(U - ZIE) ' Z.M

~1
+Y, (V +(M+ VE) (U - ZIE) " ZCI) Q}
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Y [U+ (V4 (M+ VE) (U-ZIE) ' Z.1) P|
3)

where U is an identity matrix, and Z. is the inverse matrix
of Y.. The admittance matrix demonstrates the relationships
between current and voltage harmonics at multiple frequencies.
To analyze the stability of a grid-connected MMC, the coupling
between positive and negative sequences is considered by the
off-diagonal entries in the full ac-side admittance model, that is

Ypp(s) Ypu (s —2jw)

Yume = Yop(s) Yon(s—2jwi)|’ )

The admittance entries are extracted from (3), when a positive-
or negative-sequence perturbation is injected [25].

B. Sequence Impedance Model of MM Cs With Circulating
Current Injection Methods

The MMC impedance is significantly influenced by the cal-
culation of the circulating current reference. With the injection
of second-harmonic circulating current, the capacitor voltage
ripples in the MMC can be suppressed, and the calculation of the
circulating current reference is facilitated by the methods pro-
posed in [23]. The corresponding sequence impedance model is
developed in [24]. When Method 1 [see Fig. 2(a)] is adopted, the
circulating current reference is determined by the instantaneous
output current ¢, and normalized modulation voltage v,n,. The
coefficient matrices in (2) are modified as

Q=Q;+ Q. (U+2M;Tpm + 1.Qq)
P=(U+Q.l,)PpL
E = 02,41,2n041- (5)

The matrices Q;, Q., and Ppy are the original matrices of
the corresponding controller transfer functions. M; and I, are
the Toeplitz matrices of the steady-state ac components in the
insertion index and output current in phase a, respectively. Tpym
is a diagonal matrix used to extract the DM components. The
terms Q. I,Q; and Q.I,Ppr indicate the couplings between
the circulating current controller, output current controller, and
PLL controller, which are introduced by the circulating current
reference calculation.

If Method 2 [see Fig. 2(b)] is used, a PI capacitor voltage
controller, which is used to regulate the capacitor voltage of one
phase leg, generates a CM compensation component in the cir-
culating current reference. The ac component is determined by
the instantaneous output current 7, and normalized modulation
voltage v,m, and its small-signal expression is
. Vim -~ Lo — 2L, Vi .

Sk o circ
Leire; = 1+ Vva%nza 1+ ‘/;%; Vam - (6)

The capitalized variables are the steady-state values of the cor-
responding variables. The corresponding control stage model in
(2)is

Q=Q;+Q.(U-2(CiTpm — C2Q;))
P = (U +2Q.Cs)PpL
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Fig. 3.  Stability boundary comparison of different circulating current control
schemes [24].

E = 2Q.E.. 7

C; and C; are the Toeplitz matrices of the steady-state coeffi-
cients in (6). E. is the transfer function matrix of the PI capacitor
voltage controller. Compared with the control stage model of
Method 1 in (5), an additional coupling between the circulating
current controller and capacitor voltage controller is introduced
by the term Q.E..

C. Stability Limits of Circulating Current Injection Methods

Due to controller couplings, the sequence impedance of the
MMC is influenced by the instantaneous circulating current
reference, especially in the low frequency range, which is
related to MMC internal dynamics [24]. The stability of the
grid-connected MMC is consequently undermined by the low-
frequency impedance shaping effects.

The stability impact of different circulating current refer-
ences in MMCs is demonstrated by a stability boundary map
in Fig. 3 with respect to system short-circuit-ratio (SCR) and
resistance-reactance (R/X) ratio, which are indicators of grid
strength. Identical circulating current regulators, i.e., PIR reg-
ulators with the same controller gains, are used to control
both dc and second-harmonic components. For each stability
boundary curve, if the grid operation point is on the right side
of the boundary, the system will be stable under small-signal
disturbances. Otherwise, the system is prone to instabilities.
Compared with the conventional CCSC scheme where the cir-
culating current reference is constantly zero, the system stability
regions for Methods 1 and 2 are reduced by the controller
couplings introduced by the reference calculation. Therefore,
only CCSC can be adopted to guarantee system stability, when
the grid strength decreases, which becomes a common scenario
due to the increasing penetration of inverter based resources.
As a result, the capacitor voltage ripples will increase and a
larger submodule capacitor is required. To extend the stability
regions of instantaneous circulating current injection methods,
damping methods are critical to shape the MMC impedance and
avoid interactions between the MMC and the grid, so that the
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submodule capacitor voltage ripples in MMCs can be optimized
when they are connected to a weak grid.

III. ACTIVE DAMPING SCHEMES AND VIRTUAL IMPEDANCE IN
MMCs

Adding virtual impedance into the MMC can improve system
stability without introducing extra components or increasing
manufacturing cost [8], [10]. The control diagrams of the pro-
posed active damping control schemes are presented in Fig. 4. A
CM damping component gy, is added in the insertion index to
emulate virtual impedance in the converter arms. The equivalent
small-signal model of the control stage is

m = Qi+ Ev + P¥,, + g, (8)

The virtual impedance is generated by the injected second-
harmonic circulating current, which consists of virtual resis-
tance, reactance, or both.

A. Virtual Resistance R,

A virtual arm resistor is emulated at second-harmonic fre-
quency, as shown in Fig. 4(b). In order to maintain the power
balance between dc and ac sides, the dc component estimated by
the output power Py is subtracted from the circulating current.
The normalized voltage drop across the virtual resistance R,,,
which is generated by the injected second-harmonic circulating
current, is added to the modulation signal. The expression of the
damping insertion index is

R, (. Py
Mdmp1 Vi (Zc rc 3V > )
and the small-signal model in the frequency domain is
Rv B Rv <
m mpl — 7icirc = —Teni. (10)
T Ve Ve
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TABLE I
PARAMETERS OF THE MMC MODEL

Parameter Simulation value  Experimental value
Rated power 800 MW 1 kW
DC bus voltage +200 kV 200 V
AC voltage 220 kV (L-L rms) 70 V
SMs per arm 200 8
SM capacitance 10 mF 5.93 mF
Arm inductance 29 mH 6 mH
Output current Ky 0.24 3
controller (PI) K; 74.5 800
Circulating current K, 0.5 2
controller (PR) K, 60 600
Ky 300 1.88
PLL (SRF) K; 200 1500
ZPP an
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Fig. 5. Impedance model of MMC with virtual arm resistance R, = 362
(blue lines: analytical impedance; red crosses: frequency scanning results).

T is the matrix used to extract the CM circulating current in
the arm current.

The MMC equivalent circuit of phase a is presented in
Fig. 4(d), where virtual resistors R, are added in both upper
and lower arms. To evaluate the system stability, the control
stage model is modified by substituting (8) and (10) into (2)

R,
Ql = Q+ V_CTcm
P, =P

E, = E. (11)

The proposed damping method is validated based on the MMC
simulation model in [26], with circulating current injection
Method 1. The detailed parameters of the simulation system
are listed in Table I. The sequence impedance model of the
MMC with a virtual resistor of 36 2 (0.6 p-u-) is presented
in Fig. 5. The selection of damping parameter will be explored
later in this article. In Fig. 5, the frequency scanning results
match well with the analytical results in terms of all elements in
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36 2 (SCR = 2.37): (a) Abc-frame output current, (b) dg-frame output current,
(c) circulating current, and (d) capacitor voltage.

the sequence impedance model. With virtual arm resistance, the
MMC impedance is reshaped in the low frequency range, i.e.,
the frequency below 20 Hz, which is well-suited for address-
ing subsynchronous oscillations caused by circulating current
controllers. As shown in Fig. 6, the oscillations of the MMC
are stabilized by introducing the virtual resistance at t = 0.4 s,
when the MMC is connected to a weak grid with an SCR of 2.37.
The steady-state values of the circulating current and capacitor
voltage, which are related to the MMC internal dynamics, still
remain at their references with the virtual resistance.

B. Virtual Reactance X,

With second-order harmonics in the circulating current,
adding a virtual reactance in the arm can also improve system
stability. Similar with the realization of virtual resistance, the
normalized voltage across the virtual reactance is added in the
insertion index. The damping component can be expressed as

ﬁ dicirc
Vae di

where the derivative of the circulating current is calculated.
However, a derivative controller is not realizable in a practical
control loop. The limited sampling frequency in the MMC
can introduce significant noise in the output of the damping
controller and consequently undermines the system stability.
To avoid the noise introduced by the derivative controller,
the voltage across the existing arm reactor can be instead used
for emulating the virtual reactance. First, the voltage across the
upper-arm and lower-arm impedance in one phase is calculated
by subtracting the arm capacitor voltage from the bus voltage:

(13)

Mdmp = (12)

Uxarm = Ve — (My Uy + myuy)

where the resistance of the arm reactor is neglected.
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In the sum of the upper- and lower-arm capacitor voltages,
only the CM components are taken into consideration and the
DM components are canceled out. As shown in Fig. 4(c), the
normalized voltage across the virtual reactance X, for one arm
can be derived as

X,

V _
oA

Mamp2 = (Myvy +myuy)] (14)

given that the virtual reactances in the upper and lower arms
are equal. The equivalent circuit with the virtual reactance
is presented in Fig. 4(c). The frequency-domain small-signal
model of the damping method is

o X,
2 D X e Vi
(M, @V, + vy, @My, +my @V, + v, ® 1)
= Xo Tem (MY + Vin) (15)
Xarmv;ic

where m,,, v,,, m;, and v; are the steady-state harmonic vectors
of insertion index and capacitor voltage in upper and lower arms,
respectively. The variables are the corresponding small-signal
harmonic vectors. T extracts the CM components and can-
cels the DM components in the state variables.

The complete control stage model of the MMC is updated by
substituting (8) and (15) into (1)

-1
=(U+ T..V
Q < XV Lem ) Q
X -1
P,=(U+ TcmV> P
( Xarmvdc
X, -1 X,
Eo=|U+ — TcmV> (E TcmM)
? ( Xarm Ve Xom Ve

(16)

The sequence impedance model of the MMC with virtual arm
inductance is presented in Fig. 7. The added virtual reactance
is 36 2 (0.6 p-u-) at second-harmonic frequency, double of the
existing arm inductor. The frequency scanning results match
well with the analytical impedance over the entire frequency
range, verifying the accuracy of the impedance model. The
damping effect of the proposed virtual reactance is validated
in Fig. 8. The MMC system is initially unstable with the SCR
of 2.37, and the virtual reactance is added at t = 0.4 s to
stabilize the system. With the virtual reactance, the oscillations
are suppressed after a transient of 0.4 s (at t = 0.8 s).

When both virtual resistance and inductance are added in the
MMC, the CM damping component Mgy, in (8) is the sum
of Mgmp1 and Mymp2 in (10) and (15), respectively. With the
combination of virtual resistance and reactance, the magnitude
and phase of the virtual impedance can be controlled flexibly so
that the effectiveness of the active damping method is optimized
under specific grid conditions.
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Fig. 8. Grid interaction study of the MMC with virtual arm reactance X,
=362 (SCR =2.37): (a) Abc-frame output current, (b) dg-frame output current,
(c) circulating current, and (d) capacitor voltage.

IV. REAL-TIME VALIDATION AND COMPARISON OF VIRTUAL
IMPEDANCE

To validate and compare the proposed damping methods, a
high-voltage real-time MMC system is developed (see Table I).
The real-time simulation is implemented in one RTDS rack with
5 PBS5 processor boards. The small time-step for the MMC power
stage is 2 us, and the simulation time-step for the control stage
is 30 ps.
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A. Comparison of Active Damping Methods

Three different cases are developed to compare the damping
effects of the proposed methods, 1) pure virtual resistance R, ii)
pure virtual reactance X, and iii) combined virtual impedance
(R, 4+ X,). The virtual reactance X, has the same impedance
value with the virtual resistance R, at second-harmonic fre-
quency.

The MMC performance with different damping methods,
when it is connected to a strong grid with the system SCR of
4.5 [27] are first compared. A power step from 400 to 800 MW
is applied at ¢ = 0.05 s. As shown in Fig. 9, all active damp-
ing methods have similar steady-state performances compared
with the original case (without damping), in terms of output
current, circulating current, and capacitor voltage. Therefore,
the damping methods can be adopted during normal operations
regardless of grid conditions. The virtual impedance is emulated
by adding a damping component, which is generated by the
injected second-harmonic circulating current, instead of the dc
component. Therefore, the power is balanced between the dc
and ac sides, so that the submodule capacitor voltage can be
maintained at its reference.

The damping effect of the proposed methods is also evaluated
by both theoretical analysis and simulation results. The system
stability is first analyzed based on the impedance return ratio
matrix, considering the couplings between the positive and neg-
ative sequences [28]. The eigenloci (1 and Ao) of the return ratio
matrix are presented in Fig. 10 when the MMC is connected to a
weak grid with an SCR of 2.37. The eigenloci encircle (—1, j0)
when the damping methods are not adopted, which indicates the
grid-connected MMC is unstable according to the Generalized
Nyquist Criterion (GNC) [29]. As shown in Fig. 11, there is an
undamped oscillation of 49 Hz in the dg-frame output current of
the MMC without damping methods. After a virtual impedance
is added at t = 0.4 s, the intersections between the eigenloci and
the real axis move rightward, and the eigenloci stop encircling
(—1,40). The stability margin of the interconnected system
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Fig. 11.  Comparison of the output current in dq frame with different damping

methods when the MMC is connected to a weak grid (SCR = 2.37).

increases, and the oscillation stops gradually in Fig. 11. The
settling time of the MMC with virtual resistance is the longest
of all three cases, corresponding to the lowest stability margin in
Fig. 10. As for the virtual reactance and combined impedance,
the stability margin is similar, with shorter settling time than
the virtual resistance for both cases. Therefore, in the combined
impedance, the damping effect of the virtual reactance is more
significant. In the following analysis, the virtual reactance is
adopted for better stability improvement.

Both arm impedance emulation methods can be combined
with the ac virtual resistance emulation method, which is em-
ulated by introducing a feedforward proportional component
of the output current to the DM insertion indices [18]. The
proposed virtual arm impedance and the conventional virtual
ac resistance emulations are decoupled and can be implemented
independently to achieve a better active damping effect.

B. Selection of Damping Parameters

The damping effect of different virtual reactances is investi-
gated in Fig. 12, to explore the optimal parameters. The added
reactance value is from 18 2 to 72 € at the second-harmonic
frequency, corresponding to one to four times of the original
arm reactance (0.3 p-u- to 1.2 p-u-). The MMC is connected to a
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weak grid with the SCR of 2.25, and the interconnected system is
stable for all cases when the MMC output power is 400 MW. At
t =0.1s, apower step to 800 MW is applied, and the oscillations
are suppressed by the introduction of virtual reactance. The
current peak value in the first period after the power step is
similar for all cases, but the settling time is improved with the
increase of virtual reactance, corresponding to the enhanced
stability margin.

The system stability margin is quantified by the distance from
(—1,70) to the intersection between the return ratio matrix
eigenloci and the negative real axis. As shown in Fig. 14, the
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grid-connected MMC is stable when the system stability margin
is positive. The system stability margin is maximized when
the virtual reactance is three to four times of the original arm
reactance, for the specific simulation model and grid condition.
However, the increase of virtual reactance will compromise the
dynamic performance of the MMC. For example, the maximum
capacitor voltage overshoot increases monotonically in Fig. 13,
when a power step from 0 to 800 MW is applied at £ = 0.02 s. The
capacitor current, which is the product of the insertion index and
arm current, has larger oscillations and longer settling time after
the power step, which consequently leads to a higher capacitor
voltage overshoot. The overshoot of the capacitor voltage is
affected by the specific operation condition including the power
step time and step magnitude. Considering both system stability
and MMC internal dynamics in Fig. 14, a virtual reactance of
54 © (0.9 pu) is adopted in the following case studies.

The comparison of passive and active damping methods is
demonstrated in Fig. 15. The MMC without damping method
fails to maintain stability after the power increases from 400 to
800 MW at ¢t = 0.1 s. Actual and virtual reactors of the same
value (54 (2) are added to suppress the oscillation, respectively.
The passive method mitigates the oscillation with slightly faster
speed, compared with the virtual reactance of the same value.
However, the excessively large arm reactor will undermine the
dynamic response as well as the dc voltage utilization of the
MMC. On the other hand, the active damping method can be
tuned flexibly by modifying the controller gains according to
the specific grid conditions.

C. Small-Signal Stability Improvement

The MMC stability boundary map, presented in Fig. 16, is
used to quantify the stability improvement of the proposed
active damping methods. According to Fig. 3 [24], when in-
stantaneous circulating current injection methods are adopted,
the stability region of the grid-connected MMC is reduced due
to the controller couplings in the circulating current reference
calculation process. With a virtual reactance of 54 €2, the original
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Case 1: Validation of the proposed damping method when instan-

MMC stability boundaries (the dash lines in Fig. 16) are moved
leftward, referring to the extension of stability regions.

The proposed damping methods are feasible when either
Method 1 or Method 2 in Fig. 2 is used, as the references for
both circulating current injection methods are determined by the
instantaneous information adaptively. The stability boundaries
are validated by two grid interaction studies, which are annotated
in Fig. 16. The case study results are presented in Figs. 17 and
18. When the virtual impedance is added att = 1 s, the unstable
system is stabilized. After reaching steady state, the harmonics
in the output current, circulating current, and capacitor voltage
are not affected by the proposed damping method. The proposed
method can also be used when the MMC provides/absorbs active
and reactive power to the grid. A case study is provided in
Fig. 19. The MMC power setting point is 600 MW, —320 M Var.
The system is initially unstable without the virtual arm
impedance, and an undamped oscillation is observed in the
dg-frame current. At ¢ = 1 s, a virtual arm reactance of 54
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Q) is added. The oscillation is suppressed by the virtual arm
reactance, validating the effectiveness of the proposed method
nonunity power factor operation.
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V. EXPERIMENTAL VALIDATION OF VIRTUAL ARM IMPEDANCE

The small-signal stability enhancement of the virtual
arm impedance is validated on a grid-connected MMC in
Fig. 20 [30], of which the system parameters are shown in
Table I. The MMC is equipped with eight submodules in each
arm. The dc power is provided by a REGATRON TopCon
Quadro power supply, and the ac terminals of the MMC are
connected to a REGATRON TC.ACS grid simulator using grid
inductors of 3 mH.

Fig. 21 presents the grid interaction of the MMC with virtual
arm resistance. The line-to-line voltage and phase current in
Fig. 21(a) and (b) are measured by probes and captured in
an oscilloscope, while the circulating current and dg-frame
current in Fig. 21(c) and (d) are calculated and recorded in
dSPACE’s runtime environment. The MMC is initially unstable
without active damping methods when the output current is 9 A.
Oscillations are observed in line voltage, output current, and
circulating current. The instability is aligned with the theoretical
stability analysis in Fig. 22. The theoretical admittance of the
experimental setup Yymc is obtained by frequency scanning in
simulation, and the eigenloci of return ratio matrix (Z, Yvmc) are
calculated for stability analysis. Without damping methods, the
eigenloci encircle (—1, j0). At¢ = 1 s, a virtual arm resistance
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virtual arm reactance of 10 + j1.88 €2 is applied at t = 1 s to suppress oscil-
lations: (a) Output line voltage, (b) output current, (c) circulating current, and
(d) dg-frame output current.

of 10  is added. The dynamic performance of the MMC
matches with the real-time simulation in Fig. 6. The oscillations
in the MMC are mitigated after 0.5 s, validating that the system
eigenloci stop encircling (—1, j0) in Fig. 22. With the virtual arm
resistance, the steady-state performance of the MMC, including
both output power and the internal dynamics, stays intact.

A virtual reactance of 1.88 (2 is added to suppress the oscil-
lations in Fig. 23. The initial operation scenario is the same as
the case study in Fig. 21, where the system is unstable with the
oscillation of 66 Hz in the dg-frame output current. At =1 s,
the virtual resistance is added, which suppress the oscillations
within 0.2 s. The shorter settling time of the virtual reactance
indicates the enhanced stability margin, compared with the
virtual resistance of 10 €2 in Fig. 21. The comparison of the
eigenloci in Fig. 22 also demonstrates that the virtual reactance
has a better damping effect than virtual resistance under the
experimental condition, because the eigenlocus of the MMC
with virtual resistance is closer to (—1, j0).

The combination of virtual reactance and resistance can also
enhance the stability margin in the experimental setup. As shown
in Fig. 24, a virtual impedance of 10 + j1.88 Q2 is applied at t =
1 s to suppress the small-signal oscillations, which is validated
by the theoretical stability margin in Fig. 22. Compared with
the results in Fig. 23, the dynamic performance of circulating
current in the MMC is improved by the virtual resistance, where
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the circulating current overshoot is dampened after adding the
virtual arm impedance at ¢ = 1 s.

VI. CONCLUSION

Active damping control schemes for MMCs have been pro-
posed in this article to introduce virtual arm resistance and
reactance by adding CM compensation terms in the insertion
index, in order to improve system stability when instanta-
neous circulating current methods are used. The added damping
component is the normalized voltage drop across the virtual
impedance, which is determined by the internal variables and
is unique in MMCs. The system stability margin is enhanced
without compromising either internal or external steady-state
performance. According to the theoretical analysis and real-time
simulation results, introducing a virtual reactance can achieve
better damping effect, compared with a virtual resistor of the
same impedance. With the proposed active damping methods,
the instantaneous circulating current injection methods can be
adopted to reduce capacitor voltage ripples when the MMC is
connected to a weaker grid.
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