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Improved Energy Balancing of Grid-Side Modular
Multilevel Converters by Optimized Feedforward
Circulating Currents and Common-Mode Voltage

Hendrik Fehr

Abstract—In contrast to the conventional feedback approach,
the energy balancing task of a grid-side modular multilevel con-
verter (MMC) with half-bridge cells and an isolated ac star point
is considered as an optimization problem. As a result, nominal tra-
jectories for circulating currents and common-mode voltage are
obtained that inherently steer the system back to a balanced op-
eration within finite time. The method relies on an MMC arm
energy model, allowing for algebraic parameterization of almost
all MMC variables during optimization, which considerably re-
duces the computational cost. Thus, the optimized solution is the
one selected from a family of trajectories that meets the balanc-
ing goal. Owing to the trajectory planning of the MMC energies,
the search for a solution is inherently limited to the domain of
realistic energy variations and no balancing error remains even
during transfers between operating regimes, i.e., the task of the
balancing controller is reduced to the compensation of parameter
uncertainties and disturbances. Here, a grid-side MMC is consid-
ered in the optimization in contrast to the previous work, which has
been restricted to passive RL loads. Measurement results reveal
drawbacks of the previous solution after adoption of a grid-side
application. A dedicated candidate transfer for grid-side applica-
tions eliminate the drawbacks and regains the improved balancing
performance as shown by measurements.

Index Terms—Control systems, modeling, modular multilevel
converter (MMC), tracking control.

1. INTRODUCTION

HE topology of modular multilevel converters (MMCs)
T consists of two arms per phase each equipped with a series
connection of half-bridge or full-bridge cells and arm inductors
to suppress circulating currents [1]. This enables fault-tolerant
generation of multilevel voltages and favors the use in medium-
and high-voltage applications [2]-[5]. Cell capacitor voltage
control in MMC:s is challenging, because the one-port nature of
the arms demands a balanced energy exchange over time. This
complicates the adherence to a desired cell-voltage band.

The aim of MMC energy balancing is to reach the same
average cell voltage for all arms in a stationary operation, af-
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ter a change of the operating regime, during fault-ride-through
conditions [6], [7], and in the presence of (unbalanced) integra-
tion of energy storage devices [8], [9], or when feeding pulsed
dc loads [10]. This balancing task is challenging because an
impact on the ac currents must be avoided. In the most de-
manding case, it is even not allowed to change the dc current.
Hence, the common-mode voltage and the circulating currents
are used to generate additional power components in the arms
dedicated to balancing, e.g., [11]-[19]. This enables stable and
balanced operation during stationary regimes. However, after
load steps, the system leaves the stationary operating regime
and it usually takes some time to restore a balanced operation
due to the mutual interactions. Although mathematical opti-
mization has been applied to the MMC control problem [15],
[20], feedback-balancing schemes dominate the current litera-
ture. So far, feedforward signals have been obtained assuming
stationary regimes, e.g., for 0 Hz operation [16], [18], capaci-
tor voltage ripple reduction [21], [22], or periodic loads [10].
This research deficit originates from the difficulty of calculat-
ing feedforward circulating currents and common-mode voltage
while simultaneously satisfying the multiple conflicting balanc-
ing requirements.

This motivates the method presented here that can roughly be
summarized as follows: For a given transient, trajectories of the
circulating currents and the common-mode voltage can be cal-
culated in advance that force the system back to a balanced op-
eration within finite time. In the implementation of the method,
these trajectories are injected by a feedforward. As a benefit, bal-
ancing already takes place during the transient maneuver and
not as a response to an already existing imbalance as it is the case
for a pure feedback-based scheme. Thus, the balanced operation
can be restored faster and the imbalance can be kept smaller. An
early version of this idea has been applied to a single-phase sys-
tem in [23]. Unfortunately, the algebraic solution found there
is not applicable to the three-phase system. Furthermore, one
of the energies was steered in open loop only. These problems
have been addressed by the conference paper [24] and this paper
extends these preliminary results as follows.

1) In [24], an RL load has been used for a quick validation
of the method in a simplified setup. In order to further
investigate the method, here a more industry-relevant ap-
plication is used by connecting the MMC to the grid. This
comes along with several difficulties, e.g., the reserve for
the common-mode voltage is much smaller.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Continuous model of an MMC using equivalent cells. The cells of
each arm are represented by equivalent cells and their duty cycles ¢; € [0,1],
k=1,..., , 6, are used as control inputs. The load is given by current sources 71 ,
io, and the controlled current source i3 = —i] — iy to ensure compliance with
Kirchoff’s first law at N. The load currents are assumed to be continuous and to
match to the initial currents of the inductors.
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2) In view of the new application, the method has been ex-
tended for an improved common-mode voltage.

3) Comparing to the conference paper [24], the text has been
improved for a better insight, in particular, regarding the
modeling and the method itself. Furthermore, more ex-
perimental results are provided.

Thus, this paper presents a trajectory-planning-based solu-
tion to symmetrize the energies of a three-phase MMC. After
setpoint transitions, a symmetrical operation is restored in fi-
nite time, which is demonstrated experimentally by feeding a
passive load and grid. For the latter, the control algorithm used
for the former is enhanced, which shows that the method al-
lows to incorporate further technical requirements by a suitable
choice of trajectories. Thus, the present contribution is a proof
of concept for the trajectory-planning-based control of MMCs
showing potential improvements over existing control methods
but also discussing the limits where further research is required.

This paper is organized as follows: A model of the MMC arm
energies and the parameterization of its variables are given in
Section Il in order to prepare for the explanation of the optimiza-
tion in Section III where, the integration of standard balancing
into the optimized scheme is explained as well. Section IV re-
ports measurement results for an RL load and for a grid-side
setup in order to compare the balancing methods. Conclusions
are given in Section V.

II. MODELING
A. MMC Model

For modeling the MMC in Fig. 1, the following assumptions

are made.

1) The cells of arm k£ = 1,2,...,6 are represented by one
equivalent cell [3], [25] with the duty cycle g € [0, 1]
and a voltage vy, that accords the sum of the voltages
of the individual cells in the arm. This implies that the
underlying problem of balancing the voltages within each
arm has already been solved.
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2) The load currents are assumed to be continuous, matched
to the initial currents of the arm inductors, and satisfy the
constraint 77 + 72 + ¢3 = 0 caused by junction N.

Instead of using the voltages vcy to describe the behavior

of the system, the arm energy variables e.;, k = 1,...,6, are
used. For example, the upper and lower arm energies of the first
phase are given by

1 1 1
€1 = sCvey + (L. + M) — M2 (la)
2 2 4
5 1 P R
€2 = §CUC2 + §(Lz + M. )izy — zMzzl (1b)

in which v¢; and veo are the equivalent cell voltages and .1,
1,9, and 7; denote the arm currents of the respective arm
and the output current of the first phase. The six arm ener-
giese.q,...,e,s are transformed as

T

€s0 = 290 [(621>€z37 ezS)T + (6227 €24, ez(j) } (23)
a0 = 290 [(ex1, €23, €:5)" — (e22,€.4,26)" | (2b)
€ = 2gaﬁ [(ezl y €23, ezS)T + (6227 €24, 626)T] (2C)
€q = ZQQB [(621;6237625)T - (62278247626)T] (2d)
using the Clarke Transform
Toas = 3 2 -1 -1 =1 ga 3)
0 V3 —V3 9p

and 95 = e Jo (9o + jgp). The variable ey, denotes the total

stored energy (scaled by 2/3) and ey denotes the (vertical)
difference between all upper and all lower arms (scaled by 2/3
as well). The complex energy sum e, and energy difference e,
are given in a rotating reference frame with angle 6. Together
with the vertical difference e, they represent the alternating
part of the arm energies in the stationary operation.

The currents can be transformed similarly as

iso = go [(i21,423,4:5)" + (2,824, 426)" | (4a)
0 = go(i1,iz,i3)" (4b)
iy =g, [(ia1,023,05)" + (a2, 620,706)" ] (4o)
i=g, (i1, iz,i3)" (4d)

where 74 is a scaled version of the dc current, 7, denotes the
circulating current, and ¢ is the output current in complex nota-
tion. The sum of the load currents is zero as can be seen from
(4b).
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Equivalently, the voltages are transformed as

020 = go [vpc (1,1, 1) = (vg1,v43,v45)"

— (042, V44, vy6)" | (52)
vyo = go(vy1, vy2, vy3)" (5b)
Y =9, [ope (1,1, DT — (vg1,v43,045)"

— (Vg2, Vg4, 046)" ] (5¢)

Yy = 9.5 (U:ulvvy%vyi%)T
=98 {(vq% Vg4, ”qG)T — (vq1, Vg3, ”qS)T (5d)
(L = M) (i) | (5¢)

where v, denotes the common-mode voltage and v, the com-
plex output voltage. The voltages v,y and v,, drive the dc current
and internal currents, respectively.

In these coordinates, the model of the MMC arm energies
reads

és0 = vpciso — Re(ivy) (6a)
éa0 = —2vy0i50 — Re (i, ) (6b)
é, = vpci, — e Ui — 2ivy — jwe, (6¢)

ég=vpci—e il A — 20,0 — 2is0v,a — jwey (6d)

S

with the angular speed w = %9 of the reference frame and the
voltage

vy = v, — M, (jwi+ §i). (7

In case there is no magnetic coupling between the inductors,
M. = 0 and therefore Uyn = Uy In order to get the idea, the
reader may assume this case first which in the following leads to
some simplifications. The model is completed by the dynamics
of the circulating current 7, and the (scaled) dc current 74

(L. + Mz)%zs — v, —ju(L, + M), (8a)

d .
(Lz + Mz)&lso = U0 (Sb)

while the output current 7 and its derivative % 1 assume the role
of time-dependent parameters.

Summing up, during the modeling process, no further simpli-
fying assumptions have been made and the model in the trans-
formed variables still describes the behavior of the circuit shown
in Fig. 1, i.e., apart from transformations, the MMC model (6),
(8) is equivalent to a representation found by applying Kirch-
hoff’s circuit laws. Using the inverse of the transformations
applied above, the quantities ., vor, gz, K = 1,2,...,6, and
i1, 19,13 can be retrieved.

Although, at a first glance, our choice of variables may appear
more complicated, it offers the following advantages.

1) Separation of the load: The variables of the load assume

the role of time-dependent parameters of the MMC model.
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Fig. 2. MMC model consisting of the energy and current subsystem (6) and
(8), respectively. The variables of the load assume the role of time-dependent
parameters in the context of the MMC model [24].

This allows to separate the tasks of controlling the load
from the balancing problem, see Section II-B for further
details.

2) Readily accessible stationary solutions: Stationary solu-
tions of the energy subsystem (6) can easily be obtained
as discussed in Section II-C.

3) Parameterization via ey, €,, and ego: The energies e,
e,, and egp and their derivatives égq, €50, €,, €5, and é4q
can be used to calculate the circulating current ¢, and
its driving voltage v, the dc current ¢, and its driving
voltage v, as well as the common-mode voltage v,,o. This
is demonstrated in Section II-D.

B. Separation of the Load

In practice, the control of the load fixes the voltage v,. Al-
though the MMC has to provide this voltage to the load, it
remains unavailable for the balancing control of the MMC. This
motivates to discuss both tasks separately. From the perspec-
tive of controlling the MMC and consequently in the modeling
above, the load is considered as a current source. This led ¢
and % 1 play the role of parameters in the MMC energy subsys-
tem (6), which is illustrated by the block diagram in Fig. 2.

Now, it remains to specify these parameters. In our approach,
this is done by solving the control problem for the load first
and tackling the balancing task second. For this purpose, a load
model is required. For the applications considered here, the
following is used:

LSi=u, ~ (R+jul)i-v, ©)
with R and L being the resistance and inductance of the load.
The voltage v, enables the model to be used for grid applications
by modeling the grid voltage.

The reference trajectory ¢ — i4(;) for the output current i is
a linear transfer between I 4 and I, given by

. t
Gg =1Ly +Up —Ly)F1(1L), L= i (10)
in which F} is defined in Table I and depicted in Fig. 3(a).
The controller
d
v, = v, + (R + jwl)i+ K, (21_1')+L&1d (1)
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TABLE I
DEFINITION OF FUNCTIONS F, F5, AND Fjy

T<0 0<r<1 T>1
Fi (1) 0 T 1
Fy(T) 0 sin?(r5) 1
Fs(7) 0 sin(7%) — Fa(7)
L) 1 Fy(7) Fy(7)
2t LR () T L F(r) T L Fs(r)
1 4
O [ — U | I—
T ‘ T T
0 1 0 1 0 1

(a) (b) (©)

Fig. 3. Inorder to ease trajectory planning, the functions F, F», and F3, de-
fined in Table I, are used [24]. (a) Linear ramp. (b) Smooth ramp. (c¢) Controlled
ramp.

with positive gain K, ensures asymptotic stability of the load
current ¢ w.r.t. its desired trajectory 7.

Taking again the perspective for controlling the MMC, the

parameters describing the load can now be specified as follows.

1) For trajectory planning, the nominal behavior of the load
is defined by ¢4 and th The nominal version of the
output voltage v, can be obtained from (9) once the current
trajectory (10) aind its derivative have been inserted.

2) For the control design of the MMC, the actual values are
required instead of the nominal ones. The load current 7 is
provided by measurement, whereas % 4 is obtained from
the model (9), after controller (11) has been inserted. The
voltage v, to be realized by the MMC is given by (11).

Thus, in either case, the quantities describing the load are

known. As a benefit, this technique of hiding the control of
the output currents from the balancing problem ensures that
the trajectories of the load are by principle not affected by the
balancing scheme.

C. Stationary Operating Regime

Energy balancing in stationary operating regimes benefits
from a good prediction of the arm energies’ alternating compo-
nents. Here, the prediction is based on a solution of the energy
model (13), which will be extended to the nonstationary opera-
tion in Section III-A. Assuming, for example, a constant output
current ¢ = [ and voltage v, = Ky, and a triplen harmonic in-
jection of the common-mode voltage as

V| Re(ei30+arey,)
Vyp = —TRe(e L ) (12)

while demanding zero circulating current, i.e., i, =0, the
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solution of (6) can be written as

€s0 = ESO (133)
eao = Re(E ') (13b)
e,=E, e +E, e (13¢)
e =E, (13d)
by using the constants F,, and
Lo |V, | .o
) = —j J]g‘w!/ | e]3 argV, (143)
l K | j3arg V.
Es,p =) 24w e 8y (14b)
v, . v, I
E, . =j=ilgidael, V= 14
Esn =075,,¢ 150 (14¢)
vpcd — 21,0V
By =—j———"=% (14d)
While the constants (14) are fixed by I and V,, the stored

energy /) must be higher than its equilibrium EsO eq = 2003
to guarantee enough voltage on the cells. To sum up, stationary
operation with triplen harmonic injection and zero circulating
current is linked to the set of constants (14). This beneficial
property of (13) is used in Section III-A to derive nonstationary
solutions of (6).

D. Parameterization Via ey, e, and e

The power balance (6a) can be used to obtain the (scaled) dc
current

éso + Re (ZQZ)

Upc

is0 = 5)
while its driving voltage v, can be calculated from (8b) once
the derivative of (15) has been inserted. Excluding the singu-
larity 450 = 0, the subsystem (6b) yields the common-mode
voltage

éq0 + Re (f: v,

yA)

vy = — (16)

2440

which can be used to eliminate v,, from the subsystem (6c¢)
describing e, . The resulting equation can be solved for the cir-
culating current

jIm(ZC ( €sH € s‘))yyA - UDC(ZISO Q(ﬁs?és) —|—€d0@)

s =
UpC Re (LQZA) + Z'S()’U]%C

a7
with

Cle,.&,) = —e ¥uri* — e, — jwe (18)

S

which completes the solution of v, once (17) has been inserted
back into (16). The driving voltage v, of the circulating current
is obtained fromits dynamics (8a) and the time derivative of (17).
This implies that the MMC variables i, i,, v,0, and v, are
specified via trajectories for the energies es, €., and ey and
the time-dependent parameter ¢. The evolution of the complex
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energy difference e, is fixed as well, because all information is
at hand to solve subsystem (6d) by rewriting it in the form

ey =ae 1 — jwe, (19)
The abbreviation @ reads
a= [vpci— e*’geg’:yzA — 2i,vy0 — 2is0v, | e’ (20

and is given by the abovementioned parameterization. Now, a
is obtained via integration of (20), yielding the solution

es =ae ' 1)

The constant of integration is fixed by the initial value of the
complex energy difference ¢.

III. OPTIMIZATION

A. Transitions Between Stationary Operating Regimes

One goal of the energy balancing is to restore a balanced
operation after a load step. Once a transition of the load has
been planned, e.g., as described in Section II-B, a correspond-
ing transfer for the energies needs to be found. Thanks to the
parameterization from Section II-D, the energies ey, e,, and
eqo (i.e., all energies except for the complex difference e;) can
still be specified. In order to perform the transfer, the function

fade(4, B) = AF5(1 — nvinvic) + BFy (tvmc) (22)

is introduced, using the normalized time Ty = ¢/Twvnic to
fade during 0 <7yyc < 1 from constant A to constant B with
the raised cosine F5, defined in Table I and depicted in Fig. 3(b)
and its flipped form, respectively. The cross-fading starts to-
gether with the load transfer (10) and is allowed to end at the
same time or later, which is reflected by the choice Ty > 17
The candidate transfer employs this function to fade between
two stationary solutions (13a)—(13c) defined by the correspond-
ing constants (14) and augments it with additional terms as

es0,4 = fade(Aso, Bso)

+ CooF3 (1) + Dso I3 (1 — 1) (23a)
_ 30 eK Yy
eq0.a = Re q fade(Ayg, Bgo)e’”" — H——= (23b)
Upc
Qs,d = fade(As,p7§s,p)ej39 + fade(és,rwﬁs,n)eijge
+QSF3 (TL)+QSF3 (lfTL)JrQK (23c¢)
with H € {0,1}, and
ex = K [P (2nnic) + (1 —2nnc) — e 7. (24)

The constants Agg, Ay, A, and A, correspond to the con-
stants E(, and (14) of the stationary operation (13) before the
transfer, i.e., for e < 0, and Bgo, By, Ew, and B, ,
constitute the operation after the transfer, i.e., for Ty > 1.
Having the basic idea of [26] in mind, the total stored energy
is adapted via Ay and By to the output voltage amplitude and
load in order to take advantage of the full interval of the duty
cycle. The constants Cy, C, Dsp, and D, are of lower im-
portance for understanding the basic idea but are included for
completeness. They are used to maintain smoothness of the dc
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current (15) and circulating current (17) with the help of Fj (see
Table I and Fig. 3(c)) in case of discontinuities in the nominal
load voltage Yy caused by the linear transfer (10) for the load.
By choosing H = 0, the candidate transfer (23) is similar to
the one from [24], whereas H = 1 offers an improved behavior
of the common-mode voltage. The constant /X € C is dedi-
cated to indirectly steer the vertical difference e, that cannot
be specified freely because all degrees of freedom are already
used up by (23). The use of K and the benefits of H = 1 are
demonstrated in the next section.

This leaves F5, I3, and the complex exponentials as the only
time-dependent part of the candidate transfer (23), whose time
derivatives can now be easily obtained because all other parame-
ters are constant during each transfer. This paves the way for the
parameterizations (15)—(17), to obtain nominal trajectories for
the currents (8) and their driving voltages. With these results, the
corresponding nominal trajectory for the complex difference e,
can be obtained by (21), where a can be calculated via integra-
tion of @ defined in (20) after all variables have been substituted
by their nominal ones. As a result, the nominal trajectory of e,
can be expressed as

egq = a(K)e /. (25)

Explicit dependence of @ from the trajectory parameter K in-
dicates its dedicated purpose to influence the nominal trajec-
tory e, 4, which is demonstrated next.

B. Optimized Feedforward Balancing

The purpose of the constant X is to steer the otherwise uncon-
trolled energy e, into the stationary operation £, at the end of
the transfer. This is depicted in Fig. 4 where the same transition
of the load is shown for three cases.

1) Fig. 4(a) serves as a reference, because balancing is dis-
abled by setting K = 0. Although the load current and
the energies ¢, 4 and eqo,q reach the desired operation,
the complex energy difference e; 4 misses the stationary
solution I, at t = Tyryc shown in gray. This results in
an indefinite unbalanced operation, as one can see from
the equivalent cell voltages at the bottom.

2) Fig. 4(b) depicts the same transfer but this time an op-
timized choice of K introduces a detour in the complex

sum e, 4 indirectly steering e, 4 into stationary operation
fort > ' Tyivc- The corresponding equivalent cell voltages
at the bottom confirm balanced operation. This comes at
the price of an elevated amplitude of the common-mode
voltage vy as one can see in the second to last row in

Fig. 4(b) and originates from the trajectory for the vertical

difference energy ey depicted in the third row of Fig. 4(b)

that was obtained by just fading from one stationary solu-

tion to the other. This common-mode voltage v, requires

a higher reserve in the modulation index and has limited

practical merit for grid-side applications.

3) In order to avoid this, an alternative trajectory for the
vertical difference ey, enabled by H = 1, has proven
good results, as can be seen in Fig. 4(c). The idea of the
additional part in (23b) is to allow a larger temporary
deviation compared to the case H = 0 in favor of a lower
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Fig. 4. Three different energy transfers (second and third row) for the same
load step (first row): (a) without balancing, (b) with balancing, and (c) with
improved common-mode voltage. In all cases, the stored energy is e5o = 56 J.

common-mode voltage. This is an improvement over the
trajectory candidate from [24].

In either choice of the option H € {0, 1}, the value of X must
be adapted to the respective reference trajectory of the load (10)
and the desired duration Tyr\c of the energy transition (23).
Here, K is found by minimizing the cost function

G(K) = |E; — eg.4(K, Tumc)| (26)

in which the complex energy difference at the end of the (can-
didate) transfer e; 4 (K, Tarnic) is given by (25). Owing to the
strategy presented here, obtaining a nonstationary nominal so-
Iution of (6) and (8) boils down to algebraic expressions in
the nominal trajectories and their easily obtained derivatives
and just one open-loop integration of a complex variable. This
is the lowest known order of the internal dynamics for an ac
current controlled MMC [27] and significantly speeds up the
optimization.

The selected trajectories enable a seamless transfer between
the two stationary solutions, while at the same time, the MMC
energies are balanced via feedforward circulating current and
common-mode voltage.

In conclusion, the proposed planning-based feedforward bal-
ancing scheme enables fast transitions into new operating
regimes after load changes by means of consistent references
for the MMC variables. Fast transitions are required during low-
voltage fault ride-through (FRT) as well, and in general, a similar
improvement is to be expected there. However, the present im-
plementation is unable to operate at zero active power, as may
be the case during an FRT event, because it relies on the pa-
rameterization (16), which suffers from a singularity when the
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dc current is zero, i.e., when i,y = 0. This is a limitation of the
particular parameterization but not a limitation of the general
methodology because an alternative parameterization could be
used to avoid the singularity. In contrast to a load change com-
mand, a short delay is to be expected in case of an FRT event,
because the trajectory planning would start after detecting the
low-voltage condition. However, during replanning, the feed-
back control already reacts to the disturbance as shown in [28]
for a different setup.

C. Feedback Balancing

Only nominal behavior was considered when planning the
transitions, and thus a balancing feedback will be used to deal
with small deviations from the reference trajectories. The bal-
ancing feedback

30+

) — ko edO.erreﬂaU (27)

vertical (pos. seq.)

. o % —j
lsp = kﬁ Es.err — kd@d,erre

horizontal vertical (neg. seq.)

acts on the circulating current 7, via dedicated energy errors
amplified by the proportional gains ks, kg, and ky. The phase-
shifting angles 4 and g are used to maximize the respective
balancing effect with respect to the alignment of the output
voltage v, and in the presence of the mutual inductance M. .
Usually, the errors Cd,err = Edref T Ed> Es err = Esref — Es» and
€d0,err = €d0,ref — €40 are obtained with respect to a stationary
operating regime, i.e., the references e, ,or, €4 yer> a0d €40 rer are
given by a stationary operating regime like (13). Except for the
use of a different reference frame, the balancing feedback (27)
with a stationary operating regime as reference equals the hf-
mode in [16] and provides very good balancing. This setting is
called standard balancing.

When the optimized trajectories are used, the balancing refer-
ences are set to €, ,op = € 4 and €4 ref = €40,d, Whereas e, .o
is obtained from (21). This setting provides an optimized feed-
forward balancing and would ideally result in zero balancing
feedback (27).

IV. EXPERIMENTAL RESULTS

The goal of the measurements is to compare the standard bal-
ancing with the augmented balancing scheme in order to investi-
gate the effect of optimized feedforward circulating currents and
common-mode voltages and to evaluate the expected planning
improvements for grid-side applications. The block diagram in
Fig. 5 depicts the implemented balancing scheme. In order to
simplify the diagram, the current controllers have been incor-
porated into the block of the MMC model. The block diagram
in Fig. 6 depicts the implementation of the energy references
and the corresponding optimized common-mode voltage and
circulating current. The variable F' € {0,1} is used to switch
between the following two cases.

1) Standard balancing (F' = 0): The balancing relies on the
feedback (27) only. In this configuration, the balancing
controller is responsible for stationary operation and
large signal transfer induced by sudden changes in the
operating regime.
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Fig. 5. Block diagram of the standard (i.e., /" = 0) and optimized (i.e., F' = 1) energy balancing scheme [24].
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Fig.6. Block diagram for the implementation of the optimized solution: the trajectory generator provides the references and their analytically obtained derivatives

that are needed to calculate the corresponding nominal variables and the complex energy difference.

2) Optimized balancing (F = 1): An optimized solution is
used to reach the new stationary operation in finite time
by injecting the corresponding feedforward circulating
current and common-mode voltage. The balancing feed-
back (27) permanently rejects small control errors with
respect to the optimized solution. In case of ideal open-
loop control, the balancing feedback is zero, i.e., i, , = 0,
even during the transfer between operating regimes.

The balancing scheme was tested on a low-voltage test
bench in two setups: first, feeding an RL load, as described in
Section IV-A; and second, as a grid-side converter feeding a dc
load, as described in Section I'V-B.

A. RL Load

During the preparation of this paper, we identified an error
in the implementation used for F' = 0 in [24] causing a wrong
value for the stationary reference ey .. The measurements
for F' =1 were not affected. Figs. 7-9 show the experimen-
tal results for the corrected version on the left and a rerun

TABLE I
PARAMETERS OF THE MMC FOR THE EXPERIMENTS

Symbol Value
Number of cells per arm n 6
Cell capacitance nC 375 uF
Arm inductor L, 1.2 mH
Mutual inductance M, 0.94 mH
Controller update rate 4.884 kHz
TABLE III

PARAMETERS FOR THE MEASUREMENTS

ko/(V:s) ko/(Ves) kg/(Ves) R/Q L/mH o, |/V
Figs. 7-9 2 5 4 26.6 3.14 0
Figs. 10-12 0.61 0.18 0.55 0 15 235

of the optimized balancing on the right, in which the MMC
described in Table II feeds an RL load as given in Table III
at w = 27 50.875 Hz. The proportional gains of the balancing
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Fig. 7. Measurement results for RL load without (left) and with feedforward (right): (a) cell voltages, (b) normalized arm voltage commands, (c) two arm
currents, and (d) output currents. The left current measurements are shown again in gray on the right to facilitate comparison.
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Fig. 8. Measurement results of the energies for an R L load without (left) and with feedforward (right): (a) total stored energy esp, (b) vertical difference e,
(c) complex sum ¢, and (d) complex difference e,;. The nominal values are shown in gray.
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Fig. 9. Measurement of circulating current and common-mode voltage without (left) and with feedforward (right): (a) feedforward circulating current,
(b) balancing feedback, and (c) common-mode voltage. Thanks to the feedforward circulating current, the balancing feedback is reduced to the level re-
quired for the rejection of disturbances. In addition to that, the optimized common-mode voltage contributes to the balancing. The bottommost trace on the left is

shown again in gray on the right.
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Fig. 10. Measurement results without (left) and with feedforward (three rightmost columns): (a) cell voltages, (b) normalized arm voltage commands, (c) two
arm currents, and (d) output currents. The left current measurements are shown again in gray in the middle and right side to facilitate comparison.
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Fig. 11. Measurement results of the energies without (left) and with feedforward (three rightmost columns): (a) total stored energy egq, (b) vertical difference
€40, (¢) complex sum ¢, and (d) complex difference ¢,;. The corresponding reference values for the energies are shown in gray in rows (a)-(d).
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Fig. 12.  Measurement of circulating current and common-mode voltage without (left) and with feedforward (right): (a) feedforward circulating current,
(b) balancing feedback, and (c) common-mode voltage. The bottommost trace on the left is shown again in gray on the right.

feedback (27) are given in Table III and the current was in-
creased and decreased between 3.9 and 8.1 A. In comparison
to the standard balancing on the left column in Fig. 7, the opti-
mized scheme is able to retain balanced capacitor voltages even
during the transfers and enters the stationary operation in finite

time, whereas the standard balancing needs more time to reach
the new operating regime. Thanks to the optimized balancing, a
reduction in the cell-voltage spread of almost 10% is achieved,
as depicted in Fig. 7(a). The corresponding measurements of the
transformed arm energies in Fig. 8 confirm that the optimized
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trajectories are tracked closer, owing to the feedforward circu-
lating currents and common-mode voltage, as shown in Fig. 9.
Thanks to the feedforward circulating current in Fig. 9(a), the
balancing feedback in Fig. 9(b) is reduced to the level required
for the rejection of disturbances. In addition to that, the opti-
mized common-mode voltage, shown in Fig. 9(c), contributes
to the balancing.

The excessively slow cross-fading of the two stationary op-
erating regimes during 60 ms < ¢t < 110 ms results in an artifi-
cial stretch of the nonstationary operation and demonstrates the
steering performance of the optimized balancing, at the cost of
an increased feedforward circulating current %, g, visible in the
right column of Fig. 9(a). This gives the standard balancing a
slight advantage during the slow decrease of the stored energy,
because the stationary references coincide earlier to the reduced
load at ¢ =~ 60 ms.

B. Grid-Side Application

In a second setup, the MMC from Table II was feeding a
dc load in a grid-side configuration. In contrast to the previous
experiment, the frequency w and angle 6 are given by the grid
and measured by means of a phase-locked loop, however, during
optimization, the nominal frequency w = 27 50 Hz is used. The
measurement results of four experiments are shown in Figs. 10—
12 where the load was increased from 2.83 to 8.49 A and the
gains were set according to Table III to account for the grid
voltage v, .

Standard balancing (F' = 0) is used in the first experiment,
shown in the leftmost column and provides a basis for compar-
ison. The maximum spread of the capacitor voltages is 59.1 V
and the major fraction of the balancing error decays during
the grid voltage period after the transition of the load, as visi-
ble from the transformed arm energies in the leftmost column
of Fig. 11. In Fig. 12(b), the increased balancing effort of the
feedback (27) is visible as expected due to the absence of a
feedforward circulating current.

The optimized balancing (F' = 1) with I = 0 is shown in the
second column of Figs. 10-12 and features symmetric capacitor
voltages during the transition, at the cost of an undesirable in-
crease in their spread to 65.7 V. Apart from a reduced deviation
of the vertical difference e,y and a slightly better reserve at the
upper limits of the duty cycles in Fig. 10(b), this offers no ben-
efits over the standard balancing. This can be attributed to the
suboptimal behavior of the common-mode voltage for grid-side
applications, which is caused by the overly balanced vertical
energy eyo and was mentioned in Section I1I-B.

The optimized balancing (F' = 1) with H = 1 for improved
common-mode voltage is not only able to overcome this prob-
lem but even reduces the capacitor voltage spread during the
transfer, as shown in the third columns of Figs. 10-12. The
intended deviation of the vertical difference ¢, visible in the
third column of Fig. 10(c), leaves the common-mode voltage v,
close to the waveform required for triplen harmonic injection,
and at the same time, reduces the feedforward circulating cur-
rent compared to the previous approach, as shown in Fig. 12(c)
and (a), respectively. Even the feedback component of the cir-
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culating current is slightly reduced in comparison to the second
configuration. The traces of the duty cycles in Fig. 10(b) reveal
an increased reserve at their upper and lower limits, allowing for
areduction in both, the stored energy e, and the dc voltage vpc,
which is shown in the rightmost column of Figs. 10-12. A fur-
ther reduction in the capacitor voltage spread down to 48.9 V
was achieved, even though the load was adapted to the reduced
dc voltage in order to give the same ac currents. The duty cy-
cles of the standard balancing in the left column of Fig. 10(b)
are already close to the upper limit and would saturate with the
reduced energy and dc voltage.

V. CONCLUSION

An optimized MMC energy balancing scheme was proposed
that utilizes feedforward circulating currents and common-mode
voltage. The ac current controlled MMC was chosen as an exam-
ple, due to the challenging nature of the feedforward calculation
that lies in the problem of controlling six energies with as few as
four independent inputs, namely three currents and the common-
mode voltage. Thanks to the planning approach of specifying
candidate trajectories for a maximized subset of transformed
arm energies, only one complex energy variable needs to be
obtained via integration which speeds up the optimization due
to the significant calculation cost reduction.

A new set of candidate trajectories was proposed that brings
the common-mode voltage waveform during transfers close to
the desired triplen harmonic injection, which is especially useful
in grid-side applications where just a small reserve in the mod-
ulation index is available. A reduction in the cell-voltage spread
for the optimized schemes was demonstrated in comparison to
the standard balancing for an R L load and a grid-side setup. Due
to the improved common-mode voltage in the grid-side experi-
ment, a reduction in the stored energy and in the dc voltage was
achieved even with the same power. The experiments demon-
strate a reduced current contribution of the balancing feedback
when the optimized references and the feedforward is used.

Future research will focus on extending the operating re-
gion and on resolving the active power constraints of the MMC
parameterization.
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