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Abstract— A constrained optimization problem based on the
Lagrange multipliers method is formulated to derive the circulat-
ing current references of Modular Multilevel Converters (MMC)
directly in abc coordinates. The resulting analytic expressions for
calculating the circulating current reference signals are designed
to eliminate oscillations in the dc-side power flow, independently
from the ac-side operation of the MMC. As a result of the
constrained optimization, the circulating currents are shaped
to optimally utilize the degrees of freedom provided by the
internal energy buffering capacity of the MMC, to effectively
decouple the ac grid conditions from the dc bus. This property
of the proposed control method makes it especially suitable
for preventing oscillations due to unbalanced ac grid voltage
conditions from propagating into multi-terminal HVDC systems.
It is shown that the power flow at the dc-side of the MMC
will be most effectively decoupled from ac-side transients if the
desired steady-state power flow is imposed by acting directly on
the circulating current references instead of by acting on the ac-
side current references. The operation of an MMC controlled by
the proposed approach is demonstrated by simulation studies,
verifying the ability of keeping the dc power flow free of
second harmonic oscillations, independently of the power control
objectives applied for calculating the ac-side current references
of the converter.

Index Terms— Circulating Current Control, Constrained
Optimization, Energy Balancing Control, HVDC Transmission,
Lagrange Multipliers Method, Modular Multilevel Converters.
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I. INTRODUCTION

For High Voltage dc (HVDC) transmission systems based on
voltage source converter (VSC) technology, and especially for
future multi-terminal systems, it will be important to avoid that
power oscillations originating from the ac grid can propagate
into the dc system [1], [2]. For power electronic converter
topologies that do not contain internal energy storage elements
between the ac- and dc-terminals, this can only be ensured
by controlling the ac-side currents so that oscillations are
eliminated from the instantaneous three-phase power flow at
the ac terminals. Thus, control strategies for conventional
two-level (2L) or three-level (3L) VSCs that are designed to
eliminate double frequency active power oscillations from the
power flow during operation with unbalanced grid voltage con-
ditions will impose unbalanced ac-side currents [3]-[6]. The
need for unbalanced ac-currents will also reduce the power
transfer capability of the converter compared to operation with
balanced three-phase currents, due to the limitations of the
maximum phase current [5], [7]-[9].

Compared to 2L or 3L VSCs, the Modular Multilevel
Converter (MMC) proposed in [10] introduces additional de-
grees of freedom in the control, due to its distributed internal
capacitive energy storage. Especially, the possibility to control
the internal circulating currents of an MMC separately from
the the ac-side currents provides a flexibility in selecting the
priority of the control objectives for the converter. For instance,
the circulating currents can be controlled to be constant [11],
or to contain a second harmonic component to compensate for
second harmonic voltage or energy oscillations in each phase
of the converter [12]. This flexibility can also be utilized during
unbalanced grid voltage conditions, as discussed in numerous
recent publications [13]. Thus, the MMC can be controlled to
act as a “power oscillation firewall” or an “energy buffer”
during unbalanced faults, preventing power oscillations on the
ac side from propagating into the dc system. This can be
achieved even if the ac-side currents are kept balanced during
unbalanced conditions [14]-[20].

A. MMC energy buffering potential in unbalanced conditions

A simplified representation of a three phase MMC consid-
ered from a macroscopic perspective is sketched in Fig. 1. As
indicated by this figure, each phase on the dc-side as well as
the ac-side of an MMC can be represented by a controlled
voltage source in series with an equivalent impedance. On the
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Fig. 1. Simplified representation of the MMC to emphasize its energy buffering capacity viewed from a macroscopic perspective.

dc-side, the currents in the equivalent interface impedance will
be the circulating currents, X, of each phase, and the dc-side
current, iy, will be equal to the sum of the circulating currents
for all phases. As viewed from the ac- and dc-side terminals of
an MMC model, the voltage sources would maintain a power
balance with an internal, equivalent, capacitive energy storage
[21].

A general model of a 2L-VSC with instantaneous power
balance between the ac- and dc-terminals would be identical to
the the right hand side of Fig. 1, i.e. the circuit representing the
ac grid interconnection (¢?, i*), and the “energy buffer circuit”
(vE,). Indeed, for the 2L VSC, the capacitor voltage vg, in the
figure would be the dc-side terminal voltage v4.. Therefore,
if power fluctuations due to unbalanced grid voltages should
appear in the ac-side of the circuit at the point where the
modulated voltage e” is represented, they will unavoidably ap-
pear in v%z as well. Thus, such voltage and power fluctuations
from a 2. VSC would propagate throughout the HVDC link.
As already mentioned, this is usually avoided by controlling
unbalanced ac-side currents so that no fluctuations will appear
in the power flow at the ac-terminals.

Considering the full circuit sketched in Fig. 1, it can be
immediately noticed that the equivalent internal voltage vé of
an MMC will not necessarily be identical to the dc voltage
Ve, as it will be for a 2L VSCs. Therefore, the MMC can
be controlled so that the distributed capacitance of the MMC,
as represented by the aggregate capacitor voltage vé in Fig.
1, will function as an energy buffer circuit that can absorb
power fluctuations or oscillations appearing at the ac-side.
Thus, oscillation-free power flow at the dc-terminals under
unbalanced ac grid voltage conditions does not inherently
depend on unbalanced ac-side currents, as for the 2L. VSC.

B. MMC capability for dc-side power control

From the simplified macroscopic MMC representation in
Fig. 1, it can be argued that the equivalent internal energy
buffer circuit and the possibility for independently controlling
the ac-side and dc-side currents of an MMC can be utilized to
completely decouple any type of undesired power fluctuations
at the ac-side from propagating into the dc- side. In other
words, there is no reason why such decoupling is only valid
for steady-state power oscillations at twice the grid frequency
that take place under unbalanced grid operation. If the MMC
control objectives would be specified for this purpose, any
type of power oscillations taking place at the ac-side, could

be buffered by the internal energy storage and prevented from
appearing at the dc terminals of the MMC, as long as the
resulting oscillations in the internal capacitor voltages can
be tolerated. Thus, the ac-side response to most transients
phenomena, power perturbations as well as the steady state
oscillations during unbalanced operation could potentially be
blocked from propagating to the dc-side if the dc-side current
or power of the MMC would be directly controlled by acting
on the circulating currents of the MMC. Such an approach
for control of the MMC will be different from the commonly
applied control approach inherited from 2L or 3L VSCs, where
the ac-side currents are utilized for controlling the power flow
or the dc-voltage of an MMC-based HVDC converter station.

C. Context and contributions

Since the analysis and control of MMC:s is currently being
widely studied in the scientific community, several different
methods have been proposed for controlling the circulating
currents when operating under unbalanced grid voltage con-
ditions [14]-[16], [18]-[20], [22]-[25]. However, many of the
these proposed control strategies rely on a Circulating Current
Suppression Controller (CCSC) and/or other control loops
implemented in a synchronously rotating reference frame. Sev-
eral proposals for control methods in the stationary reference
frame are also utilizing the Clarke transformation for imple-
menting control loops in aff coordinates. Thus, such control
methods are usually acting on the zero-sequence components
of the three-phases for mitigating dc-side power oscillations
of the MMC [14], [15], [22], [23]. Indeed, the utilization of
the Clarke and/or Park transformations implies only indirect
access to and control of per-phase quantities of MMC.

For providing direct and explicit control of phase quantities,
an approach for circulating current control in abc phase-
coordinates was proposed in [26], [27]. This control strategy
was based on outer loop energy control and constrained
mathematical optimization by the Lagrange multipliers method
for derivation of the circulating current references, inspired by
the work on active filters in [28], [29]. By designing the control
directly in the abc frame, this approach provides the possibility
for controlling the average values of MMC state variables in
each phase to follow constant reference signals [26], [27], [30].
However, since the optimization problem formulated in [26]
treated the phases of the MMC independently, the possibility
for optimizing the operation of a three-phase converter under
unbalanced ac grid voltage conditions was not considered.
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A first attempt towards application of constrained mathe-
matical optimization by the Lagrange multipliers method for
shaping the circulating current references of a three-phase
MMC to avoid dc-side power oscillations under unbalanced
ac grid voltage conditions was presented in [30], [31]. In
these initial efforts, the objective of avoiding dc-side power
oscillations was conflicting with the constraints introduced in
the optimization problem. Thus, dc-side power flow during
unbalanced conditions was not precisely constant, although
the oscillations could be significantly attenuated.

To achieve a flexible and versatile approach for control-
ling the MMC during unbalanced grid conditions, this paper
presents a generalization of the approach in [26] that will
ensure oscillation-free power flow at the dc terminals of the
converter. This is achieved by including the requirement of
oscillation-free dc-side power flow as a constraint in the
formulation of the optimization problem defined for deriving
the circulating current references. This results in a single
analytic equation for calculating the references for the MMC
circulating currents based on the output from a set of outer
loop energy controllers. The resulting control approach is
capable of regulating the energy stored inside the MMC
whilst ensuring oscillation-free power at the dc terminals,
considering two modes of operation with different control
objectives defined as minimizing the oscillations of: i) the
circulating current (if) or ii) the capacitive energy sum (wgk) of
each phase k, for achieving reduced fluctuations in the MMC
capacitor voltages.

The core idea behind the approach presented in this paper
was first proposed in [12], and later utilized in [32]. The
preliminary proposal in [12] is further refined here with a
unified explanation of the derivations and an extended analysis
of the impact of the proposed approach on the MMC operation,
including evaluation of results from three different strategies
for ac-side power control under unbalanced conditions, based
on the following objectives [3], [4]: 1) constant active power
with sinusoidal grid currents, 2) balanced grid currents and
3) constant reactive power with sinusoidal grid currents. The
results in this paper and the corresponding analysis demon-
strate how the various strategies for ac-side and circulating
current reference calculation are influencing the energy and
voltage oscillations of the MMC under unbalanced conditions.
Furthermore, the effect of using the circulating currents to
directly establish the desired steady state power flow of the
converter according to the idea introduced in [12], is evaluated.
This approach implies that the ac-side currents must be used to
regulate the capacitive energy stored inside the MMC, instead
of the more conventional approach of using the circulating
currents to control the internally stored energy while the ac-
side currents are used to establish the desired steady state
power flow in the same way as for a 2L or 3L VSC. It will
be shown that by using this strategy, the power flow at the
dc terminals is most effectively decoupled from any transients
originating from the ac grid, while the dynamic response to
disturbances in the ac grid is only reflected in the control of
the total energy stored in the MMC.

SME

Fig. 2. Topology of the modular multilevel converter under consideration.

II. THE MODULAR MULTILEVEL CONVERTER

The structure of a three-phase MMC is shown in Fig. 2.
Each phase k of the converter is formed by 2N sub-modules
(SMs) of which half of them are placed in the upper (U)
arm and the other half in the lower (L). Each sub-module
is composed by two switches (IGBT + diode) as shown in
the same figure, and allows two active states: 1) bypassed,
i.e. with zero voltage at the terminals or 2) inserted, i.e.
with the capacitor voltage appearing at the terminals. Both
upper and lower arms are constituted by an arm inductor—
characterized by an inductance Ls and a resistance Rs— in
order to compensate for voltage unbalances between the upper
and lower multi-valves!, and the dc terminal voltage. The
ac-side interface is assumed to be a filter inductor and/or
leakage inductance of a transformer, modeled by an equivalent
resistance Ry and inductance L. For controller design and
analysis, it is further assumed that that all the SMs in each arm
can be replaced by a circuit-based arm average model (AAM),
as indicated in Fig. 2 for the lower arm of phase ¢ [33], [34].
Thus, each of the MMC arms appears as a controlled voltage
source in the three-phase topology, while a power balance is
established between the arm and its equivalent capacitance.

The ac grid side and circulating currents for a generalized
phase &, if and if, are respectively defined in (1) and (2) as
a function of the MMC upper and lower arm currents, i,’cj and
ik [11]:

i =i — i (1)
U -l

. Iy +1

=k _k 5 k 2)

The dynamics of the aggregate capacitor voltages vgk and vék
used in the AAM representation of the MMC are given by:

U U.U
CGVCk == mk lk B
. L.L
Covey = myi,

3)

with m,’(f and mi‘ the upper and lower normalized arm insertion

'A multi-valve is here defined as the series interconnection of all the sub-
modules in one arm.
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indices of the converter, and Cs = C/N. By further multiplying
the above dynamical equations by their corresponding state
variable (Vlc]k or vék), we get the upper and lower arm energy

dynamics
2
U UuU U v sl vyl &y
Wek = Mg Verli s Wek = ECG (VCk) = ECG Z Vi
i=1
2
L L L :L L oal L2 1 u L
Wek = M Vel Wck = QCG (VCk) = ico Z Veki |
i=1
4

The dynamics of the sum and difference of the capacitive
energy (wyi and wpy) between the upper and lower arms (or
multi-valves) are found by respectively adding and subtracting
(4) [35], resulting in

T U L A A py
Wk =Wer + Wor = —egl +2ucl >
LA .U . L ¥ A AL
Wep =Wer —Wep = Uil —2ep i (6)

where ef, and u% are components of the internal modulated
voltages of the MMC. These voltage components can be
expressed as bilinear functions between the upper and lower
insertion indexes m,lcj and m’,; and the upper and lower capacitor
voltages v¥, and vk, as given by

L L U.U
A o M Ve — My Vey
€y = —— ~ @)
2
U.U L L
T M Ve T mve 3
Uy =——"5—" (8)

III. OPTIMAL SHAPING OF THE MMC CIRCULATING
CURRENTS

An approach for calculating the MMC circulating current
references directly in the abc phase coordinates, based on con-
strained mathematical optimization by means of the Lagrange
multipliers method, was presented in [26]. In order to make the
following discussions self-contained, the derivation originally
presented in [26] is first briefly recalled before introducing the
required analysis for ensuring oscillation-free dc-side power
flow of a three-phase MMC.

A. Phase-independent optimization of the circulating current
references

For simplicity, it is assumed in the following derivations
that u% ~ %. Furthermore, uf as well as ef and iﬁ will be
considered as measurable disturbances in equations (5)-(6).
These considerations are based on the assumption of time-
scale separation between the circulating current control and
1) all outer control loops and energy dynamics and 2) the

closed loop ac-side current dynamics.

2Notice that the energy definitions introduced here differ in general from the
real physical arm energy dynamics, which are found by adding up all the SM
energies, except for the case in which a fast balancing algorithm is assumed
which forces equal SM voltages within the arm. Nonetheless, from a control
design perspective, these virtual energy definitions can always be considered
as the result of an appropriate change of coordinates which accurately maps
the original capacitor voltage dynamics (3).

Let fi (z%) be the objective function® (associated to the
converter phase k), expressed as:

1 to+T 1 to+T 2
fi(iE) = a- / (WE)2dr + (1 — 1) ~ / (vacit)’ dt
T to T to
©)
This objective function consists of the two following conflict-
ing objectives [26] :

(i) Minimize the power oscillations associated to the ca-
pacitive energy sum variable w%k. This objective is
represented by the first integral on the right hand side
of the equality in (9).

(i) Minimize the oscillations of the power flow associated
with the circulating current if. This objective is repre-
sented by the second integral on the right hand side of
the equality in (9).

Thus, a weighting factor o € [0,1] is used to balance their
conflicting nature.

The objective function in (9) is subject to two constraints,
associated with horizontal and vertical energy balancing con-
trol of the MMC. More precisely, for each phase k, the
constraint given in (10) is defined to regulate the average of
the energy sum, whereas the constraint given in (11) is defined
to regulate the average value of the energy difference.

1 to+T 5 —
1 to+T ] o
= (wék) dt =P, (11)
to

In (10) and (11), Pigk and @ are assumed to be determined by
PI controllers for regulating the average values of the energy
sum and difference (W%k and Wék) to their desired references,
as given by:

5 (i) +4F [ (v -wE )] a2)

P2 i (o) + [ (e v )]

(1>

Dr
PEk

>

From (9), (10) and (11), the Lagrangian L associated with
the optimization problem under consideration is defined as:

'Zk k N 1 to+T )
L(ig, hs, M) = 0‘? Y (Wey)“dt

1 to+T

+(1 —(X)? Y (Vdcl%)zdt

| e (a4
+7\.): <T/t Wdet Pikk)

o

1 to+T A o

with Ay and A4 the so-called Lagrange multipliers. A solution
to this optimization problem is possible since the two selected
constraints are compatible: i.e., according to [33], [35] the
average value of the energy sum (ng) depends on the dc
component of the circulating current, while the average value

3Notice that the dependence of the objective function only on i,% is a direct

consequence of the underlying assumption given above.
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Fig. 3. MMC Phase Control Scheme [26]

of the energy difference (Wék) depends on the fundamen-
tal frequency component of the circulating current. These
constraints will participate in the shaping of the circulating
current reference, by defining its dc-component and its grid
frequency component, respectively according to the above
analysis. Nonetheless, there are still sufficient degrees of free-
dom regarding the component at twice the grid frequency. This
component is directly associated to the objective functions, and
will depend on the weighting factor selected.

Differentiating the Lagrangian with respect to the circulating
current variable and both of the Lagrange multipliers Ay and
;\‘A7

V(#ase) (i, Az, ha) =0 (15)

and solving the resulting three dimensional equation system
(see [26] for more details), the circulating current reference
can be obtained as:

~d
“®
~2m

—_ —_——TN—
— AA —— =k
o Prt+(1—0)epip oA —Pyg A
i = 5 Vde+ —eiy + ————— ¢
Vie Vie o) 2 A,rms
Vdc el@p.u.

(16)
where €2i2 and e{it are the average and instantaneous values
of the ac-side power calculated from the product between the
ac-side current if and the internal voltage ef of phase k. In
addition,

AN 2
A,rms 2 A 1 to+T ek
)T A ) ar.
Pl T Jio Vdc

The first term on the right hand side of the equal sign in
(16) is the dc component of the circulating current, which is
responsible for regulating the average value of the capacitive
energy sum of each phase (ng) and ensures the average power

balance*. The second term in (16) is the second harmonic
component of the circulating current that ensures constant
energy sum (w§ = 0) in steady state when o = 1, whereas
the last term is a fundamental frequency component that
will regulate the average energy difference between the upper
and lower arms (Wék). The assumed control structure of an
MMC, including the implementation of the circulating current
reference (16) is sketched in Fig. 3—see [26] for more details.
It is also worth mentioning that the formulation in (16) allows
to control the energy stored in the equivalent arm capacitors
of the converter—through F;k and ﬁzk—independently of the
value of the voltage v, at the dc terminals of the MMC.

B. Optimal circulating current reference shaping for unbal-
anced operation

The circulating current reference ii‘* expressed in (16) is

the solution to the optimization problem formulated in the
previous subsection. Nonetheless, it can be easily noticed
that the sum of the three phases (Y jcupe if*) is not being
explicitly controlled to become a constant variable in steady-
state operation, due to the fact that the optimization problem
was formulated independently per phase. Hence, the dc power
output will not necessarily become constant or oscillation-
free. For preventing oscillations originating from the ac-side
operation of the MMC to propagate into the dc-side the
optimization problem must be reformulated by considering all
three phases. Thus, the following new constraint is defined

[12]:
Vde Z l'EEPdC.
ke (abc)

A7)

“4Recall that the average value of the circulating current is related to the
average power transfer between the ac and dc sides.
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In the above equation, P, will be a constant or oscillation-
free power reference. How this power reference can be chosen
is discussed in section V.

1) Conflicting constraints: The constraint in (17) is not
compatible with the constraints (10) and (11) used to deter-
mine if*. The reason is that these constraints were responsible
for the the dc-component and the fundamental frequency com-
ponents of i% that are needed in order to achieve the desired
energy regulation, while the new constraint in (17) is imposing
a relation between the phases, including the dc-components
of if. To overcome this issue, one of the constraints directly
associated to the dc value of if must be relaxed.

For ensuring that power oscillations at the dc-terminals
will be suppressed, the constraint in (17) must be prioritized.
Even though the energy regulation provided by equations
(10) and (11) is quite important to maintain the desired
operating conditions of the system, these constraints can be
relaxed in order to find a new circulating current reference if*.
This is achieved by shifting the equations that were initially
constraints, to become part of a new objective function.

2) Mathematical derivation: The optimization problem is
defined in the following way. The desired shape of the cir-
culating current of each phase will be as similar as possible
to if*; subject to the constant power constraint given in (17).
More precisely, the new objective function f (zf) is now given
as

1) = i =i
where if* is the optimal circulating current reference previ-
ously calculated in (16). Notice that due to the derivation
procedure of if* and its appearance in (18), the new objective
function also contains the information of the constraints (10)
and (11) used in the previous formulation. However, they are
not imposed as strict constraints, since they appear in the
objective function f(i¥). Thus, these constraints have now
been relaxed. On the other hand, the only strict constraint
considered in this new formulation is the one associated to
constant power flow at the MMC dc terminals defined in (17).

The Lagrangian associated to this new optimization prob-
lem is now defined as

(18)

L(EA) = (F-) 4 [vee ¥ F-P
ke (abe)

(19)

Here again, it can be concluded from a simple analysis that
the solution for this optimization problem is feasible. Even
though one constraint appears, it does not define entirely the
shape of the circulating current. More precisely, it only ensures
that the sum of the circulating currents for all phases phases
(times vg.) will be free from oscillations. Therefore, there is
still a sufficient degrees of freedom regarding the individual
waveforms of the circulating currents in each phase, which is
used to minimize the new objective function.

To obtain the new circulating current reference ifi, it is
necessary to analytically solve Vs ;)£ (i,A) = 0. Differen-
tiating L (if,k) with respect to if, results in

oL

o= 2 (iy — ") +Avge = 0. (20)
Ug

Similarly, differentiating £ (i, 1) with respect to A, results in

oL

W 21

=vee Y, iy —Py.=0.
ke (abe)

Multiplying (20) by wi, adding all three phases and combin-

ing the resulting equation with (21) yields in

_ Vde Zke(abc) l%* - FZL

3.2
2Vdce

A

(22)

Replacing (22) in (20) results in the new circulating current
reference equation 7, given as
1 1P,
T Sk Yok dc
L =1 — = o+ —
Pl Y #

. (23)
ke (abc) 3 vac

Notice that (23) has the following clear physical interpreta-
tion. The original zero-sequence component of the circulating
current, if* = %):abc i%*, is being subtracted from the reference
and replaced by the new component ¥ £ 1P, /v .. Indeed,
the new zero sequence component of the circulating current iz):1E
has as its only objective to ensure constant power flow at the
dc terminals of the MMC, without contributing to the phase-
independent arm capacitor energy regulation. Consequently,
the phase-independent arm capacitor energy regulation will
be carried out only by the non-zero-sequence components of
the circulating currents; i.e., by ifi — izzi.

Replacing i%* from (16) into (23) provides the full expres-
sion for the circulating current reference as:

B AA AGA B* A
e _ Py + (1—o)-epi ) o-ep iy —Ppe;
ke vzzlc de Vde 2 2 A,rms 2
Ve \ €kp.u.
=< . .
P+ (1 — ) -efid ety
- X 2 Vde + (24)
ke (abe) dc
=% A _*
—Ppreg 1Py

23 (eg)’) 3

It can be seen from this equation that the sum of the circulatjyg
current references for the three phases will always yield in %,
regardless of the phase independent energy regulation action
that i,% is performing. Moreover, by adequately choosing PZC,
the output dc power of the converter may be controlled to
effectively prevent oscillations from the ac-side from propa-
gating into the dc-side.

It is worth mentioning that the implementation of (24)
is rather straightforward regardless of the complexity of the
derivation. This is because (24) mainly relies on algebraic
expressions and standard averaging techniques, in addition
to the output signals from the PI controllers for the energy
balancing control, as defined by (12) and (13). Furthermore,
notice that (24) simplifies even further when selecting one of
the frontier cases =1 or v =0.

IV. ASSUMED CONTROL SYSTEM IMPLEMENTATION

The expression for the optimized circulating current ref-
erence given by (24) can be utilized in any MMC control

2168-6777 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2019.2894677, IEEE

Journal of Emerging and Selected Topics in Power Electronics

R@o +
lkZ,J’ orir* O R@ —20 + uy

=™

;

Fig. 4. Multi-Resonant Shunt Control Structure for the Circulating Current

system configuration relying on separate control of ac-side
and circulating currents. The control system implementation
assumed for the analysis in this paper is presented in following.

A. Circulating current control by stationary multi-resonant
controllers

The circulating current references resulting from the math-
ematical optimization in the previous section provides the
theoretical optimal currents for regulating the arm capacitive
energies independently for each phase, while ensuring non-
oscillatory power at the dc-terminals of the converter. For
utilizing the optimal current reference from (24) in a control
system, it should be noticed that this equation for each phase
k will contain three different harmonic components—a dc
component proportional to v, a fundamental frequency com-
ponent, and a second harmonic component. Thus, a suitable
and simple approach for implementing the circulating current
control is to use multiple stationary frame resonant controllers
[36], [37] tuned for controlling the individual frequency com-
ponents. Such resonant controllers have been widely studied as
an interesting alternative to the use of synchronous reference
frame PI controllers, in order to avoid the computational
load of implementing multiple synchronous reference frame
transformations [37]. Recently, resonant controllers have also
been widely applied to MMC circulating current control, as
for instance discussed in [17]-[19].

The multi-resonant controller structure implemented in this
work is depicted in Fig. 4. It consists on the direct addition
of two single resonant controllers at once and twice the
grid frequency with a common proportional-integral (PI) term
(referred to as parallel or shunt configuration [37]). This
structure corresponds to the circulating current control block
of the control scheme from Fig. 3. For considering operation of
the system under grid frequency variations, frequency-adaptive
Second Order Generalized Integrators (SOGIs) can be utilized
to implement the resonant terms of the current controller [38].

B. AC-side current reference calculation and control

For evaluating MMC operation under unbalanced grid volt-
age conditions, it is also necessary to define a strategy for
shaping the active and reactive power flow on the ac-side of the
MMC. As mentioned in the introduction, the performance of
the MMC with the presented approach for circulating current
reference calculation is evaluated in this paper for different
power control strategies applied to the control of the ac-side

currents. For simplicity, the investigation is limited to the case
of active power control, and the corresponding three-phase
current references are calculated according to the following
generalized equation [4]:
P..
v = e “ TR ("é?:*kp“’é;)
e |+t

(25)

In (25), P, is the power reference at the ac point of common
coupling (PCC), and vgk and v, are the positive and negative
sequence components of the phase k voltage measured at the
point of common coupling. For further detailes, please refer to
[3], [4]. Three different cases are investigated, corresponding
to the following objectives for controlling the power flow
characteristics at the point of synchronization to the ac grid:

o Elimination of double frequency oscillations in the ac
power flow while maintaining sinusoidal currents: current
reference calculation by equation (25) with kp = —1

o Balanced sinusoidal ac currents: current reference calcu-
lation by equation (25) with kp =0

o Elimination of double frequency reactive power oscilla-
tions at the point of synchronization to the grid: current
reference calculation by equation (25) with kp = +1

The ac-side phase currents are controlled to follow the current
references resulting from (25) by using resonant controllers
implemented in the stationary ofy reference frame according
to [36], [39]. The output from the current controllers will, after
transformation from o to abc coordinates, provide the voltage
references eﬁ* as indicated in Fig. 5. The synchronization to
the ac voltage at the PCC and the detection of positive and
negative sequence components of the grid voltage is based
on Dual SOGIs configured as quadrature signal generators
(DSOGI-QSG) according to [40].

It should be noted that the grid synchronization and the
control of the ac-side power flow is based on methods and
techniques that are well established and widely studied for
grid connected 2L VSCs. Thus, the applied control strategy
can be easily adapted to handle additional practical challenges
related to grid connected operation. For instance, the grid
synchronization mechanism based on the DSOGI-QSG is
inherently frequency-adaptive, and can be extended to in-
clude harmonic sequence decomposition, as proposed in [7].
Similarly, strategies for limiting the power flow and current
references resulting from (25) can be introduced to ensure safe
operation of the converter during severe ac-side grid faults, as
discussed in [5], [9], [39].

V. POWER FLOW CONTROL AND DEFINITION OF ROLES FOR
AC- AND DC-SIDE POWER REFERENCES

From the equation for the circulating current reference ifi

given in (24), and the equation for the ac-side current reference
if* given in (25), it is clear that it is possible to define the dc
power reference Py, and the ac power reference P, separately
as explicit signals within the control system. However, to
preserve the system stability only one of these references can
be used to define the steady-state power flow of the converter,
while the other reference must be utilized to compensate for
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Fig. 5. Schematic diagram of the proposed control

the internal losses while balancing the total energy stored
within the converter.

To simplify the analysis, consider as an example an MMC
operating as a constant power controlled HVDC converter
station. This implies that it will be necessary to assign the
constant power reference corresponding to the desired op-
erating point (OP) Prelﬁ, to one of the two available active
powers; i.e., P,. or P,.. Furthermore, the remaining one of
the two active powers that is not being used to force the
desired constant power operating point, is then assigned to the
objective of ensuring the power balance (PB) of the converter
by regulating its average capacitve energy sum. This power
reference, Pli%f, can be generated by a PI controller as

= kp (wm wc3¢) ks / (W§g¢ WC3¢) dt (26)

where W?ﬁé

ref
Ppp =
is the desired reference for the three-phase average
capacitive energy Wc3¢- Thus, as first suggested in [12] this
degree of freedom allows for the following two different ways
of controlling the MMC.

1) Case A: P,. = P5! and Py, = P

This applies the same approach for power flow control as
in a 2. VSC converter (where there is only one degree
of freedom; i.e., the desired power transfer). Thus the
constant power operating point will be established by
P.., whereas the dc-side power reference P, is used to
regulate the average value of the capacitive energy of
the MMC, by means of (26).

Case B: P, = P} and P,,. = P

In this case, the desired constant power operating point is
established by means of the dc-side power reference P,.,
while the ac-side power reference ﬁff will be defined by
(26). This case is of significant interest, since the MMC
will not only decouple the ac-side power fluctuations

2)

from the dc-side power fluctuations in steady state (as
in the previous case), but also buffer the impact of any
ac-side transients as well. This behaviour will be similar
to a stiff dc current/power source, and will be illustrated
and further analyzed in section VI-C.

The resulting control scheme is depicted in Fig. 5. As can be
seen, the control of the constant power operating point Pg’g
of the system is no longer necessarily actuated by the ac-side
currents, illustrated by the presence of the additional power
reference selector block. Indeed, this new block emphasizes
the possibility of switching between the configurations defined
above as Case A and Case B.

The two different approaches for power control presented
above can be easily extended to the case of dc voltage
controlled or dc droop-controlled HVDC converter stations.
Indeed, if an additional outer loop dc voltage controller is
designed to provide Crﬁﬁ, the presented strategy for optimal
shaping of the circulating current references as well as the
two options for organizing the power flow control and energy
balancing will be equally applicable as for the assumed ex-
ample. However, it can be mentioned that the choice of which
controller provides P, and P,, can have significant influence
on the dynamic response and controller bandwidth, especially
for the case of dc voltage control. A preliminary evaluation of
this issue, based on a different control strategy and a simplified
MMC model, was presented in [41]. The results from this
study showed how a control system configuration with a dc-
voltage controller providing FZC implies that the closed loop
response of the controller for the capacitive energy sum given
by (26) will limit the bandwidth of the dc-voltage controller.
Thus, the same limitations will apply to the overall control
strategies assumed in this paper. This also implies that the
configuration of the energy balancing and power flow control
of an MMC can have significant impact on the potential for
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utilizing internally stored energy and/or power from the dc-
side to provide inertial response from an MMC HVDC ter-
minal. Thus, previous studies of inertia emulation and control
of HVDC terminals as virtual synchronous machines (VSMs),
based on 2L VSCs [42] or on MMCs with conventional CCSC
[43], will not provide accurate representation of MMCs with
closed loop control of the dc-side current and/or the internally
stored energy.

VI. SIMULATION OF MMC OPERATION UNDER
UNBALANCED CONDITIONS

In this section, time-domain simulation results for a three
phase MMC with the parameters from Table 1, operating under
unbalanced conditions are presented and evaluated. The MMC
parameters are inspired from the preliminary design of the
MMC-HVDC system between France and Spain presented in
[44], with 400-SMs per arm, and SM capacitance designed for
a stored energy equivalent to 30 kJ/MVA. In addition, the case
of a single phase fault in phase a of the equivalent grid voltage
source as shown in Fig. 6 is investigated. For the simulations,
an MMC working in constant power control mode is assumed
to be connected to a stiff dc voltage source >. The control
system of the MMC is implemented according to Fig. 5, and all
the required input signals for the calculation of the circulating
current references have been estimated using adaptive filters
based on SOGI-QSGs, as explained in [45].

For simplicity, the time-domain simulation results presented
in the following section are based on the averaged arm model
(AAM) of the converter. For simulation with an AAM repre-
sentation of the MMC, each arm is represented by a controlled
voltage source which is coupled with an equivalent arm
capacitance that represents the internal arm voltage dynamics.
Further validation and analysis of such models are available
in [33], [34], [46], [47], but it should be noted that the model
includes nonlinear effects except for the switching operations
and the dynamics of the SM capacitor voltage balancing
algorithm. The model is simulated in Matlab/Simulink with
the SimPowerSystem toolbox.

A. Simulation results with the phase-independent formulation
of [26]

The approach for circulating current reference calculation
proposed in this paper in (23), (24) stems from the need

5 As mentioned earlier, the investigation could be easily extended to MMCs
in dc voltage controlling mode or droop-controlled mode, interfacing a con-
stant dc current source or a multi-terminal HVDC system instead. However,
since the emphasis of this work is the unbalanced ac-grid conditions, the case
of an MMC interfacing a stiff dc voltage source operating in constant power
mode is preferred for simplicity.

TABLE I: MMC Parameters [44]

Parameter Value
Number of SM per arm 400

Nominal dc terminal voltage 640 kV
Nominal ac terminal voltage | 266.4 kV
Nominal power 1059 MVA

Sub-Module capacitance 10 mF
Equivalent arm capacitance 0.025 mF

Arm inductance 50 mH

Arm resistance 10 mQ

of a general equation capable of ensuring constant dc power
during unbalanced operation. This subsection intends to briefly
illustrate via time-domain simulations the limits of the phase-
independent formulation of [26] recalled in (16), under unbal-
anced grid voltage conditions. The main variables of interest
from simulation results with this control strategy are depicted
in Fig. 7, when the MMC is exposed to the unbalanced grid
voltages from Fig. 6. While the circulating current references
are calculated by (16) the grid current references are calculated
with (25), with kp = 0 for ensuring balanced ac-side currents
during the unbalanced operation.

For the simulated scenario, Fig. 7 shows the three phase ac-
side currents, the instantaneous three-phase active power, the
capacitive energy sum stored in each phase of the converter,
and the instantaneous power at the dc terminals of the MMC,
the sum of the capacitor voltages for each arm, the circulating
currents, the energy difference between arms per phase and
the instantaneous reactive power. In addition, the figure is
showing the results of using equation (16) with the two
frontier values of o in order to evaluate the performance under
both modes of operation: minimizing the oscillations of the
circulating current (o0 = 0) and minimizing the oscillations of
the capacitive energy sum per phase (o= 1).

Since there is an unbalance in the ac grid voltage, and
the ac-side currents are controlled to be balanced, the in-
stantaneous active power at the ac-side has a pronounced
2m oscillation. When o = 1, the power fluctuations that are
observed at the ac-side can be also found in the dc-side power
as well. For this case it is clear that equation (16) is not
enough to guarantee oscillation-free power at the dc terminals.
Nonetheless, for the case of o = 0, the circulating current
is being minimized and therefore contributes to minimizing
the oscillations of the dc power as well®. However, it is
worth emphasizing that even though the dc power fluctuations
are small, they are only implicitly attenuated by the phase-
independent control.

B. Simulation results with presented formulation suitable for
unbalanced operation

In this section, operation with circulating current reference
calculation by (24) is being evaluated under the three different
ac-side current control strategies, corresponding to oscillation-
free ac active power (kp = —1), balanced ac-side currents

SRecall that the sum of the circulating currents (Xke(abe) i) Will produce
the dc-side current, which in turn is associated with the dc-side power flow.
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power.

(kp = 0) and oscillation-free reactive power (kp = 1). The aim
of this section is twofold. First, to validate (24) as a suitable
control option for the MMC under unbalanced conditions.
Second, to give insight on the performance of the MMC under
unbalanced conditions with oscillation-free power at the dc
terminals and the different ac grid current control strategies
mentioned above. In Fig. 8, a matrix of individual figures is
shown representing the MMC grid currents, the ac-side active
power, the energy sum stored in the capacitors for each phase,
and the power at the dc terminals; for different values of
kp € [—1,0,+1] and o € [0, 1]. The series of plots is continued
in Fig. 9, showing the MMC capacitor voltages, the circulating
currents, the energy difference between arms and the reactive
power.

1) Comparison between the two circulating current refer-
ence formulations: As a first remark, notice that the instan-
taneous power at the dc terminals of the MMC controlled
by (24) and depicted in Fig. 8 has a better performance in
terms of the quality of the output waveform than the results
depicted in Fig 7, independently of the value of a. This is
because the constant dc power requirement was formulated as
a strict constraint in the optimization problem, and all other
requirements regarding the energy balancing are part of the
objective function. Furthermore, when operating with (24) and

o = 1, the capacitive energy sum in each phase presents more
oscillations than the equivalent case depicted in Fig. 7, since
the buffering of power fluctuations originating from the ac-
side is prioritized. Nonetheless, the oscillations in the stored
energy are limited as much as possible.

2) The case of oscillation-free ac -side active power with
sinusoidal currents (kp = —1): When kp = —1, neither the
ac-side power at the PCC nor the power between the dc ter-
minals present any observable oscillations. However, the stored
capacitive energy sum variable has a clear zero-sequence
oscillation component, which is compensating for the power
fluctuations in the inductors, which are in turn caused by
the unbalanced ac-side currents. This phenomenon is further
analyzed in the following lines. By power preservation—i.e.,
Tellegen’s theorem—the power that will enter the MMC, say
P, can be defined as

Pi=R Y (i) + Y vork+ Pac,
keabe keabc
with R’ being the equivalent ac-side resistance as seen from
the MMC, and wy; representing the energy stored in the

equivalent inductor L’ of a single phase k. The three phase
power fluctuating in the resistance and inductance can be
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Fig. 8. Operation of MMC during unbalanced conditions with proposed control method, illustrated by the following variables: a) ac grid-side currents, b) ac
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easily computed as;

ROY ()2 =R ()7 + ) +(2)?)

keabce
=R (i + i P+ G+ 4+ (2 +i20))
o d U ()24 (i) + (4)?)
L =y, 2
keabce !

s (P4 G iy P+ 42 )
dt 2

After some simple calculations, one can see that the the above

expressions will only result in constant values in steady-state

if either iﬁb; =0or iﬁb‘; = 0. Thus, the presence of a negative

sequence ac-side current will produce power fluctuations pro-

portional to the equivalent inductance which in turn will enter

the MMC.

3) The case of balanced sinusoidal currents (kp = 0):
When kp = 0 (refer to the third and fourth rows of Fig. 8
and 9 the ac-side currents are being controlled to be balanced
by means of (25) even under the presence of the unbalanced
ac grid voltage. The product between balanced grid currents
and unbalanced ac grid voltages will result in a fluctuating
power at the PCC at twice the grid fundamental frequency.
However, using the presented strategy for circulating current
control, the MMC will store such power oscillations inside its
distributed capacitors, thus preventing them from appearing
at the dc terminals. In addition, and contrary to the previous
case, there is no need to compensate any additional power
oscillations in the ac grid inductances since the grid currents
are balanced.

4) The case of oscillation-free reactive power with sinu-
soidal currents (kp = +1): Comparing the fifth and sixth rows
of Fig. 8 corresponding to the case of oscillation free reactive
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Fig. 9. Continuation of Fig. 8 with the following MMC variables during unbalanced grid operation: a) MMC capacitor voltages, b) circulating currents, ¢)

energy difference between arms d) reactive power

power with the rest of the sub-figures, it can be seen that
it is the case in which the MMC capacitive energy storing
capability is required the most. More precisely, the capacitive
energy in the MMC Y. ng fluctuates more than any of
the other cases corresponding to kp =0 and kp = —1. This is
easier to notice when o = 1 than when o = 0, since for the
former case the stored capacitive energy sum of each phase
wgk are in phase with one another. This allows to clearly notice
how the oscillations of the zero sequence of this variable
reaches its highest value when kp = +1, its lowest when
kp = —1, and an intermediate value when kp = 0 7. This is
since the MMC is compensating for both energy fluctuations
“sources”; i.e., 1) the inductive energy fluctuations due to the
unbalanced grid currents, and 2) the fluctuating ac-side power,

"When o, = 0, the same pattern may be found by adding the three energy
sums M%k of each phase.

which is significantly higher than for the other cases.

By contrast, the oscillation-free reactive power control
seems to be the case with the smallest energy difference
oscillations between arms, which results in the case with
smallest fluctuations of MMC capacitor voltages (vg,’c]“). Note
that when kp = +1, the energy difference oscillations and the
MMC capacitor voltages are much lower than for the other
values of kp, especially compared to the case of kp = —1.
Thus, ensuring constant instantaneous reactive power (kp =
+1) during unbalances tends to reduce the voltage stress of
the arm capacitors.

From the fourth column of Fig. 8, it is possible to observe
some small oscillations at the dc power, which are fluctuating
at twice the grid frequency. These oscillations are in fact
introduced by P;%f in (26), through F;C, and are associated
to the dynamics of the filtering technique used to determine

W?qu. They are also bigger for the case in which kp = +1,
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a) Circulating Current Suppression Controller, b) the formulation of (23) with P;. = Py5p and Pj, = Ppy , and c) the formulation of (23) with P, = Pyp and

since this is the case in which W():jg is the biggest, as can be

inferred from the third column of the same figure. Thus, it is
expected that improving the filtering technique will result in
a less oscillatory dc power.

5) Relationship between the circulating currents, kp and
the ac-side power oscillations: Another interesting observation
can be made by analyzing the mean value of the circulating
currents for each case. For kp = —1, there is no significant
difference between the mean value of each of the phases. This
is because constant 3-phase power is achieved by increasing
the current in the phase with reduced voltage. Thus, the ac-
side power control is ensuring equal average power in the
three phases, which corresponds to equal dc component of the
circulating current. Nevertheless, when kp = 0, the mean value
of i is decreased compared to the other two phases since this
case does not ensure constant power per phase, but a power
proportional to the voltage at the PCC. The difference observed
between the phases is the most significant when kp = +1, as
it is also the case with highest ac-side power oscillations.

6) Final remarks: Working directly in abc coordinates in
the stationary frame enables the possibility of directly regu-
lating phase-independently the mean values of the capacitive
energy sum and difference stored in the arms of the MMC (i.e.:
W%k & Wék). Indeed, this translates into the MMC capacitor
voltages having the desired average voltage value regardless of
the unbalanced condition and the grid current control method
used to cope with it.

The circulating current control reference of (24) will ensure
that the sum of the circulating currents will be oscillation-free
regardless of the value of o. Thus constant power at the dc
terminals of the converter is ensured for every case.

If the MMC is operated with oo = 1, the capacitive energy
storage capacity of the MMC (YLie(ape) wgk) will be utilized
most efficiently as only the zero-sequence component will
appear. This is not the case for oo = 0 since besides the zero
sequence, positive and negative sequences appear as well.

The presented results show that the MMC can always be
controlled to prevent steady-state power oscillations from the
ac side from entering the dc grid. Thus, the MMC can be
controlled to act as a power oscillation firewall, as long as the
capacitance is designed to handle the fluctuations. Controlling
the power oscillations on the ac side can limit the energy sum
oscillations. However, the internal arm capacitor voltages—
similar to the energy difference—is highly dependent on the
fluctuation of the reactive power at the ac side. Thus, constant
instantaneous reactive power control can minimize the MMC

de

sub-module capacitor voltage oscillations during unbalanced
operation.

C. Influence of the two active power control objectives

This section intends to show the difference between the Case
A and Case B defined and discussed in section V. In Fig. 10, it
is possible to notice three curves, all representing the power at
the dc terminals of the converter under a transient unbalanced
fault between 1 = 0.2 s and t = 0.6 s given by the same fault
conditions as in the previous simulations. Each of the curves
is obtained with a different control strategy, as follows:

a) First, the CCSC from [11] is used, only as a reference.
This case has no explicit control of the zero sequence
component of the circulating current (unlike [14]), and
hence it is not capable of ensuring constant power.

b) As a second case, the power at the dc terminals of the
converter resulting from applying (24) under the configu-
ration defined as Case A in section V is presented. It can
be seen how the oscillations are significantly reduced with
respect to the reference case, yet it is possible to notice
a small transient at t = 0.2 s and at t = 0.6 s. These
transients are generated by (26) through the dc power
reference P,,.

c) Finally, the last curve depicts a signal with no noticeable
transient. This result is obtained by applying (24) under
the configuration defined as Case B in section V. By
doing so, all the dynamical effects caused by the PI
controller of (26) are now shifted to the ac-side of the
converter, leaving the dc side of the MMC absolutely
decoupled from any kind of disturbance within its rated
operating conditions.

The rest of the variables for the event under consideration
are shown in Fig. 11 for Case A, and Case B. As expected,
the transitory peaks that were found in the power at the dc
terminals of the MMC under Case A configuration have been
shifted into the ac-side power for Case B, and are therefore
absorbed by the distributed capacitive energy storage of the
MMC.

VII. CONCLUSION

An approach for optimal shaping of the circulating currents
in Modular Multilevel Converters (MMC) under unbalanced
operating conditions, based on constrained mathematical op-
timization in abc coordinates by the Lagrange multipliers
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method, is presented and analyzed in this paper. The applied
optimization procedure yields analytical expressions for the
calculation of circulating current references for each phase
of the MMC that will ensure constant, non-oscillatory, power
flow at the dc side of the converter under unbalanced ac
grid voltage conditions, independently from the power control
objectives at the ac-side. The condition of non-oscillatory
power flow at the dc-side of the converter can be achieved
while minimizing either the oscillations of the capacitive
energy sum or the circulating current per phase. In both these
cases, the applied strategy for circulating current reference
calculation for the MMC is capable of preventing steady state
power oscillations at the ac-side during unbalanced conditions
from propagating into the dc side.

Furthermore, it has been shown that by using the circulating
currents instead of the ac-side currents to establish the constant
power operating point of the MMC, both steady state and
transient power fluctuations or perturbations from the ac-grid
will be prevented from propagating to the dc terminals of the
MMC, as long as the operation of the converter is kept within
its rated conditions. Thus, the MMC can be controlled to act as
a power oscillation firewall where the distributed capacitance
of the MMC topology is utilized to effectively decouple the
power flow in the ac and dc sides. Such operation of the

MMC can be especially relevant for (multi-terminal) HVDC
systems where unintended dc-side power fluctuations and thus
dc voltage fluctuations should be avoided, since they will
negatively influence other converters connected to the same
dc-network.

For assessing the operation of the MMC under different
operating conditions, three strategies for ac-side power control
during unbalanced ac grid voltage conditions have been sim-
ulated with the proposed strategy for circulating current refer-
ence calculation. This analysis intends to provide insight into
the operation of the MMC converter under unbalanced con-
ditions when controlled according to the proposed approach.
It was shown that, regardless of the applied ac-side control
strategy, the internal energy storage capacity of the MMC is
able to decouple the power oscillations of the ac side from
the dc side. Nonetheless, each control strategy has a different
effect on the internal MMC variables, as demonstrated by
the presented results. This should be taken into account in
the design and control of each particular application. More
precisely, it was seen how controlling the MMC with constant
instantaneous reactive power during the unbalanced conditions
reduced the voltage oscillations in internal MMC capacitors,
which can have important consequences for their required size
and ratings.
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