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Abstract—This paper presents a control system implemen-
tation in dgz-coordinates for equalizing the average energies
stored in each arm of a Modular Multilevel Converter (MMC);
a control objective that is typically referred to as horizontal
and vertical energy balancing. The proposed control scheme is
obtained from analysis and simplification of a detailed time-
invariant dqz-frame state-space representation of the MMC. The
state variables of the model are the equivalent arm capacitor
energies and the current components, and it will be shown
that this representation is very suitable for designing outer-loop
energy controllers in dgz coordinates that rely on linear inner
current control loops. Moreover, a series of justified assumptions
on the energy dynamics will be presented, providing significant
insight that simplifies the control design. Finally, by proving that
the unbalances of the average values of the converter equivalent
arm capacitor energies in abc coordinates appear as undesired
oscillations in dgz coordinates, active filtering is proposed as
a mean to dissipate them and, therefore, achieve the desired
balanced operation. Operation of the proposed control strategy
is demonstrated by time-domain simulation of a 1 GW MMC-
based HVDC converter terminal.

Index Terms—Energy Balancing Control, Modular Multilevel
Converters, HVDC Transmission.

I. INTRODUCTION

The Modular Multilevel Converter (MMC) is normally
operated to ensure that the total energy stored in each of the
arms will be approximately balanced in average. The energy
balance between the arms and phases of the MMC, combined
with the balancing of the sub-module (SM) voltages within
each arm, is necessary for limiting the voltage stress on the
switching devices and SM capacitors of the converter [1],
[2]. For ensuring equal average energy in all arms, the MMC
control system should ensure balancing of the energy between
the phases, referred as horizontal balancing, and the balancing
of the energy between the upper and lower arms in each phase,
referred as vertical balancing [3].

The energy balancing of MMC:s is especially critical when
compensation of the arm capacitor voltage variations is in-
cluded in the calculation of the insertion indices [2], [4]. This
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approach has been labelled as “Compensated Modulation”
(CM) in [5], [6], and implies a partial feedback linearization
with respect to the current dynamics of the MMC. Under
CM, linear inner current control loops perform notably well
[5], [7], but the MMC loses its self-stabilizing properties,
and dedicated control loops for balancing the average arm
voltages or energies are necessary to preserve stable opera-
tion [2], [4], [5]. As an opposite approach, the control can
be based on linear current loops without compensation for
variations in the equivalent arm capacitor voltages, referred
to as “Un-Compensated Modulation” (UCM) in [8]. Albeit
the performance of such control systems are more affected
by non-linearities, it is well known that they are naturally
self-stabilizing [9], [10] and can operate without any outer
energy control loops. However, it has been proven in [11]
that explicit energy control can improve the stability margins,
dynamic performance, and robustness.

Several methods for energy-based control and balancing of
the average values of the MMC arm energies have been pro-
posed in the literature [2]-[4], [7], [12]-[18]. However, with
the notable exceptions of [12], [17], these control strategies
have been designed in the stationary frame and implemented
with abc coordinates, possibly due to the lack of suitable
models in dqz coordinates. The control strategy in [12] was
designed in a set of dgz reference frames, but depended
on multiple decoupling networks for extracting the different
frequency components appearing in the MMC variables. In-
stead, [17] translated and adapted an energy balancing control
strategy originally designed in the stationary abc reference
into dqz coordinates. Thus, both these proposals resulted in
relatively complex control schemes.

Detailed steady-state time-invariant (SSTI) state-space rep-
resentation of MMC dynamics in dqz coordinates have been
only recently derived, as documented in [6], [19] and refer-
ences therein. Such SSTI models are suitable for traditional
eigenvalue-based analysis of stability and parameter sensitivity
[20], and can be applied for design of advanced controllers that
require the knowledge of a constant equilibrium in steady-
state operation, such as LQR methods [21], [22]. However,
application of simplifications or model reduction techniques
to detailed SSTI models can also reveal system properties that
are useful for conventional control system design.

Starting from the SSTI MMC model for CM presented in
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[6], this paper introduces a set of justified assumptions and
simplifications that provide further insights on the mutual dy-
namic couplings between frequency components. Furthermore,
it is demonstrated that unbalanced dc components in the arm
capacitor energies appear as undesired oscillations in the dgz
coordinates. Then, the paper develops two control schemes
based on dg-frame active damping of these oscillations to
remove energy unbalances. Finally, these control schemes are
validated with numerical simulation based on an established
average arm model (AAM) of an MMC in the stationary abc
frame [4], [23].

II. MATHEMATICAL MODELLING OF MMCs

This section defines the modelling conventions adopted
in the paper and recalls the mathematical state-space XA
representation of the MMC in abc and dgz coordinates.

A. Modeling conventions

The basic topology of a three-phase MMC is displayed in
Fig. 1 where the series connection of N SMs with capacitors C
constitute one arm of the converter. The arms are connected to
a filter inductor with inductance L, and equivalent resistance
R, to form the connection between one of the dc-terminals
and the ac-side output. Two identical arms are connected to
the upper and lower dc-terminals, respectively, to form one
leg for each phase j € {a,b,c}. The ac-side interface is
assumed to be a filter inductor and/or the leakage inductance of
a transformer, which is modeled by an equivalent inductance
L and resistance Ry.

Assuming that the capacitor voltages of the SMs are main-
tained well balanced within the arms, the series connection
of SMs in each arm can be replaced by a circuit-based
average model with v5" = SV ngLJ , and C, = C/N,
corresponding to the well known AAM [4], [24]. Thus, each
arm can be represented by a power-balance-based average
model of a single-phase VSC, with a modulated voltage source
interfacing the filter inductor, and a controlled current source
interfacing the capacitor-side, as shown for the lower arm of
phase c in Fig. 1.

The output of the controlled voltage sources of the AAM
are here referred to as the modulated voltages vY, ; and vk, >
which are respectively related to the equivalent arm capacitor
voltages vg,; and v5; by means of the equivalent insertion
indices m and m} through the relationships vy;; = m{vg;
and vj; = vaé Moreover, the energy of the equivalent
arm capacitors are directly computed as w = 10 (vc j )2.
Finally, the upper and lower arm currents assomated with L,
are denoted by 7% and iJL, the ac-grid current associated to L ¢
is denoted as 77, and véj is the grid voltage at the ac-side
point of common coupling.

B. MMC X-A representation in abc coordinates

As demonstrated in [2], [4], [6], [19], it can be convenient to
adopt a 3-A representation instead of an Upper-Lower (U-L)

SMY

Vdc

L ,,,,,,,,,,
vf\'j a r_‘, ’s{w}ﬂ, | r_‘, *?J,ng, |
SEMG SV

Fig. 1. MMC Topology and AAM (phase c).

arm notation. Thus, the following definitions are introduced:

U -L
2 labe + Labe
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A AU L S AU L
Weabe = Weabe — Wabes Weabe = Weabe + Weabe (1)
L U L U
A 2 UNMabe ~ YMabe S 2 UNabe T UMabe
UMabe = - 9 UhMabe = - 9
In (1), iE is the circulating or common-mode current, wéj

and wc are the difference and sum of the equivalent upper
and lower arm capacitor energies, respectively, while v%} Mabe
and vY, ;. are the difference and sum between the upper and
lower modulated voltages [6].

With the definitions in (1), and by applying Kirchhoff’s
voltage and current laws to the circuit in Fig. 1, it is possible
to represent the converter dynamics as:

-3 _ A VAN b -3
Weabe = — YMabe © Yabe + QUM(LZ)C O labe
« A _ A -3 b VAN
Weagbe = — 2UMabc O labe + UnMabe © Yabe (2)
Vde >
L Zabr =—R, zab(' + ]]'3 — UMabe
_ A
L5’Labc - Rtslabc + v]Mabc ~ YGabe

where o denotes the element-wise multiplication of vectors
(e.g: [#] o [3] = [B9]), 13 € R is a vector of ones, and Ry,
L; are defined by Rs = Ry + R,/2 and Ls £ Ly + L, /2.

C. MMC X-A representation in dqz coordinates

The state-space SSTI model of the MMC proposed in
[6] is valid under the assumptions of CM. For the sake of
completeness, the assumption of CM is recalled in Al.

Al. The arm insertion indices of the MMC are computed
by compensating for the capacitor voltage oscillations of
their corresponding arm:

Ux Lx

U _ ”M] L _ UMJ
m] - ) m7 —_— )

U . . ’U .

Cj Cj

U

with v/~ and v /; being the arm voltage references.
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Remark 1: Under the assumption of CM, v¥7, = v{ ...

and vl = vl . which also imply that v{;,. = vi.ie
and v37,;. = Vyrape- Thus, under CM the modulated voltages
in X-A coordinates, U]X\:/[abc and v]\A/[abc, are suitable to consider
directly as control variables instead of the insertion indices.

Remark 2: The equations expressing the current dynamics
of the MMC are linear with respect to U]EVIabc and vf/labc while
the equations expressing its capacitor energy dynamics remain
non-linear as in (2). Moreover, these two variables do not
appear in the capacitor voltage dynamics. Thus, under CM,
it is more suitable to consider the capacitor energies as a state
variables instead of the capacitor voltages.

Under the approximation Al, the MMC dynamics in SSTI
dqz representation can be derived according to [6], as recalled
here for convenience.

¥ _ pE =
wcdq = Pay + J22wwiy,

s,
wCz = Pz )
A (3a)
deq = qu - Jwaqua
. A A A
WezpQ = PzDQ - J23wazDQ
>
: R
> . flo 2 qu
'qu = L (i(] L + JQZWqu
by
s Ro.s  vac vy,
iD= TeD e (3b)
# L, * L, L,
A A
s _Bsn Uhag  VGag g on
dg — "pgtda T T Ls 2 g

More precisely, the dynamics of the nonlinear capacitor
energy dynamics are expressed by (3a), with quz, qu
and P5 Do representing nonlinear functions with power units.
These terms consist of sums of products between the control
voltages and MMC currents, and are respectively defined in
(4a), (4b) and (4c), at the top of the next page. Furthermore,
Jo € R? is defined as

Al 0 1
Iz = [ -1 0 } '

The linear current dynamics are given directly by (3b).

Remark 3: It is worth highlighting that compared to the
model originally presented in [6], the definitions of the
modulated powers in (4) have been extended to include the
possibility of a third harmonic injection by means of the
definition vy, = vy, p cos(3wt) + vﬁzQ sin(3wt), following
a similar procedure to the one proposed in [19].

III. IMPACT OF STEADY-STATE DC UNBALANCES ON MMC
ENERGY COMPONENTS

The control schemes proposed in this paper are designed
to eliminate steady-state dc unbalances between the energy
variables in each arm. Such dc unbalances may occur in
case of CM, or even under UCM suffering from parametric
uncertainty. However, since the control is being designed in
the dqz coordinates, it is first necessary to clarify how a dc
unbalance between phases appears in dqz coordinates.

A. Steady-state energy variables in abc coordinates
The steady-state energy variables can be expressed as:
sin (2 e —=3Iss —31ss
sin (2wt + @) WeS owE:

-
sin (2wt + ¢y + 25) | + wes | + |owEy

sin (2wt + 6525 — 27”) Wes 5w2ss

Sss A —=3ss
Werabe WC
Wer

7SS . - ., S
:WCSS@(QWt + ¢ss)ﬂeg + ]13wgszs + 6wgfzsbc

&)
. —A
sin (wt + ¢ ) whss, STAS
A —A
ézsbc _Wcss sin (wt + qbss — 2?“) + wézz + 5wAss
sin (wt + QSSS + ?ﬂ) wAs, SwAS
—A . _ -
:Wcssm(uﬂ; + (bss)POS + 13“’225& + 5wé¢szsbc
(6)

with the superscript “ss” denoting steady-state variables, the
symbol ~ constant variables, and with sin()pos (0oS(+)pos)
and @(')neg (@(-)neg) representing vectors of balanced
three-phase sine (cosine) signals in positive and negative
sequence, respectively. Furthermore, W5~ and W& are the
energy amphtudes in steady-state, ¢>ESS and ¢° their phase-
shifts, wgs and w2SS, their common zero-sequence compo-
nents, whereas Swe* and w5 are the dc unbalances. More
precisely, they are the dlfferences between the dc offset of
each phase and the zero-sequence component.

Finally, wézsa is the zero-sequence component of wéffbc,

which is conveniently defined along with the virtual orthogonal
(/2 phase shifted) signal wgss; [6], as

—Ass —A
wes, Wes sin (3wt + 6, ) SWE,
Ass | s —Az T + —Ass
wesy W, sin (3wt + ¢, + 5) dWess

:Wézs@(SWt + ¢sAsZ)perp + Wéiw
(N
with sin(-)perp (€OS()perp) @ 2 X 1 vector containing a sine
(cosine) function as well as the same function but with a 7/2
phase shift. Furthermore, W5 and $>*° are the amplitude
and phase-shift of the zero-sequence component of the energy
difference in steady-state, and 6@%25 the term representing its

dc offset, which should be regulated to zero.

B. Steady-state variables in dqz coordinates

The equivalent dgz expressions representing the steady-state
variables w25, ., waS, . and w5 are obtained by multiplying

(5), (6) and (7) respectively by Park transformations at once,

twice and three times the grid frequency; i.e., wéffqz =
Ass 3ss Xss Ass —
waCabr’ deqz R?waabc and wCzDQ - T3waza5’

with P,, P, and T3, defined in the Appendix. Thus, the
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expressions of the energy variables in (5), (6) and (7) become:
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0
)
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with diag(x) £ [ 0.0 ] for a generic vector x.
00 x,

The above equations reveal that the dc unbalances between
the energy variables in abc coordinates appear in dq coordi-
nates multiplying a Park transformation as in the last term of
(8), (9) and (10). Therefore, the resulting products are, in fact,
oscillatory terms with the same frequency of their respective
Park transforms, whereas the rest of the terms are constant.
Thus, removing dc unbalances in the stationary frame turns
into suppressing the steady-state oscillations in the correspond-
ing Synchronously Rotating Reference Frame (SRRF). Then,
the energy balancing control objective translates into forcing

the energy variables in dgz coordinates to remain constants;

Xss Ass = Ass Ass — 75;4ss
Le., wey,, = deqz’ Wedq = Wegy and weipg = Weipgs
by eliminating the steady state oscillation terms.

IV. ENERGY BALANCING CONTROL DESIGN

In addition to performing standard active and reactive power
control, as well as regulation of the total energy stored in the
converter (3-wg,) to a desired reference, the proposed control
strategy eliminates the oscillations in wédq, wA, pg and wE dg
via outer-loops, as depicted in Fig. 2. Indeed, the task of each
energy outer loop needs to be associated to an inner loop for
correct operation. Nonetheless, as suggested by Fig. 2, it may
seem still rather unclear which current to use to control each
energy variable. To overcome this limitation, the following
approximations on the MMC model from (3) are introduced,
which will allow for a better insight on the converter dynamics,
thus, simplifying the control design.

A. Approximations for the control design

The following approximations are performed, aiming at
simplifying the terms defined by (4a), (4b) and (4c).

A2. Since vyp,, << vy, assume that vy, ~ 0 and that
vy, A Uge/2. These assumptions eliminate several of
the nonlinear products present in (4).

Assume that vy, acts as a constant and that v4; ¢ =0,
in the capacitive energy dynamics.

When the outer loop control of an energy variable is being
designed using idzqz as the control output, assume that the
grid currents zﬁ] acts as a measurable disturbance.
Similarly, when the outer loop control of a particular
energy variable is being designed using iﬁl as the control
output, assume that the circulating currents idzqz act as a
measurable disturbance.

Given that usually v§;,, >> v5;.pg. Whenever these
two components are adding each other, assume that

A3.

A4.

AS.

A6.

A ~
UpnizpQ =~ 0.
Under the above approximations, the capacitor dynamics of
the MMC can be simplified by replacing the definitions given
in (4) by:

A A B)
— V4l /2 + vaciy

Proe = | 05418 /2 + vacis (11a)
—v 82 4 vgeiZ
A D A 2 VAN
—V5 15 — 20515 + Vgets /2
'P@ ~ Md'd Md®z dc d/ (11b)

A 2 N
Vgl + Vdely /2
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B. Analysis of Outer-Loop Control Options

The steady-state analysis of section III demonstrated the
need for eliminating the oscillatory terms at the appropriate
frequency from the respective energy variables. In order to
achieve this objective, the active damping method applied in
[25], [26] is used in this paper. However, given the multiple
degrees of freedom in the control of MMCs, several alterna-
tives for achieving the same objective exists.

As a first example, the case of the energy sum wgdq is
considered. Inspecting the dynamics of deq from the first
equation in (3a), but using the approximated version of Pd
given in (11la), reveals that the outer loop design for thls
variable could be performed by using as the control variable
either iqu or igq, since both are directly proportional to ti%dq.

A similar observation can be drawn with respect to the case
of wédq where the dynamics are analyzed by means of the
third equation in (3a) but using the approximated version of
qu given in (11b). Here 1t is again possible to choose as
a control variable either qu or sz since both are directly
proportional to wc g

Finally, a different conclusion arises when analyzing the
dynamics of wCZ pg from the fourth equation given in (3a),
under the approximated Versmn of P4 Do given in (11c). First,
it should be noted that i4} 4y cannot be used as a control output
variable of the outer loop for wéz pg While, qu appears
directly proportional to w5, pg and can be used instead. In
addition, the control voltages vy, pg could also be used for
the same purpose, although it would imply a third harmonic
injection [27].

Remark 4: Notice that 17 also appears as a proportional term
in the dynamics of deq and wa, pg- Therefore, it could be
argued to consider this current as a potential control output
for the outer loop designs. However, it does not seem suitable
for independent control of the energy dq components, and will
therefore not be considered further as a control output option.

C. Proposed Outer Loop Control by Active Damping

Based on the analysis from the previous subsection, two
alternatives are possible for each outer loop corresponding to
an energy variable dg component, yielding 2% combinations.
For the sake of compactness, this paper will limit the analysis
to the following two options.

1) Case A—Energy balancing via z'dzq: In this case, the
outer loop controller outputs are added to each other such
that only the circulating current igq is used to achieve all of
the damping objectives, as it is the only variable that appears
directly proportional to all the the energy dynamics of interest
under the considered approximations. By invoking a linear
superposition assumption (AS ), the outer loop takes the form
indicated in (12) with DY 2 D3 T, D5 £ D5 diag(1, —1)
and Dgﬁu = D .,I2 representing the constant damping co-
efficient matrices, I, € R? the identity matrix, and the
symbol " indicating the unwanted oscillations of each energy
component. These oscillations can be isolated via filtering,
as shown in the Appendix. The resulting control structure is
illustrated in Fig. 3

-3 .3 ref b lz%:'d A wéd A ﬁ}é DQ
* re: q q z
tag = qu D2w Ve + Dw (Udc/Q) + DSw QZZE (12)

This control scheme, albeit completely coupled, releases the
active current iﬁ from energy balancing purposes and does
not require any third harmonic injection.

2) Case B-Energy Balancing via igq, ic%; and UJ\A42DQ-'
Another alternative is to select the outer loop control outputs
such that each one will be associated to only one energy
variable as shown in (13) and illustrated in Fig. 4, but now
taking DA DA, instead. This strategy uses the circulating
current qu to damp the 2w oscillations of deq, the grid
current 75 dq to damp the oscillations at w of wC 4q and the zero
sequence third harmonic injection voltage v4) po to damp the
3w oscillations of wg, -

w
>IN .3 ref by Cdq
igy = 1,0 —Ds, (13a)
q q Vde
reference .
damping
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The potential of this strategy lies in its decoupled structure.
However, notice that this strategy requires the active current
idA, associated to the active power transfer of the system, to
be controlled to achieve the desired damping. Furthermore, it

also requires a third harmonic voltage injection.

D. Brief discussion on the w2, outer-loop

In addition to the energy balancing outer-loops discussed
in the previous subsection, it is worth analyzing the zero-
sequence energy sum w(%z dynamics expressed by the second
equation in (3a), but considering the approximated definition
of P2 given in (4a). This equation reveals that w7, can be
controlled either by acting on i or idA, which is a result that

has been already reported in the literature [28].

V. SIMULATION RESULTS

To evaluate the control performance, a time domain simula-
tion with an MMC in a single-terminal HVDC configuration is
carried out. The same circuit parameters as in [19] are adopted.
The scenario begins with the MMC transferring 0.8 pu (out of
1 GW) of active power P,.. At this steady-state condition, only
the zero-sequence energy sum controller is active (i.e. for w>).
Then, at ¢ = 0.5 s, a step of 0.2 pu is applied to the reactive
power reference, which naturally creates an energy unbalance
inside the MMC. At t = 1 s, one of the two balancing methods

0.8 : : P
2 et | ! —Quc
? 0.6 | aove ! Damping ! = =Py ||
Ay Pz‘:g;)\ : Acti\mion\:
c04f ! ! ,
’\\J) 1 1
S 02)
o |
0 ! ,
1 1 Il Il
0 0.5 1 1.5 2 2.5
Time 3]
1.1 . T
1
ARG A
\
1
1
0.9 1 1 . |
0 0.5 1 1.5 2 2.5
Time [s]
Fig. 5. Case A - MMC power response and arm capacitor voltages

proposed in the previous section (i.e., case A or B) is activated
to evaluate the response of the system

1) Case A—Energy balancing via zd Results of the active
and reactive powers and the arm capacitor voltages in abc
coordinates are depicted in Fig. 5 for the energy balancing
strategy from Fig. 3. As expected, the ac and dc power
responses are decoupled from the reactive power. Moreover, at
the bottom of Fig. 5, unbalances are observed on the upper and
lower equivalent arm capacitor voltages fug’aLbc immediately
after the reactive power step occurs. Nonetheless, when the
energy balancing method is activated, the voltages return to a
balanced condition.

In order to gain a better understanding on the adopted
control strategy performance in dgz coordinates, Figs. 6 and 7
show the simulation results of the energy sum and difference
in their respective SRRFs under the same scenario. When the
system is perturbed by the reactive power step, the undesired
energy unbalances appear as oscillations in the SRRF as
observed in the figures between ¢ = 0.5 s and 1 s. Furthermore,
when the energy balancing control under consideration is
enabled, the oscillations on the energy variables disappear
implying the return of the system to a balanced condition.

2) Case B-Energy Balancing via igq, iﬁl and U]\A/[zDQ.'
The same simulation scenario is repeated but with the energy
balancing control from Fig. 4. As for Case A, results of the
active and reactive powers and upper and lower equivalent arm
capacitance voltages vg’aLbC are shown in Fig. 8. For t < 1 s,
the same response as in Fig. 5 is observed. However, when the
energy balancing control is enabled, the ac and dc powers are
perturbed as well as the reactive power. This is due to the fact
that the control for wéd is carried on with the manlpulatlon
of the grid currents qu The dynamic responses of deqZ,
deq and w5, pg are similar to those from Case A, and are
omitted for brevity.
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When operating under the energy balancing control strategy
of Case B, the decoupling between the ac and dc powers
is lost. This coupling could be avoided by controlling the
dc power to a constant by means of i~ and using idA to
regulate w?, as suggested in [28]. However, even under such a
scenario, the ac active power would be dynamically perturbed,
and there would be a stronger influence on w? than when
operating under the strategy of Case A, which is arguably not
always convenient. Conversely, as revealed by a comparison
between the circulating current responses in Fig. 9, the energy
balancing strategy of Case B demands significantly lower
circulating currents during transients.

VI. CONCLUSIONS

This paper presents an MMC control approach for verti-
cal and horizontal energy balancing control in dgz coordi-
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Fig. 9. Comparison of circulating current response from Case A and Case B

nates. The design procedure is based on a recently presented
state-space representation of the converter in multiple syn-
chronously rotating reference frames (SRRF) [6]. Since the
model uses energy variables for the arm capacitor dynamics
and assumes linear current dynamics, it becomes particularly
useful for designing energy controllers based on linear inner
current control loops. Moreover, this model is further ma-
nipulated with a series of justified assumptions that yield in
a simplified model which provides a significant amount of
insight on the internal energy dynamics of an MMC. This
insight is further exploited for designing a family of outer-loop
controller strategies. More precisely, by proving that vertical
and horizontal energy imbalances are represented by undesired
oscillations in the multiple SRRF, a simple method for active
damping control is used to dissipate them and achieve the
desired energy balancing.

As an example of the gained insight, two possibilities of
outer loop controllers based on active damping are compared.
The first option consists of assigning the full responsibility
of the vertical and horizontal balancing to the dg-components
of the circulating current, while the second option shares this
task among the dg-components of the circulating currents, the
ac-grid currents and a third harmonic zero sequence voltage
injection. By simulation it was demonstrated how the strategy
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that distributes the damping control between multiple current
and voltage components had better performance at the price
of relying dynamically on the ac-side active and reactive
currents. On the other hand, the option relying only on the
dg-components of the circulating currents achieves the energy
balancing objectives without the need of perturbing the ac-side
current references and the third harmonic injection.

APPENDIX
A. Park transforms used in the derivation

The Park transformations used in this paper are based on
the expression of P, given below, for n =1 and n = —2.

cos (nwt) cos (nwt — 27 /3) cos (nwt + 2m/3)
sin (nwt) sin (nwt — 27/3) sin (nwt + 27/3)

P o
7LUJ_3
1/2 1/2 1/2

In addition, the following rotational transform was used.

cos (3wt)  sin (3wt)

T, &
“ sin (3wt) — cos (3wt)

B. Energy Filtering

The oscillatory part of the dg (and D(Q)) energy variables
can be isolated by first order low pass filters as indicated by
a generic variable x in the frequency domain as:
wf

5 A g _wr
& =x— Hy(s)z, P

Hy(s) = (14)

with the symbol * denoting the oscillatory part of x. Please
note that any suitable filter function could be used as H(s).
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