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Abstract--This paper presents a summary of generic Modular
Multilevel Converter (MMC) control techniques that are
applicable under unbalanced grid conditions, which is useful for
modeling of realistic MMC stations for grid and protection
studies. Different decoupling techniques for positive/negative
sequences, current control loops and current reference strategies
are presented and their performances are compared. In addition,
an efficient controller for zero-sequence currents to eliminate DC
side ripple is developed and validated.
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control, Proportional-Resonant, DC voltage ripple suppression.

. INTRODUCTION

ODULAR Multilevel Converter (MMC) (see Fig. 1) is a

Voltage Source Converter (VSC) topology that has
several advantages in comparison with other power converters
[1]. By increasing the number of sub-modules (SMs) per
phase, the filter requirements can be eliminated, scalability to
higher voltages is easily achieved and reliability is improved.
Switching frequency and transient peak voltages on IGBTSs are
lower in MMCs, as well as switched voltage (single SM

voltage compared to Vdc), which reduces converter losses [2].

During normal operation, SMs can be inserted (if the switch
s1 is ON and s2 is OFF) or bypassed (if the switch s1 is OFF

and s2 is ON), producing either V. (capacitor voltage, Fig. 1)

or 0 voltage drop across its terminals. In such a manner, the
desired AC voltage waveform is constructed [1].

Grid codes stipulate operation during unbalanced faults.
Two current control techniques are usually used in such
conditions: PI control in positive and negative dg-frames [3]-
[6]; and Proportional-Resonant control in af-frame [7]-[9].

Different upper level control objectives can be adopted,
such as injection of balanced positive sequence AC side
currents, suppression of active and/or reactive power
oscillations and others [3]-[5], [10]-[12].

During grid unbalance, double line frequency oscillations
appear on the DC side. They propagate to other converter
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stations, which impacts their normal operation. This has been
treated in [13], [14], but further developments are required.

This article presents an overview of the most popular
control strategies for MMCs. Also, an efficient new controller
for zero sequence currents to eliminate DC side ripple is
developed and validated.

A practical test case of an HVDC-MMC transmission
system is used to validate presented control strategies. Their
performances under unbalanced AC fault conditions are
compared and analyzed.
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Fig. 1. Three-phase MMC topology with half-bridge submodules. L and R
represent a transformer between the converter and the PCC

1. MMC CONTROL

The control structure used in this paper is based on [15]. As
this paper focuses on the development of control systems for
unbalanced faults, only relevant control blocks are discussed in
the next subsections: sequence extraction, PLL, current
control, active/reactive power and DC voltage regulation,
reference distribution and DC side double line frequency ripple
suppression.

A. Sequence Extraction

In steady state, voltages and currents can be decomposed
into positive, negative and zero sequences. In this article, AC
side zero sequence is discarded due to natural filtering
provided by D/Yn transformer between the MMC and the grid.

If positive “+” or negative “-” Park transformation is



applied to a system that contains positive and negative
sequences, a combination of a constant term and a term
oscillating at double line frequency (2w) is obtained:
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where x; , X, ,

X, and x; are voltages or currents in

positive and negative dg-frames, X and X~ denote
amplitudes of positive and negative sequences respectively,

d"and ¢ are phase shifts of positive and negative sequence
components, \/ is the phase shift of Park transformation.

If the oscillating terms are filtered with a low-pass or band-
stop filter, the phase margin of the system is reduced
considerably [3], therefore the above equations are not used
directly, but rather as a basis for more efficient techniques.

1) Decoupling by Compensation

This method is based on the fact that the amplitude of the
oscillations X~ in (1) is equal to X~ in (2). A similar
observation is valid for X*. It is thus possible to eliminate
the oscillations by subtracting them [3]. A combination of a
low-pass filter (LPF) and double line frequency Park
transforms is used to produce an oscillating signal, which is
then subtracted, as shown in Fig. 2-a. The blocks C and P
represent the Clarke and Park transformations, and the
superscripts +1 and *2 correspond to direct and inverse
transformation at line frequency and double line frequency.

If the reference values for currents in dg-frames are
supposed to be constant, they can be taken as feedforward
terms, in this case filtering sould only be applied to the error
signal between measured and reference currents [3]. Such
approach has similar performance.

2) Decoupling in of-frame

It is possible to decouple the sequences in the stationary of3-
frame, knowing that in a sinusoidal steady state the following
equations are true for positive and negative sequences:
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where X, X;, X, and X; are positive and negative

sequences of voltages or currents in af-frame, T is the
period of fundamental frequency. This gives the following
decoupled terms [10]:

x;(t)zé{xa(t)—xﬁ[t—%ﬂ, Xg(t)=%{xﬁ(t)+xa(t—%ﬂ (5)
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where x, and x, are measured voltages or currents in af3-frame.

Park transformations are then applied to the corresponding
extracted sequences to obtain constant signals, as in Fig. 2-b.
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Fig. 2.

B. Synchronization

The PLL (phase locked loop) is used to synchronize with
the AC grid. Based on a feedback loop, it produces the
reference angle ®, that corresponds to the phase of the positive
sequence voltage, which is used for Park transformation [3].

Under unbalanced conditions, oscillating values produced
by (1) and (2) influence the behavior of the PLL if the
instantaneous values are fed directly into the feedback loop. To
account for that, several solutions exist, such as preliminary
sequence extraction, SOGI-PLL [16] or averaging the feedback
variable over one period. The latter is considered in this article.

C. Inner Control

Considering Fig. 1, the following convenience variables are
defined for each phase ( j =a,b,c):
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where i,j,ij;and v,;,v; are the currents and the sums of

j '
SM voltages in upper and lower arms respectively.
From Fig. 1, (7) and (8), it is possible to deduce [17]:
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where L, and Ry, are arm inductance and resistance; V. is
DC voltage at converter terminals; v; is the PCC voltage. AC

side current control is based on (9), and DC side ripple control
is based on (10), as will be explained in the following.



1) Control in dg-frame

To control positive and negative sequence currents, it is
possible to use conventional Pl regulators in the rotating
positive and negative dg-frames with grid voltage and current
feedforward to produce reference signals for the grid-side
voltage (11), (12). The system for positive dg-frame is shown
in Fig. 3 and the negative dg-frame system is analogous.
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Fig. 3. Control of MMC station currents in positive dgq-frame

2) Control in Stationary af-frame

Another solution is the implementation of a Proportional-
Resonant (PR) controllers (13) in the stationary afp-frame, as
shown in Fig. 4 [14]. If the coefficients k, and k; are set to

be twice the values of those presented in the section 11.C.1, the
behavior of the system is equivalent [3].
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Fig. 4. Control of MMC station currents in stationary ap-frame

D. Outer Control
In HVDC applications, the outer loop controls
active/reactive power and DC voltage, producing the reference
currents for the inner loop. Power regulation is based on an
integral control with gains kip and kj, for active and reactive

power (14), (15). If balanced conditions and perfect
synchronization is considered, (14) and (15) are used:
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As for the DC voltage, a second order closed loop transfer
function is typically used, based on the control equation (16):

k.
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The DC side current |y is considered as a constant

disturbance that can be rejected with this regulator and
therefore is not included in the control equation.

(16)

E. Current Reference Distribution

The signals produced by the outer control loop need to be
converted to a set of reference currents for the internal loop.
Depending on the objective during unbalance, it can be done
using different techniques [3], [5], described in the following.

The methods discussed in this paper are based on the
following matrix equation for active/reactive powers, voltages
and currents at PCC in dg-frame (pu) values [3]:
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where P andQ are the average values over one period, Pes s
Py, . Qgpand Qg, are the amplitudes of the second
harmonic oscillatory terms in phase and in quadrature with
positive sequence voltage.

1) PNSC (Positive Negative Sequence Control)
This approach allows to suppress active/reactive power
ripple when the reference of reactive/active power is zero:
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If the amplitude of positive sequence voltage is equal to the
amplitude of the negative sequence voltage, which is the case
during close phase-to-phase faults, division by zero occurs,
therefore (18) should be used with care in real applications.

2) AARC (Average Active-Reactive Control)

This control method allows the injection of minimal RMS
currents needed to produce the necessary average active and
reactive power:
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3) BPSC (Balanced Positive Sequence Control)

This approach allows the injection of balanced positive
sequence currents, producing the necessary average active and
reactive powers:

(20)

i =iy =0 (21)

4) FPNSC (Flexible Positive Negative Sequence Control)
This control method allows to transmit the desired fraction
of the total power through each sequence. The coefficients kp

and Kk, define the proportion of active and reactive powers

transmitted by the positive sequence. The negative sequence
currents have to transmit (1-kp) and (1-kq)of active and

if|_ 1|V Va |[keP
i VZ vi  -vg |[keQ
ly__ 1 [Va Vo |(@-ke)P
ig '\/—‘2 vy vy |[d-ke)Q

Changing the coefficients allows imitating all strategies.
If the grid voltage is balanced, it is not possible to transmit

power through the negative sequence currents, as vy =V, =0.

reactive powers:

(22)

(23)

F. Proposed DC Side Ripple Suppression Control
In balanced conditions, the DC current is found from:

Ve =it | (24)
j
Considering (24), (10) is rewritten as follows:
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The equivalent circuit model is illustrated in Fig. 5-a.

Double line frequency zero sequence currents that
propagate to the DC link during unbalance can be regarded
separately, using the superposition principle and supposing
that the DC voltage at the other substation is constant, Fig. 5-b.

Based on this, a double line frequency ripple controller with
cascaded structure is proposed: the inner controller (PR1) is
for DC current and the external controller (PR2) is for DC
voltage ripple suppression, as shown in Fig.5-c, where
variables having the index 0 denote the zero sequence of
double line frequency.

The resulting control function is as follows:

&0 =((0-Vaco) PR2(s)ig ) PR1(S)

ki S
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The value of e, is added to the references obtained with

AC side current regulators discussed previously (Section 11.C)
to produce the final arm voltage references of MMC.

I1l. SIMULATION CASE STUDY

The control blocks discussed earlier are implemented in the
EMTP-RV simulation environment [18] and compared on a
simple test case of a point-to-point HVDC link (Fig. 6). The
power is transferred from VSC2 (rectifier, P and Q controls) to
VSC1 (inverter, V4 and Q controls). A single-line-to-ground

(SLG) fault at a transformer terminal causes grid unbalance.

A. Sequence Decoupling

To test the decoupling blocks (Section I1.A), an initially
balanced three-phase system is applied and then phase A
voltage drops to zero at 0.5 s, Fig. 7. The responses are shown
in Fig. 8.

Decoupling in of-frame gives a constant response time
equal to ¥ of a period of fundamental frequency, while that of
decoupling by compensation depends on filter tuning and
produces overshoots and oscillations.
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B. Current Control

PR controllers in ap-frame and PI controllers in decoupled
positive and negative dg-frames (Section 11.C) are compared in
Fig. 9. They are tuned for 10 ms response time and a damping
factor of 0.707. The reference values for currents in pu are:
iy =05, iy =iy =i, =0.

PR controllers and decoupled Pl controllers are able to
maintain the system in the desired state without noticeable
oscillations of current, their performances are equivalent.

C. Reference Distribution

This section compares the reference distribution strategies
presented in the Section II.E on an SLG fault on phase A at
PCC1 att=0.5s, Fig. 6. Reference values for the two stations
in pu are as follows: Pyyuci1=0.25, Qumci=0, Vicmmc2 =1

and Qumc2=0. Although FRT norms require reactive power

injection during faults, such values are set for simplicity.

The results are evaluated comparing AC side currents in
decoupled dg-frames, Fig. 10; active and reactive powers,
Fig. 11; and AC side currents of the station MMC1, Fig. 12.

With PNSC strategy, the active power is constant, since the
reference for the reactive power is zero (hecessary condition to
suppress active power ripple). AC side currents have the
highest amplitudes. AARC strategy produces the smallest
RMS values of AC side currents (=0.35 pu), reactive power
ripple is eliminated. With BPSC strategy, the AC side currents
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The flexibility of FPNSC strategy is demonstrated as
follows: the coefficients kp and Kk, are initially setto 1 (the

power is transmitted via the positive sequence), which gives
the same result as BPSC, since no negative sequence current is
injected. At 0.6s a change kp=0.73 is applied, which

eliminates active power ripple, imitating PNSC.

D. DC side Ripple Suppression Controller

This section demonstrates the developed DC side double
line frequency ripple suppression controller proposed in
Section II.F, on an SLG fault on phase A at PCCL1.

The results of the simulation are shown in Fig. 13. It can be
observed that the oscillations of DC side voltage and current
are successfully eliminated with the developed controller.
Similar results are obtained for unbalanced faults applied at
VSC2 station.
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IV. CONCLUSION

This article presents a review of some widely applied MMC
control techniques under unbalanced grid conditions.

Sequence decoupling can be performed by compensation in
dg-frame and produces oscillations and overshoots. The delay-
based decoupling in af-frame has constant response time.

The classical cascade control structure can be adapted to
operate under unbalanced conditions by decoupling positive
and negative sequence currents and adding a separate set of Pl
controllers for the negative sequence, or applying PR
controllers in the stationary of-frame. With proper choice of
coefficients, their performances can be equivalent.

Different control objectives can be applied, such as
suppression of active/reactive power oscillations or producing
a set of balanced positive sequence AC currents. Active power
ripple suppression is not possible when the amplitudes of
positive and negative sequence voltages are equal.

Contrary to the conventional 2- and 3-level VSC
converters, even when the instantaneous AC power of an
MMC converter oscillates (for example, balanced positive
sequence currents injection during a phase-to-ground fault),
the DC side of the converter is not affected if a proper zero-
sequence controller is applied.

The developed DC side double line frequency controller
eliminates oscillations during grid unbalance.
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