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Abstract: A modular multilevel converter’s (MMC’s) submodule (SM)-capacitor voltage will increase
under unbalanced grid conditions. Depending on the imbalance level, the voltage ripple can be
considerably high, and it can exceed the pre-defined safe limits. If this occurs, the converter will
trip, which can lead to serious stability problems for the grid. This paper first proposes an analytical
solution for deriving the three-phase imbalanced SM ripple of an MMC under an unbalanced grid.
With this analytical tool, the imbalance mechanism of the SM voltage ripple can be easily understood.
What is more, the symmetrical component method is first applied to analyze the three-phase SM
capacitor ripple, and the positive-/negative-/zero-sequence components of the three-phase SM
voltage ripple are easily identified by the proposed analytical method. Then, based on this powerful
analytical tool, the proper circulating-current profile to be injected can be obtained, allowing for
the right compensation of the voltage ripple. Based on this approach, two new voltage ripple
compensation methods are proposed in this paper. Simulations were carried out to validate the
analytical description of the submodule-capacitor voltage ripple proposed in this paper. Moreover,
simulation and experimental results are provided to validate the new compensation techniques
introduced in this paper.

Keywords: modular multilevel converter; submodule-capacitor voltage ripple; unbalanced grid
conditions

1. Introduction

The modular multilevel converter (MMC), illustrated in Figure 1, is the standard power
electronics solution for high-power applications, such as in high-voltage direct-current
(HVDC) transmission systems that operate as voltage sources [1-3]. This is because an
MMC can reach high voltage levels due to its modularity and scalability [4,5], with high
flexibility, efficiency, reliability, and power quality [6,7]. Nonetheless, the MMC presents a
large number of components, including semiconductor devices and submodule capacitors.
These submodule capacitors are quite bulky and heavy, since they need to be designed with
a considerably high capacitance in such a way as to keep the submodule-capacitor voltage
ripple within safe limits. In other words, as a natural consequence of the MMC'’s topology
and operation, a voltage ripple exists in the submodule capacitor under normal operation
conditions [8,9]. Different grid phenomena, such as faults and imbalances, will affect the
profile and the amplitude of the submodule-capacitor voltage ripple, and some dangerous
situations can eventually occur. In this way, it is important to analyze the submodule-
capacitor voltage ripple of an MMCunder different grid conditions.

Under balanced grid conditions, the current that flows through an MMC’s arms is
composed of an AC term with the positive-sequence component of the grid’s fundamental
frequency and a DC term related to the MMC DC-link current [10]. The interaction of
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the mentioned arm current and the MMC’s arm insertion index results in a submodule-
capacitor voltage ripple composed of the positive-sequence component of the grid’s funda-
mental frequency as well as of the negative-sequence component of the double fundamental
frequency [11]. Under unbalanced grid conditions, however, the AC currents flowing
through the MMC'’s arms will be different. As illustrated in Figure 1, the MMC’s positive and
negative DC terminals form neutral points for the converter phases, which are represented by
the converter arms. Thus, under unbalanced grid conditions, AC currents with the negative-
sequence component of the grid’s fundamental frequency will flow through the MMC armes.
Depending on the converter’s transformer connection, or if it is a transformer-less connection,
AC currents with the zero-sequence component of the grid’s fundamental frequency will also
flow through the MMC arms [12,13]. The zero-sequence currents flowing through each phase
of the MMC (each arm) do not sum to zero in the neutral points corresponding to the positive
and negative DC terminals of the converter. Thus, the zero-sequence currents will flow
towards the MMC DC link, producing a DC-side voltage ripple that could be harmful for the
converter. In [12,13], control methods were proposed for compensating for the MMC DC-link
ripple under unbalanced grid conditions. Another consequence of MMC operation under
unbalanced grid conditions is the appearance of extra circulating-current components that
will increase the converter conduction losses if they are not properly suppressed. In [14-16],
detailed analytical models were proposed to describe an MMC'’s circulating currents under
unbalanced grid conditions. Moreover, control techniques were proposed to mitigate these
extra undesired circulating-current components. Finally, another consequence of MMC
operation under unbalanced grid conditions is the increase in the submodule-capacitor
voltage ripple. In other words, even if all the undesired circulating currents are properly
compensated and if there are no paths for zero-sequence components to flow through, under
unbalanced grid conditions, a negative-sequence current component with the fundamental
frequency will flow through the MMC arms, in addition to the positive-sequence component
with the fundamental frequency and the DC component. This extra component will increase
the submodule-capacitor charging current, increasing the voltage ripple as well, and eventu-
ally leading to dangerous situations for the converter. A control technique could be used to
block the negative-sequence current flowing through the MMC arms. However, in order to
do so, a negative-sequence voltage would appear across the MMC arm, which would still
lead to an increased submodule-capacitor voltage ripple, since the arm’s power, which is
responsible for creating the capacitor voltage ripple, is a product of the arm’s current and the
arm’s voltage. Many different problems can occur due to the increased submodule-capacitor
voltage ripple under unbalanced grid conditions. If the imbalance level of the grid voltage is
high, a considerably high submodule-capacitor voltage ripple can occur, which could exceed
the safe voltage limits of the submodule semiconductor devices [17]. In an MMC-based
HVDC transmission system, when a submodule overvoltage occurs, the converter station
will shut down in order to avoid the destruction of its semiconductor devices. The tripping
of an HVDC transmission system can result in many serious stability issues in the power
system, and thus, this situation should be avoided. Even if the increased voltage ripple does
not exceed the converter’s tripping limits, it will slowly deteriorate the submodule capacitors
due to the overvoltage vaporization phenomenon [18], affecting their life span. Moreover,
the deterioration of the submodule capacitors will lead to the reduction of their original
capacitance (which was designed to maintain the voltage ripple within a pre-defined range).
The reduction of the submodule-capacitor capacitance will lead to an increased voltage ripple
that might exceed the breakdown voltage of these capacitors, resulting in an internal short
circuit. Since the MMC submodule is built with a set of many series-connected capacitors,
if one of these capacitors is damaged, the remaining capacitors in the string will have to
withstand a higher voltage; thus, a cascade failure might occur with them if their breakdown
voltages are exceeded. The MMC submodule-capacitor voltage ripple must be properly
compensated in order to avoid the mentioned problems under unbalanced grid conditions.
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Figure 1. Modular multilevel converter (MMC) topology diagram.

Many papers in the literature have proposed analytical descriptions and compen-
sation methods for the MMC submodule-capacitor voltage ripple under balanced grid
conditions. In [19], a mathematical description of the MMC arm power was introduced.
Based on this arm-power model, the submodule-capacitor voltage ripple was described
in [20]. One strategy for reducing the submodule-capacitor ripple is by injecting specific
AC circulating-current components, as proposed in [21,22]. The circulating current is an
internal variable of the converter that can be used to suppress the submodule-capacitor
voltage ripple without affecting the external MMC variables, such as the output current.
Of course, there is a tradeoff between limiting the circulating currents to reduce conduction
losses and limiting the submodule-capacitor voltage ripple by injecting circulating currents.
However, a clear and accurate description of the MMC submodule-capacitor voltage ripple
allows for the analytical derivation of specific circulating-current terms to be injected in
order to mitigate the voltage ripple. The other undesired circulating-current components
can still be suppressed. Thus, the first contribution of this paper is the introduction of a
new analytical description of the MMC submodule-capacitor voltage ripple under unbal-
anced grid conditions. This new approach is based on the symmetrical components, and
it allows for a clear comprehension of the MMC submodule-capacitor voltage behavior
under unbalanced grid conditions. Through the proposed equations, it becomes clear that,
under unbalanced grid conditions, some extra terms appear in the submodule-capacitor
voltage ripple, such as the positive-sequence and zero-sequence components with double
the fundamental frequency and the negative-sequence component with the fundamental
frequency. Based on this accurate description of the submodule-capacitor voltage ripple,
two compensation techniques based on circulating-current injection are proposed in this
paper as new contributions.

Some papers in the literature have presented different approaches to compensating for
the MMC submodule-capacitor voltage ripple under unbalanced grid conditions. In [23],
a compensation technique was proposed that was based on the offset pulsewidth modula-
tion (OPWM) and on zero-sequence voltage injection. In [24], a compensation strategy was
proposed that is similar to the approach used in the present paper (based on circulating-
current injection). However, in [24], the authors define the circulating-current term to be
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injected based on the the MMC-arm power. In this approach, the zero-sequence component
with double the fundamental frequency that appears in the submodule-capacitor ripple
is not evident and, thus, it is not compensated. In other words, the detailed and accurate
analytical description of the submodule-capacitor voltage ripple proposed in the present
paper allows for a more clear comprehension of this ripple, which results in an enhanced
and more accurate compensation of it through the circulating-current injection method.
In this paper, a comprehensive analytical model of the capacitor-voltage ripple is proposed.
This model describes the relationship between the unbalanced grid voltages/currents and
the MMC’s circulating currents. According to the proposed model, under unbalanced
grid conditions, an extra zero-sequence component appears in the submodule-capacitor
voltage ripple, and the positive-sequence and negative-sequence components of the ripple
are unbalanced among the three phases of the MMC. The submodule-capacitor voltage
ripple can be predicted precisely through the proposed model, and thus, based on this
model, two voltage-balancing methods are proposed to reduce and balance the submodule-
capacitor voltage ripple under unbalanced grid conditions. Simulation and experimental
results are presented to verify the effectiveness of the proposed methods.

2. Analytical Description of the Submodule-Capacitor Voltage under Unbalanced
Grid Conditions

In this section, a new analytical description of an MMC’s submodule-capacitor voltage
under unbalanced grid conditions is proposed.

In Figure 1, the basic topology of the three-phase MMC analyzed in this paper is
illustrated. This converter is composed of three legs; each of these legs is composed of one
upper arm and one lower arm. Each arm is composed of one string of N half-bridge (HB)
submodules connected in series and one arm inductor. The arm inductor is modeled by an
inductance (L) in combination with a resistance (R). Through the symmetrical components
theory, an unbalanced voltage can be represented by the combination of a positive-sequence
component, a negative-sequence component, and a zero-sequence component. The zero-
sequence component can be neglected in a three-phase system in which its neutral point is
not grounded [25], which is the assumption made in this paper.

The proposed equations are an extension of the analytical method presented in [20].
In order to introduce the proposed analytical method in an easy and clear way, the block
diagram (Figure 2) presents the capacitor voltage ripple derivation steps. In this para-
graph, the basic process of derivation is briefly introduced. First, the unbalanced grid
voltages and currents are detected and calculated for the next step. The positive-/negative-
sequence forms of voltage/current components are applied in this paper. Second, based
on the grid voltages and currents, the arm voltages and currents are calculated by the
arm voltage/current definitions. Third, the arm power can be calculated by the arm
voltages/currents; then, the arm energy (the calculation will be easier by dividing arm
energy by sum energy and delta energy) can be derived by integrating the arm power.
Finally, the submodule-capacitor voltage ripple can be derived by the relationship between
the capacitor energy and capacitance. For the moment, the three-phase capacitor voltage
ripples have been separately derived. In order to understand the relationship between
phases A, B, and C, the symmetrical component method is used to identify the positive-
/negative-/zero-sequence ripple components. In this way, the three-phase ripple can be
seen as a whole system, not as three separate phases. The detailed derivation is given in
the following.

Thus, the grid voltage (vg) can be described as follows:

~ 2 ~ 4
Ok = V41 cos(wt — gkﬂ) + V_q cos(wt — ng[), 1)

in which w is the grid’s fundamental frequency, V.1 and V_; are the amplitudes of the
positive-sequence and negative-sequence components of the grid voltage, respectively,
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and k is the phase number (0 for A, 1 for B, an d2 for C). Similarly, the grid current can be
described as follows:

) ~ 2 ~ 4
igk = Ly1cos(wt — 5k7t + ¢) + 11 cos(wt — §k71 + ). )
Output Voltage Arm Voltage Sum Energy Upper SM Ripple
Calculation Calculation r Calculation (|_3a|cu|ation
[T - =T~ -T7
Wy v
— > cos(wt+6,,)

—{cos(wt+06, )

(A7 — — — =777
/
:—”>cos(a)t+9‘_ ))
|
I ~
Ly
—{cos(wt +6,, +¢)
. = _ _ |
Output Current Arm Current Delta Energy Lower SM Ripple
Calculation Calculation Calculation Calculation

Figure 2. Block diagram of the analytical derivation of the submodule-capacitor voltage.

The MMC'’s upper and lower arm voltages (v,x and vy, respectively) can be defined
by applying Kirchhoff’s law to the circuit shown in Figure 1:

41-
Uik
in which v, is the MMC DC-link voltage, and v,,; and v, are the voltage drops across

the upper-arm and lower-arm impedances, respectively. The upper-arm and lower-arm
currents (i,x and iy, respectively) are defined as follows:

|:iuk:| —
Tk

in which iy is the MMC'’s internal circulating current. In this paper, the undesired AC
components of the circulating current are considered to be completely suppressed through

a proper control technique, and thus, the circulating current is assumed to be a purely DC
signal (i.x = I.pck). The MMC’s upper-arm and lower-arm power (p,x and py, respectively)

can be calculated as follows: ’
{puk} — {vuk lluk} ) (5)
Pik Olk * Uk

In order to facilitate the derivation of the analytical equations, the sum power (Psy)
and delta power terms (P and Py, respectively) are defined as follows:

PZk:| [puk + Plk}
= . 6
{PAk Puk — Plk ©)

1
304 — Ugk — Uzuk
3 & , 3)
204 + Ugk — Uzik

. 1
lek + 2lek
Iek — 5lgk

7 (4)
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By substituting (1)-(6), the following two equations are obtained:
Psy = igvg — %VHTH Cos @ — %Vﬂil cos @ — %V,lfﬂ cos @ — %V,lil Cos @—
%174_1?4_1 cos(2wt + Oy + @) — % cos V1112wt + Oy — @)—  (7)
%Vﬂf,l cos(2wt — ¢) — %V,lﬂl cos(2wt + ¢),
and

1 - 1 -~
Prp = Evd1+1 cos(wt + Oppy + @) + Evdl,l cos(wt+ Oy — ¢)— ®)

2‘7_._1 ICDCk COS((Ut + ka_,_) - 2‘7_1 IcDCk COS(CLJt + G‘Uk—)-

It is important to notice that, since the grid voltage is unbalanced and the MMC
DC-link voltage is constant, the DC component of the circulating current is different for
each phase (each arm). In other words, the DC component of the circulating current of
each phase should be calculated as follows:

Py
lepck = 5= ©)

in which Py is the average value of the instantaneous grid power (pg) for three phases.
By integrating the sum and delta power (described in (7) and (8), respectively), the sum
and delta energy (Wyy and Wy, respectively) are obtained as follows:

‘7+1T+1 sin(2wt + O + (p) ‘7_1T+1 sin(2wt + (p)
Wi = Wepcr — -

4w 4w
AWz (1) (10)
B Vil sin(2wt —¢) V.al, sin(2wt + Oy — @)
4w 4w ’
AWs(2)
and
0411 sin(wt 4 Oy, — 0411 sin(wt 4 Oy —
AWpx(1) (11)
B 2V 1 I.pck sin(wt + 90k+) B 2‘7,1 I.pck sin(wt + Oy )
w w '
AW(2)

The sum energy consists of two terms: the sum DC energy (Wspcy) and the sum AC
energy. The sum AC energy is also composed of two terms: (AWg; = AWsy (1) + AWg(2)).
Similarly, the delta energy is composed of two terms: delta DC energy (Wapck) and delta
AC energy (AWpr = AWar(1) + AWa(2)). Similarly to (6), the sum energy and delta
energy (W, and Wi, respectively) can be defined as functions of the upper-arm energy
and lower-arm energy as follows:

W):k] [Wuk + Wzk]
= . 12
[WAk Wik — Wik (12)

The energy stored in the MMC capacitors can be calculated as follows:

. C .
Wik = E(vzcu,lk)zl (13)
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in which C is the submodule-capacitor capacitance, v, i is the capacitor voltage, and
i =1,2,..., N represents the submodule number in the MMC arm. In this paper, an average
model is considered [20], in which all the capacitors in each MMC arm are represented by
an equivalent capacitor with a capacitance equal to % and with a voltage equal to the sum
of each voltage in each submodule capacitor (v?u,lk). This means that the upper-arm and
lower-arm energies are equal to the energy in this equivalent capacitor. In other words:

C
Wik = ﬁ(vg;u,zk)z- (14)
According to (14), the voltage in the equivalent capacitor can be calculated as follows:

2N
Utk = < Wik (15)
As explained in [20], by calculating the upper-arm energy (W,) and lower-arm energy
(Wik) through (10)—(12) and by substituting these terms into (15), the following equations
are obtained after some approximations:

N
Vot % 0 + ey (AW + AWay) (16)
and
I N
vclk ~ U4 + m(AWZk — AWAk)' (17)

Equations (16) and (17) are composed of a DC term and of an AC term. The DC term
corresponds to the average voltage value in the equivalent capacitor, whereas the AC term
corresponds to the ripple in the equivalent capacitor. The two AC terms in (16) and (17)
are defined as follows:

N
> —
Vek(aws) = 3¢V, AWgy (18)
and N
= _
vck(AWA) - 2CV, AW (19)
By substituting the terms of (10) and (11) into (18) and (19), the following is obtained:
o _ N |_ Vi1l sin(uwt 4 By + @) - V 11 1 sin(2wt + by — @)
ck(MWz) — 2CV, 4w 4w
Negative—sequence component Positive—sequence component : (20)
n N | V11 sin(2wt — ¢) B V_11,sin(2wt + ¢)
2CV, 4w 4w
Zero—sequence component ]
and
N 1 - 1 _ -
b _ ; _ _ i —
UCk(AWA) — ﬁ @le_;’_] Sln(wt + 90k+ q)) + zw le_] Sln(wt + ka_ go)
Positive—sequence component Negative—sequence component (21)
N 25 . . 25 . .
+m — o, Vtlenck sin(wt + Oyry ) — o V-1ienck sin(wt + Oyx )

Delta ripple part 1 Delta ripple part 2
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In this paper, it is considered that the MMC output current is controlled in such a
way as to be composed of only the positive-sequence component, even under the unbal-
anced grid conditions. In other words, the negative-sequence component is compensated
(T_l = 0) through a control action. Thus, some terms of (20) and (21) are eliminated,
resulting in the following two equations:

> _ N | 17+1T+1 sin(2wt + Oy + @) _ 17_1T+1 sin(2wt + ¢) )
ck(AWg) — ZCVd 4w 1w
Negative—sequence component Zero—sequence component
and
N 1. -~
3 .

vck(AWA) = m @th& Sln(CUt + 90k+ - (P)

Positive—sequence component (23)
N 2 . 2 . .
+ 2CV; - w Viilepck Sln(Wt + 90k+) — o V_1l.pck sm(wt + Gka)

Delta ripple 1 Delta ripple 2

In other words, even if all the control actions are taken to compensate for the negative-
sequence grid voltage and to suppress all the undesired AC components of the converter’s
circulating current, still, the submodule-capacitor ripple will be composed of the terms
described in (22) and (23). There are two additional ripple terms in comparison to the
balanced grid case, which are caused by the negative-sequence grid voltage (V_). In other
words, under balanced grid conditions, the MMC’s submodule-capacitor voltage ripple
would be identical to the one described by (22) and (23) if the two terms containing V4
were removed. The ripple behavior under balanced grid conditions is demonstrated
in [20]. The MMC’s submodule-capacitor voltage ripple under unbalanced grid conditions
(described through Equations (22) and (23)) is illustrated in Figure 3.

In order to validate the analytical equations proposed in this paper, a simulation was
carried out with the Simulink /Matlab software. In this simulation, the MMC was modeled
according to Figure 1. In order to calculate the equations obtained in this paper, the block
diagram illustrated in Figure 2 was also implemented in Simulink/Matlab. The MMC
parameters used in both simulations are the ones described in Table 1.

Table 1. MMC parameters.

Simulation Experiment

Submodule number in one arm (N) 100 4
DC-line voltage 200 kV 200V
Active power 150 MW 1kW
Submodule capacitance (C) 3.75mF 2000 uF
Submodule capacitor voltage (Vc) 2kV 50V
AC system frequency 50 Hz 50 Hz
Inductance in the arm 50.9 mH 10 mH
Sampling frequency 10k Hz 10k Hz
Amplitude of the grid 100 kV 83V

The results obtained in the simulations with the real system (illustrated in
Figure 1) and with the proposed analytical method (represented by the block diagram
shown in Figure 2) are depicted in Figure 4. By analyzing this figure, it becomes clear that
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the analytical description of the MMC'’s submodule-capacitor voltage under unbalanced
grid conditions is very precise, as the simulation results match with high accuracy.
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3. Submodule-Capacitor Voltage Ripple Reduction Methods

After the derivation of the submodule-capacitor voltage equations in Section 2, in this
section, the submodule-capacitor voltage ripple reduction methods based on the derived
equations will be proposed. From Equations (22) and (23), we can conclude that the follow-
ing variables affect the submodule-capacitor voltage: positive-sequence grid voltage (V1),
negative-sequence grid voltage (V_), positive-sequence output current (I,1), DC voltage
(V4), and DC component of the circulating current (I.pcx). All these variables are imposed
by grid codes or cannot be changed. In order to optimize the submodule-capacitor voltage
in (22) and (23), a new variable should be selected. Injecting AC circulating current is
a suitable choice for reducing the submodule-capacitor voltage. Circulating current is a
current that flows internally in the converter, and it only affects the internal behavior of the
MMC. Now, the circulating current is defined as containing both DC and AC components
as follows: ) )

ok = w = lepck + icack- (24)

Based on [21], the submodule-capacitor voltage ripple can be reduced by injecting
AC circulating currents under balanced grid conditions. However, these methods are
only designed for the balanced case, as they disregard the unbalanced grid conditions.
In the following subsection, the AC component of the MMC’s circulating current is also
considered to derive the equations of the submodule-capacitor voltages, since, in Section 2,
the AC component was disregarded, as the circulating current was considered to be only
composed of the DC component. This way, the proper amplitude of the AC component of
the circulating current can be calculated, which is the optimum one required to reduce the
submodule-capacitor voltage ripple.

3.1. Submodule-Capacitor Voltage Balancing Method A

The definition of circulating current is that it is a current that flows in the same
direction through both the MMC'’s upper and lower arms. Thus, the circulating current
charges the submodule capacitors of the upper and of the lower arm equally. So, the
circulating current only affects the sum capacitor voltage ripple, as described in (22). In this
paper, the AC circulating current injected for the voltage-ripple compensation is composed
of a negative-sequence double-frequency component (I 4¢,) and a zero-sequence double-
frequency component (TC Aco)- These circulating-current components can eliminate the sum
capacitor voltage ripple, as described below. The first compensation technique proposed in
this paper consists of considering the MMC circulating current to be equal to:

ik = Ipck + TCACZ cos(2wt + Oy ) + TCACO cos(2wt). (25)

By substituting (25) into (4) and by repeating the derivation steps of Section 2, the new
equation that describes the sum capacitor term is the following:

S _ N Vil pco sin(2wt 4 0, ) B Vi1l sin(2wt + 0y + )
ck(AWy) 2CV;, 2w 4w

Negative—sequence sum ripple

N | Valeacoksinwt)  V_4T.qsin(2wt + @)
2CV, 2w 4w

Zero—sequence sum ripple

N (26)

The new equation that describes the MMC's sum capacitor voltage is composed of
terms that have the same frequency and phase angle; thus, these terms can cancel each
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other out if the proper amplitudes of the circulating-current components are set. The proper
amplitudes of the circulating components are the following;:

~ V 1T 1 = ‘7—11\ 1
Ieacok = ;V; s leacok = Tj- (27)

Thus, the reference signal of the AC circulating current to be injected for the submodule-
capacitor voltage-ripple compensation is the following:

Lack = AcACZk cos(2wt 4 Oy ) + TCACOk cos(2wt). (28)

If the current represented in (28) is injected, then the sum submodule-capacitor volt-
age ripple (vczk ( AWZ)) will be null. This fact can be confirmed by substituting (27) into (26).
Since an arbitrary unbalanced grid can be represented by the combination of positive-
and negative-sequence components, then this method is a universal approach for reduc-
ing the capacitor voltage ripple under unbalanced grid conditions. The advantage of
this method in relation to the one proposed in [24] is that, in [24], only the negative-
sequence double-fundamental component is injected, whereas in this paper, the zero-
sequence component is also considered in the injected circulating current. Thus, an im-
proved compensation is obtained. The method proposed in this subsection is illustrated in
Figure 5.

3.2. Submodule-Capacitor Voltage Balancing Method B

As shown in Figure 4, the amplitude of the submodule-capacitor voltage ripple in
phases B and C exceeds its limit, which is equal to 10% of the submodule-capacitor’s rated
voltage. The submodule-capacitor voltage ripple in phase A is still within the allowed
range. That is to say, the submodule capacitors in phase A can still work in a safe fashion
without any circulating current injection. In other words, intuitively, there is no need to
inject circulating current in phase A to reduce the ripple. Only injecting circulating current
in phase B and C is enough to limit the submodule-capacitor voltage ripple within the
safe limits. The block diagram of Method B is shown in Figure 6. When the submodule-
capacitor voltage ripple of one phase exceeds its limit, then circulating current is injected
in this phase only in order to limit the voltage ripple. The circulating current to be injected
is the one described in (28), which is same as in Method A. If the submodule-capacitor
voltage ripple of a given phase does not exceed its limit, no circulating current is injected
into this phase.

2& [ cos(2mt) }—l: 5

Zero-sequence operator

e e e e e e e N
| Eq.(28) Negative-sequence operator I
I A
| L [cos(2a)t + Qva—r
I 2V, X
| I} x r
% : Grid  |—l»
i Sequence 7
| Analyzer p—Lp
| A X
| 1, ™
|
|
|
|

Figure 5. Block diagram of Method A.
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in phase k ~ cu.lk cu,lk .
Pl Max —— > F— e
X - -
Circulating
Comparator current
cu,l reference
s\ssaetmit (- Eg. (28)
Method A

Figure 6. Block diagram of Method B.

4. Results

Before showing the simulation and experimental results of the proposed method, the
structure of the MMC controller is introduced below. The structure of the MMC controller
is presented in Figure 7. Two variables of the MMC need to be controlled: the circulating
current and the output current. Therefore, two independent controllers are needed: the
circulating-current controller, which is responsible for making sure that all the undesired
AC components are properly suppressed, and the output-current controller, which is
responsible for tracking the desired reference. In this paper, the AC circulating-current
components are injected according to Method A and Method B. The circulating-current
control is able to properly track the AC components, since it is based on a proportional
resonance (PR) controller. An energy controller is also part of the circulating-current control,
which is necessary for making sure that the MMC'’s upper and lower arms have equal
voltage values.

—_—— e —

4 Output Current Controh
: Output | !
| Current
| Controller
l N
R g S M
3
Method A . S M
) i n | S C
o1 g =
Method B
Circulating -
Current

Controller
(PR)

Figure 7. The structure of the proposed MMC controller.

4.1. Simulation Results

The simulation of a grid-connected MMC was carried out to validate the proposed
compensation algorithms. The parameters of the simulation model were the ones shown in
Table 1. To simplify the simulation, the average arm model was used [20], which consisted
of considering the MMC arm to be composed of only one submodule with a capacitance
value equal to % and with a voltage equal to U?u,l I

In Figure 8, there are four columns to show the MMC capacitor voltages in four
different conditions. The four conditions are: (a) balanced grid, (b) unbalanced grid
without circulating current injection, (c) the results of Method A, and (d) the results of
method B, respectively. At first glance, the ripples in conditions c and d are lower than
in condition b and are below the safe limit. This means that the proposed methods are
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effective. In the following, a detailed quantitative description of the simulation results is
introduced.

In Figure 8(al-a3) the grid voltages, capacitor voltages, and circulating currents under
a balanced grid are shown, respectively. By observing Figure 8(al), one can notice that the
grid voltage is, in fact, a three-phase symmetrical signal with an amplitude equal to 100 kV.
Thus, as shown in Figure 8(a2), the submodule-capacitor voltages are also symmetrical,
and all the capacitor voltages are within the safe limits (10% of the submodule-capacitor
voltage’s nominal value, which is equal to 220 kV). The undesired AC components of the
circulating currents are suppressed, and thus, the circulating current is purely DC. Detailed
numbers are shown in Table 2.

Table 2. Submodule-capacitor voltage ripple values of the proposed methods.

Normal Grid No Injection Method A Method B
Average Ripple 38.37 kV 44.96kV 31.65kV 38.09 kV
Amplitude A 218.3kV 218.41kV 2079 kV 218.6 kV
Amplitude B 218.2kV 222.4kV 219.8kV 2199 kV
Amplitude C 218.3kV 2253 kV 2189 kV 218.5kV
Unbalanced Degree 0.05% 3.08% 5.41% 0.70%

In Figure 8(b1-b3), the simulation results of the MMC under unbalanced grid condi-
tions are shown. The amplitudes of the positive-sequence and negative-sequence compo-
nents are 0.8 V; and 0.4 V;, respectively. According to Figure 8(b2), the capacitor voltages in
phases B (222.45 kV) and C (225.32 kV) are higher than the safe voltage limit (220 kV). In this
case, the MMC will trip because of the overvoltages in the submodule capacitors. The im-
balance degree (ID) of the submodule-capacitor voltage ripple is defined in Equation (29).
In this case, ID = 3.08%, and the average capacitor voltage ripple is 44.96 kV. As shown in
Figure 8(b3), the circulating currents are affected by the unbalanced grid.

max(Vy Vi, Vo) — min(V, Vy, Ve) Vo+Vy+ Ve

ID = ’ Vm;g = f (29)

Vavg

In Figure 8(c1-c3), the simulation results of the MMC under unbalanced grid condi-
tions and with the proposed Method A enabled are shown. The circulating-current compo-
nents calculated according to (28) are injected into the MMC, as shown in Figure 8(c3). Thus,
the capacitor-voltage ripple is significantly reduced, especially in phase A, as Figure 8(c2)
shows. The average submodule-capacitor voltage ripple is reduced to 31.65 kV, which
corresponds to a 29.6% reduction in comparison to the case without circulating-current
injection. The ID is 5.41% in this case.

In Figure 8(d1-d3), the simulation results of the MMC under unbalanced grid con-
ditions and with the proposed Method B enabled are shown. Since the capacitor-voltage
ripple in phase A does not exceed the safe limits, the circulating currents do not need to be
injected into phase A. Therefore, circulating currents are only injected into phases B and C,
as illustrated in Figure 8(d3). The average submodule-capacitor voltage ripple is reduced
to 38.09 kV and the ID is equal to only 0.7% in this case.

To sum up, the average submodule-capacitor voltage ripple is reduced with both
Method A and Method B in comparison to the case without circulating-current injection.
The low average ripple obtained through Method A is mainly due to the fact that the
ripple of phase A is considerably reduced. However, the ripple reduction in phase A is
unnecessary, since this ripple never exceeds the safe voltage limits, even in the case without
circulating-current injection. The injection of circulating currents in phase A will only
contribute to increased losses in the MMC. Thus, a conclusion of this paper is that Method
B is more recommendable for achieving a more balanced submodule-capacitor voltage and
lower losses.
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Figure 8. Simulation results. (a) balanced grid, (al) balanced grid voltages; (a2) balanced SM ripple; (a3) circulating current;
(a4) DC current. (b) unbalanced grid without circulating current injection. (b1) unbalanced grid voltages; (b2) unbalanced
SM ripple; (b3) circulating current; (b4) DC current. (c) the results of Method A.(c1) unbalanced grid voltages; (c2) SM
ripple; (¢3) circulating current; (c4) DC current. (d) the results of Method B. (d1) unbalanced grid voltages; (d2) SM ripple;
(d3) circulating current; (d4) DC current.

4.2. Experimental Results

To evaluate the performance of the proposed ripple-reduction methods, experimental
results are presented in this section. The experiment was carried out in a low-scale three-
phase grid-connected MMC test setup with four half-bridge SMs per arm. The parameters
of the experimental setup are shown in Table 1. The control was implemented using a
dSPACE DS1006 board. The experimental setup worked as a three-phase MMC inverter.
The level-shifted-carrier modulation method was applied with the sort and select algorithm.
The switching frequency was equal to 2 kHz in this experiment. Figure 9 shows the
experimental setup of the MMC.

Similarly to the simulation results, the submodule-capacitor voltage ripple became
unbalanced when the MMC was connected to an unbalanced grid. This result is shown in
Figure 10(b2), in which the amplitude of the submodule-capacitor voltage ripple in phases
B and C was equal to 30.3 V. The average ripple was equal to 2.07 V. The ID was equal to
1.28%. Moreover, as illustrated in Figure 10(b2), the three-phase capacitor voltages had an
unbalanced non-periodic waveform, since the energy of three phases was not balanced if
no circulating currents were injected into the MMC.

In Figure 10(c2), the submodule-capacitor voltage is shown for the case in which
circulating currents were injected according to Method A. The average submodule-capacitor
voltage ripple was reduced from 2.07 to 1.19 V. In this case, the submodule-capacitor
voltages in phases B and C were within the safe voltage limits. The ID was equal to
1.11% in this case. The imbalance level of the MMC submodule-capacitor voltages was
further reduced when the compensation Method B was used, as illustrated in Figure 10(d2).
The ID was decreased to 0.42% in this case. A summary of the results obtained through the
experiment is shown in Table 3.
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Figure 10. Experimental results. (a) balanced grid, (al) balanced grid voltages; (a2) balanced SM ripple; (a3) circulating
current; (a4) DC current. (b) unbalanced grid without circulating current injection. (b1) unbalanced grid voltages; (b2)
unbalanced SM ripple; (b3) circulating current; (b4) DC current. (c) the results of Method A.(c1) unbalanced grid voltages;
(c2) SM ripple; (¢3) circulating current; (c4) DC current. (d) the results of Method B.(d1) unbalanced grid voltages; (d2) SM
ripple; (d3) circulating current; (d4) DC current.

Table 3. Submodule-capacitor voltage ripple values of the proposed methods: experiment.

Normal Grid No Injection Method A Method B
Average Ripple 1.58 V 207V 1.19V 148V
Amplitude A 3092V 30.90 V 30.55V 3095V
Amplitude B 30.85V 3130V 30.83V 30.82V
Amplitude C 30.90 V 3130V 30.89 V 30.90 V

Unbalanced Degree 0.23% 1.28% 1.11% 0.42%
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5. Conclusions

In this paper, a new solution for mitigating the high submodule-capacitor voltage
ripple of an MMC under unbalanced grid conditions was proposed. The contributions
of this paper are twofold. First, the analytical equations for the submodule-capacitor
voltage were proposed. The three-phase components were identified with the analytical
equations. Secondly, two compensation methods were proposed to mitigate the high
submodule-capacitor voltage ripple under unbalanced grid conditions. These methods are
based on the injection of specific circulating-current components. These circulating-current
components can be calculated through the proposed analytical model in a straightforward
manner. With the proposed method, engineers will have a better understanding of the
imbalance mechanism of submodule-capacitor voltage, and can easily make sure that
MMCs’ capacitors always work within safe voltage ranges, even if the grid is unbalanced.
However, although this method can ensure the stable operation of an MMC, it will cause
losses due to the insertion of circulating current during short fault periods. Nevertheless,
this method is still a very competitive solution for ensuring the stable operation of an MMC.
In the event of a grid failure, ensuring the survival of the grid is the most important thing,
and the duration of the grid failure is generally very short, so the additional loss will not
bring a significant cost increase.
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